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Introduction

Next we formulate and study partial differential equations with a
control and observation term.

Before we do so, we first reconsider the finite-dimensional case.
Let the ordinary differential equation be given

i(t) + 4y(t) + 8y(t) = —3u(?),

where u is the input, and y is the output of this system.

With the state z(t) = (ggg) this ODE can be written in the state

space form



Introduction

We can rewrite the o.d.e. §(t) + 4y(t) + 8y(t) = —3u(t), as
#(t) = Az(t) + Bu(t), y(t) = Cx(t).

It is well-known that this inhomogeneous state-space equation
possesses the unique solution given by

t
x(t) = ez, +/ GA(t_T)Bu(T)dT
0
t
y(t) = CeAla, +/ CGA(t_T)Bu(T)dT7
0

where xq is the initial condition.
Question: Can we do the same for p.d.e's?



Inputs

Similar as writing a homogeneous PDE into an abstract differential
equation, we can write an inhomogeneous PDE into an abstract
differential equation with an input term. We show this in an
example first.



Inputs, example

Example Consider the controlled p.d.e. on the spatial interval [0, 1]
in with constants ¢ > 0 and by # 0

ow ow
E(C)t) = ca—g(ﬁ,t)—l—bou(t)

w(l,t) = 0.

For u = 0, we have seen in that the p.d.e. can be written on the
state space X = L2(0,1) as 2(t) = Az(t) with

dx
¢’

D(A) = {:p € L*0,1) | ch € L*(0,1) and z(1) = 0}.

Ax = ¢



Inputs

So
ow ow
E(Cat) = Ca*C(Cvt) +Bu(t)
—_——— ,

x(t) = Az(t) + Bul(t)

As for the transformation from o.d.e.’s to state space equations,
the input is added to the right hand-side.
So Bu is defined as

(Bu)(¢) = bo 1(¢) - u,

where 1(() is the function identically equal to one.
So B is the mapping, which maps the scalar « to the function
bo 1(¢) - u (u times the constant-by function).



Intermezzo

We already defined the class of bounded, linear operators from the
Hilbert space X to X. This set we denoted by £(X).
Defnition Let Z and W be Hilbert spaces, we define () to be a
bounded, linear operator from Z to W if
» Linear: Q(az1 + Bz2) = aQz1 + Q=2 for all 21,29 € Z,
a, B €R, and

» Bounded: There exists a ¢ > 0 such that for all z € Z

1Qz] < qll].

Note that the first norm is the norm of W, whereas the second
norm is that of Z.

The set of all bounded, linear operators from Z to W is denoted
by L(Z,W). O



Bounded, linear B

Since the constant functions are elements of the state space X, we
see that B maps the scalar v € R = U (the input values) into the

state space.
To see if B is in L(U, X) we have to check two conditions.

» Linear: For all uj,us € U, «, 8 € R, there holds

B(aui+pug) = by 1(C) - (auy + Pua)
= abg ]l(() -u1 + Bbgy IL(C) -ug = aBuy + SBus.

» Bounded:
1
| Bul]? = /0 b L(C) - uf2d¢ = B -2,

So Be L(U,X) O



Bounded inputs operators

A useful result is the following; If U = R™ and Bu can be written

as
m
Bu = E bjuj‘
Jj=1
where
Uy
uz
u =
Um

and b; € X for j=1,---,m, then B € L(U, X).



Second example, inputs

Before we study existence of weak and classical solutions for the
inhomogeneous equation, we treat another example first.
Example Consider the freely hanging string with two distributed
forces working on it

0w 82
S5 (6t = a—ﬁﬁ(u) + 15 (Qua(t) + T oy (Qua(®),
ow ow

w(0) = wlQ). Fe(G0) = wi(C).

Here by 1|, we mean the function which is identically one when
¢ € [a,b] and zero elsewhere. So we can put a force onto the string
at two places. Namely, uniformly in the interval [, 2] and
uniformly in the interval [7, 7] This can be done independently of
each other.



Second example, inputs

This is a port-Hamiltonian system with constant coefficients. As
state we choose

0= (£

9 aﬁw('?ﬂ
)= g [ (o)
a¢ s
= %27(-,15) _ CQB;T%(J) " ]1[13 ()ul(t)+]l[4 6]()u2(t)
S| | Sat) 0
o 1] 0 1 0 ai;’(.’t)
_[1 0 a<<[0 Cz] [‘%&’(-,t)]>+
( H0)




Second example, inputs

So we can write the p.d.e. with inputs as:

w-[1 ol (5 2] (B0

2O (t) + 1 gy (Jua(t) |

—
=
Golis
oolw
e

D(A) ={z € L*((0,1);R?) | x € H'((0,1); R?),z2(1) = 0 = 22(0) }.

