Control in finite and infinite dimension

Emmanuel Trélat, notes de cours de M2

May 8, 2019






Contents

I Control in finite dimension 5
1 Controllability 7
1.1 Controllability of linear systems . . . . . . .. .. .. ... .... 8
1.1.1  Controllability of autonomous linear systems . . . . . .. 8

1.1.2  Controllability of time-varying linear systems . . . . . .. 12

1.1.3 Topology of accessible sets . . . . . .. .. ... ... ... 14

1.2 Controllability of nonlinear systems . . . . . . .. ... ... ... 17
1.2.1 Local controllability results . . . . .. .. ... ... ... 17

1.2.2  Topology of the accessibleset . . . . . .. ... ... ... 20

1.2.3  Global controllability results . . . .. ... ... .. ... 22

2 Optimal control 25
2.1 Existence of an optimal control . . . .. . ... ... .. ... .. 26
2.2 Weak Pontryagin maximum principle . . . . . . ... ... ... 29
2.3 Strong Pontryagin maximum principle . . . . . . ... ... ... 32
2.3.1 General statement . . . . ... ... 33

2.4  Particular cases and examples . . . . .. ... Lo 36
2.4.1 Minimal time problem for linear control systems . . . . . 37

2.4.2 Linear quadratic theory . . . . ... ... ... ... ... 39

2.4.3 Examples of nonlinear optimal control problems . . . . . 43

3 Stabilization 53
3.1 Stabilization of autonomous linear systems. . . . . . . ... ... 53
3.1.1 Reminders on stability notions . . . .. .. ... .. ... 53

3.1.2  Pole-shifting theorem . . . . .. ... ... .. ...... 55

3.2 Stabilization of instationary linear systems . . . . . . .. .. ... 58
3.3 Stabilization of nonlinear systems . . . . . . .. .. ... ... .. 59
3.3.1 Reminders on stability: Lyapunov and Lasalle theorems . 59

3.3.2  Application to the stabilization of nonlinear control systems 61

IT Control in infinite dimension 65

4 Semigroup theory 69



CONTENTS

4.1 Homogeneous Cauchy problems . . . . ... .. ... ... .... 71
4.1.1 Semigroups of linear operators . . . ... ... ... ... 71
4.1.2  The Cauchy problem . . . . . ... ... ... ....... 7
4.1.3 Scale of Banach spaces . . . . . . ... ... .. ...... 81

4.2 Nonhomogeneous Cauchy problems . . . . . .. ... ... .... 84

Linear control systems in Banach spaces 87

5.1 Admissible control operators . . . .. ... ... ... 88
5.1.1 Definition . . . . . .. ..o Lo 88
5.1.2  Dual characterization of the admissibility . . . ... ... 90
5.1.3 Examples . . . .. .. 93

5.2 Controllability . . . . .. .. ... 97
5.2.1 Definitions . . . . . ... oL oo 97
5.2.2  Duality controllability — observability . . . .. ... ... 98
5.2.3 Hilbert Uniqueness Method . . . . .. ... ... .. ... 100
5.2.4 Further comments . . .. ... .. ... .. ... ..., 101

5.2.5 Examples . . . .. ..o Lo 103



Part 1

Control in finite dimension






Chapter 1

Controllability

(chap_cont) Let n and m be two positive integers. In this chapter we consider a control
system in R"

J}(t) = f(t, a:(t), u(t)) (1.1) ‘general_control_system

where f: R x R"” x R™ — R" is of class C'! with respect to (z,u) and locally
integrable with respect to ¢, and the controls are measurable essentially bounded
functions of time taking their values in some measurable subset 2 of R™ (set
of control constraints).

First of all, given an arbitrary initial point zy € R", and an arbitrary
control u, we claim that there exists a unique solution z(-) of (1.1) such that
x(0) = xo, maximally defined on some open interval of R containing 0. Note
that this generalized Cauchy-Lipschitz theorem is not exactly the usual one
since the dynamics here can be discontinuous (because of the control). For a
general version of this existence and uniqueness theorem, we refer to [60, 62].
We stress that the differential equation (1.1) holds for almost every t of the
maximal interval. Given a time 7" > 0 and an initial point xy, we say that a
control u € L*°(0,T;R™) is admissible whenever the corresponding trajectory
x(+), such that z(0) = xg, is well defined over the whole interval [0, T7].

We say that the control system is linear whenever f(t,z,u) = A(t)x+B(t)u+
r(t), with A(t) a n x n matrix, B(t) a n x m matrix, r(¢) € R", and in that
case we will assume that ¢t — A(¢), t — B(t) and ¢t — r(¢t) are of class L™
on every compact interval (actually, L' would be enough). The linear control
system is said to be instationary whenever the matrices A and B depend on t,
and is said to be autonomous if A(t) = A and B(t) = B. Note that, for linear
control systems, there is no blow-up in finite time (i.e., admissibility holds true
on any interval).

Definition 1. Let g € R™ and T > 0. The accessible set Accq(xg,T) from xq
in time T is defined as the set of all points x(T'), where x(-) is a solution of the
control system (1.1), with x(0) = xg, associated with some control u, and this
set is obtained by considering all possible (admissible) controls u € L*>(0,T; ).