We have two inputs. So if we define



Second example, inputs

(Bu)(¢) = bi1(Q)u1 + ba(Q)uz,

with v = [#1] € R?, and

Then ow

Since by, by € X = L?((0,1); R?), we have that B € £(R?; X). [



Existence of solutions

The following theorem shows that if we have existence and
uniqueness of solutions when u = 0, i.e, the homogeneous
situation, then that implies existence and uniqueness for a very
large class of inputs.

By L{ .([0,00);U) we denote the set of all functions from [0, c0)
to U which satisfy fgl ||u(t)]|dt < oo for all t; > 0. Finally, by
C1([0,00); U) we denote the set of continuously differentiable

functions from [0, c0) to U.



Existence of solutions

Theorem Consider on the state space X the inhomogeneous
abstract differential equation

#(t) = Az(t) + Bu(t),  z(0) = =o. (1)

Assume that the following holds;

» The homogeneous equation &(t) = Ax(t),z(0) = xo has for
every g € X a unique weak solution in X;

» For the input operator there holds B € L(U, X).
Under these conditions the inhomogeneous equation (1) has for
every zo € X and every u € L _([0,00);U) a unique weak
solution.
Furthermore, when u € C1([0,00); U) and x¢ € D(A), then this
weak solution is the unique classical solution of (1).



Remarks

The weak solution is given by

x(t) =T(t)zo + /0 T(t — s)Bu(s)ds

with T'(t) the Cy-semigroup associated to A, D(A).

In the examples in this part we applied a control within the spatial
domain. However, we could have applied a control at the
boundary. When doing so, we cannot rewrite this system in our
standard form & (t) = Az(t) + Bu(t).

This is general the case when controlling a p.d.e. via its boundary.
Thus systems with control at the boundary form a new class of
systems, and are introduced later. We first add outputs to the
input-state equation treated in this section.



Outputs

In the previous part we have added an input function to our
system. Now additionally an output is added. As often, we begin
with an example. Therefore we take our vibrating string example
and add a measurement.

0? 0?
F(C1) = Ao (G + Loy (Oua () + s o) (Qua(t),

o a2 :
ow ow
?C(Oat)zozaic(lat)v t>0,
0
w(¢,0) = wo(C), 5 (¢ 1) = w(¢)
30
vt = [ S (CDdC

So we can apply a force on the string at two places and we
measure the average velocity on the interval [£, 2.



Outputs, example

In this system the input space is R? and the state space X equals
L?((0,1); R?) and the state is

@( t)
x(t)=[587 .
0= |£00)
The state space has the inner product

1
(f.9) = /0 FO91(O) + EFa(Q)ga(C)de



Outputs, example

Thus
0= [ RORCH+no 5 i

So
o0 = [ 22 Gnyac = ("89] o = cat

From this it follows easily that C' € £(X,R).

If the weak solution exists of the state-differential equation

#(t) = Az(t) + Bu(t), then z(t) € X for every t > 0, and thus the
output is well-defined.



Theorem

Consider on the state space X, input space U and output space Y
the abstract system

x(t) = Ax(t) + Bu(t), z(0) = xg (2)
y(t) = Cz(t) + Du(t). (3)

Assume that the following holds;

» The equation @(t) = Ax(t) + Bu(t), z(0) = z¢ has for the
given 2o € X and input function u(t) € Li ((0,00);U) a
unique weak solution in X;

» The output operator C'is in L(X,Y)
» The feedthrough operator D is in L(U,Y)

Under these conditions the output equation (3) is well-defined.




Theorem, continued

The solution is given as
t
y(t) = OT(D)z0 + / CT(t — 5)Bu(s)ds + Du(s).
0

If D =0, then y(t) is a continuous function.



Boundary control systems

We now consider p.d.e's with control and observation at the
boundary.

We first explain the idea by means of the controlled transport
equation.

Consider the following system

ow ow

E(C?t)zcaic(Cat% CE [0’1]7 t>0
w(C7O) = -’L'O(C), CE [07 1]
w(l,t) = u(t), t>0.

with an input u € Li (0,00) and ¢ > 0.

loc

This cannot be written as #(t) = Az(t) + Bu(t) with a bounded
B.



Boundary control systems, example

Let u(t) be smooth and let z(-,t) be a classical solution of

ow ow
E(Cvt) = Caic(c’t)v ‘r(lvt) - u(t)

For v(-,t) defined as
v(¢,t) = w(C, 1) —u(lt),
we obtain the following p.d.e.

ov ov
g(CJ) = Cafc

o(1,t) = 0, t>0.

(Cvt)_u(t)a CE [071]7 tZO

We have seen this p.d.e. (for v) can be written in the standard form
0(t) = Av(t) + Bu(t)

for & = 1. We know the existence of solutions of this one.



Boundary control systems, example

Now we make this more abstract.
We take as state space X = L?(0,1), and introduce the “almost

A-operator”
df
Qlf = C%,
with domain D() = {f € X | f € X}. Furthermore, we define
Bf=f(1).

with D(B) = D(2).
With this the boundary control p.d.e. is formulated as
z(t) = Ax(t), x(0) = xo,
Bx(t) = u(t).



Boundary control systems, definition

Definition The abstract system
z(t) = Ax(t), x(0) = xo,
Br(t) = u(t).
with: D) C X +— X, u(t) eU,and B: DRA) C X —Uisa
boundary control system if the following holds:
a. The abstract differential equation

x(t) = Ax(t), x(0) = xo

has for all zyp € X a unique weak solution in X. Here A is
defined as the operator A : D(A) — X with
D(A) = D(2A) N ker(B)

Az =z for z € D(A).

b. There exists a B € L(U, X)) such that Bu € D(2) for all
uecU and

BBu = u, u e U.



Boundary control systems, comments

Part b. of the definition is equivalent to the fact that the range of
the operator B equals U. So it allows us to choose every value in
U for u(t). In other words, the values of inputs are not restricted,
which is a logical condition for inputs.

Part a. of the definition guarantees that the system possesses a
unique solution when the input term is absent, i.e., when the input
is identically zero. In other words, the homogeneous equation is
well-posed. This is also a logical condition, since we would like
that the trivial input (u = 0) is possible.



Boundary control systems, solutions

Definition We say that the function z(t) is a classical solution of
the boundary control system

z(t) = Ax(t), x(0) = xo,
Br(t) = u(t).

if z(t) is a continuously differentiable function, z(t) € D(2) for all
t, and z(t) satisfies the equations for all t. O
For a general boundary control system, we can apply a similar trick
as the one applied in the example. This is the subject of the
following theorem.



Boundary control systems, Theorem

Theorem Consider the boundary control system

#(t) = Ax(t), x(0) = xo,
Ba(t) = ull). ' (4)

satisfying the conditions of the Definition and the abstract Cauchy
equation

0(t) = Av(t) — Bu(t) + ABu(t),

v(0) = wp.
Assume that u € C?([0,00);U). If vg = w9 — Bu(0) € D(A), then
the classical solutions of (4) and (5) are related by

(5)

v(t) = x(t) — Bu(t).

Furthermore, the classical solution of (4) is unique. O



Boundary control systems, Remark

Hence by applying a simple trick, we can reformulate a p.d.e. with
boundary control into a p.d.e. with internal control. The price we
have to pay is that u has to be smooth. So in particular, not an
arbitrary function in L', but a more smooth function. Namely, it
should have its derivative in L.

The proof is quite insightful.



Boundary control systems, Proof

Suppose that v(t) is a classical solution of (5). Then
v(t) € D(A) C D(), Bu(t) € D(*8), and so

Br(t) = Blv(t) + Bu(t)] = Bu(t) + BBu(t) = u(t),

where we have used that v(¢) € D(A) C ker*B and equation
B Bu = u. Furthermore, we have

z(t) = o)+ Ba( )
= Av(t) — Bu(t) + ABu(t) + Bu(t) by (5)
= Av(t) +ABu(t)
= A(v(t) + Bu(t)) = Ax(?).
Thus, if v(t) is a classical solution of (5), then z(t) = v(t) + Bu(t)
is a classical solution of (4).
The other implication is proved similarly. The uniqueness of the

classical solutions of (4) follows from the uniqueness of the
classical solutions of (5).



Boundary control systems, boundary outputs

If for a boundary control system the output is given by

y(t) = Cx(t).

with € : D(2) — Y, then this output is well-defined for classical
solutions.



Boundary inputs and outputs, example

Example Consider the system

T =<Glen,  cep 0
u(t) = w(l,t), t>0,
with ¢ > 0. Now we add the output equation
y(t) = w(0,1).
We can write this in the form y(t) = €x(t) with

¢f = f(0).

Since this is well-defined (and linear) on
D) = {f € L*(0,1) | f € H'(0,1)}, our previous results give
that the above system has well-defined (classical) solutions. O



Boundary control pH-systems

The port-Hamiltonian system with control and observation is given
by

SHCO = P H(Oa(C 0]+ BHa(C. )
B H(b)x (b, t)
u(t) = Waa [H(a)x(a,t)]
B H(b)z (b, 1)
0 = Waps [’H(a)z(a,t)]

with PI' = Py, invertible, P{ = — Py, H(¢)T = H(¢),
0<ml <H() < MI. On Wg1,Wp o, We we assume:



Boundary control pH-systems

» Wpg.1isam x 2n matrix. Hence there are m controls.

> Wg:= [%}i;] is a full rank real matrix of size n x 2n.

> We is a k x 2n matrix. Hence there are k£ outputs.

» The matrix {%g} has rank n 4 k. Hence you don't measure
quantities that are set to zero, or are inputs.

We will write this as a boundary control system.



Boundary control pH-systems

As discussed we choose the weighted L2?-space X = L?((a,b); R")
equipped with the inner product

b
i =5 [ HQOTHQu(C) e

as our state space.

The input space U equals R™, and the output space Y equals R¥
We are now in the position to show that this controlled
port-Hamiltonian system is indeed a boundary control system.



Boundary control pH-systems

We write the controlled pH system in the abstract form

with

z(t) = Ax(t),
Br(t) = u(t),
y(t) = <x(b),
8

8( — [Hz| + Py[Hz],

z(0) = o,

{z € L*((a,b);R") | Ha € Hl((a b) R™),

Wga

_ WC[

WB2|:

100

H(a)x

(
H(b)z(b)
H(a)z(a

a)

|



Boundary control pH-systems

So we have written the controlled port-Hamiltonian system in the
language of a boundary control system. It remains to show that
the conditions of our definition are satisfied.

Theorem Let 2 and B be given on the previous slide. If

Az, z)x + (x,Az)x <0 for all z € D(A) Nker B,

then the pH system is a boundary control system on X.
Furthermore, for the input w identically zero, the energy of the
solution, i.e. ||z(¢)||% = H(t), will not increase.

Furthermore, for classical solutions of the boundary control
problem, the output y(t) is well-defined. O



Boundary control pH-systems, power balance

So for smooth controls and initial conditions, satisfying the
boundary conditions, we know that solutions of the
port-Hamiltonian system exist. Since the energy/Hamiltonian plays
an important within this class of systems, it is useful to have a
relation between the change of energy (power) and the external
signals input and output. In many examples there exists such a
relation. When we have n inputs and n outputs, a general formula
can be derived expressing this relation.



Boundary control pH-systems, power balance

We assume that W = Wp 1 or equivalently Wg o = 0.
Furthermore we assume that we have n measurements, and define

-1
-1(P 0 Wg
A =g wa) (0 ) ()

Theorem Consider our input-output pH system with W and W¢
full rank n x 2n matrices such that | [} | is invertible.

If the n x n right-lower submatrix of Py, w, is non-positive, then
for every u € C?((0,00); R™), Hx(0) € H((a,b); R™), and

u(0) =Wpg [gi((sg))} the system has a unique (classical) solution,
with Hz(t) € H'((a,b); R™). The output y(-) is continuous, and
the following balance equation is satisfied:

Fle0lF = 370 o 0] Rrpare 1]



Boundary control pH-systems, example

As an example we once more study the controlled transport
equation.
Example We consider the system

FEH=52C0, el t=0

w(Cv ) - xO(C)? C € [07 1]

This system can be written in the pH-form by choosing n =1,
POZO, Plzland”Hzl.

Since n = 1, we can either apply one control. By using the
boundary variables, the control is written as,

Note that W = («, 8) has full rank if and only if a2 + 32 # 0.



Boundary control pH-systems, example

We have a boundary control system with contractive weak
solutions for u = 0 if o > 32.
Now we add the output equation

Since W¢ = [c d] must have full rank, we find that ¢ + d? # 0.
Furthermore, since [%g} must be invertible, we find that

ad — Be # 0.

The matrix Py, w,, is given by

P o d —1 01[d -8
WB’WC_W -8 a| |0 —1]|—c «

1 [ > -  —dp+ coz}
(d — Be)2 |—dB +ca B*—a? |’



Boundary control pH-systems, example

For the particular choice « = 1,8 =0 i.e. u(t) = z(1,t) and
c=0,d=1, thatis y(t) = 2(0,t), we find Py, w, = [§ ], or

equivalently
d 1
Zla® = 5 (u®? - y(®)?).

Thanks