7
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The control system (1.1) is said to be controllable from xq in time T whenever
Accq(zo,T) = R™.

Of course, other variant notions of controllability can be defined. A clear
picture will come from the geometric representation of the accessible set.

In this chapter we will provide several tools in order to analyze the control-
lability properties of a control system, first for linear (autonomous, and then
instationary) systems, and then for nonlinear systems.

1.1 Controllability of linear systems

?

1.1.1 Controllability of autonomous linear systems

?In this section, we assume that A(t) = A and B(t) = B.

Case without control constraints: Kalman condition

o
The famous Kalman theorem provides a necessary and sufficient condition for
autonomous linear control systems without control constraint.

Theorem 1. We assume that Q& = IR™ (no control constraint). The control
system x(t) = Axz(t) + Bu(t) + r(t) is controllable (from any initial point, in
arbitrary time T ) if and only if the Kalman matriz

K(A,B) = (B,AB,...,A""'B)
(which is of size n x nm) is of mazximal rank n.

Remark 1. The above Kalman condition does neither depend on 7', nor on
xg. This implies that if an autonomous linear control system is controllable in
time T, starting at zg, then it is as well controllable in any time, starting at
any point. Note that the Kalman condition is purely algebraic and is easily
checkable.

Proof. Let g € R"™ and T > 0 arbitrary. For every u € L*°(0,T;R"™), the
unique solution z(-) of the system, associated with the control v and starting
at xg, satisfies

T
z(T) = etz + / eT=DAr () dt + Lyu
0

where Ly : L*(0,T;R™) — IR" is the linear continuous operator defined by
T
Lyu z/ e T=DABy(t) dt.
0

In terms of this operator, it is clear that the system is controllable in time T if
and only if Ly is surjective. Then to prove the theorem it suffices to prove the
following lemma.
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Lemma 1. The Kalman matriz K(A, B) is of rank n if and only if Ly is
surjective.

Proof of the lemma. We argue by contraposition. If Ly is not surjective, then
there exists ¢» € R™ \ {0} which is orthogonal to the range of L, that is,

T
o / eT=DABy(t)dt =0 Yu € L>(0,T;R™).
0

This implies that ¢ Te(T=Y4B = 0, for every t € [0,T]. Taking t = T yields
1" B = 0. Then, derivating first with respect to ¢, and taking ¢t = T' then yields
YT AB = 0. By immediate iteration we get that ¢»" A*B = 0, for every k € IN.
In particular 1" K (A, B) = 0 and thus the rank of K(A, B) is less than n.
Conversely, if the rank of K(A, B) is less than n, then there exists ¢ €
R™ \ {0} such that " K(A,B) = 0, and therefore ¢)" A¥B = 0, for every
k € {0,1,...,n — 1}. From the Hamilton-Cayley theorem, there exist real
numbers ag, a,...,a,_1 such that A™ = Z;é apA*. Therefore we get easily
that )T A" B = 0. Then, using the fact that A"*1 = Y"7'_ arA*, we get as well
that ¥ T A" B = 0. By immediate recurrence, we infer that ¢ A*B = 0, for
every k € IN, and therefore, using the series expansion of the exponential, we
get that o Te(T=DARB = 0, for every t € [0,T]. We conclude that ¢ " Lyu = 0
for every u € L>°(0,T;IR™) and thus that Lt is not surjective. O

The theorem is proved. O

It can be noticed that, if a system is controllable in the conditions above,
then it can be controlled in arbitrarily small time. This is due to the fact that
there are no control constraints. In case of control constraints we cannot hope
that L be surjective in general.

Remark 2 (Hautus test). The following assertions are equivalent:

(1) The couple (A, B) satisfies Kalman’s condition rank(K (A4, B)) = n.

(2) VAeC rg(A\l—A,B)=n.

(3) VA € Spec(A) rg(Al — A, B) =n.

(4) Vz eigenvector of AT, BTz #0.

(5) Je>0 | YAeC VzeR" ||(M—A")z|?2+|BT2|? = c||lz||%
Indeed, (2) < (3), (2) < (5), and not (4) = not (1), are easy. We also easily
get (3) < (4) by contradiction. The implication not (1) = not (4) is proved as
follows. Weset N = {z € R" | 2TA*B =0 Vk € N}. It is easy to establish

that ATN C N. Then, not (1) = N # {0}, and then to conclude it suffices to
note that AT must have an eigenvector in N.
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Case with control constraints

2

" An easy adaptation of the proof of Theorem 1 yields the following result.

Proposition 1. We assume that r = 0, that 0 € Q, and that the Kalman con-
dition holds true. Then, for every t > 0, the accessible set Accq(xg,t) contains
a neighborhood of the point et4xq

Global controllability properties can be obtained under strong stability as-
sumptions. For instance we have the following easy result.

Proposition 2. We assume that r = 0, that 0 € Q, that the Kalman condition
holds true, and that all eigenvalues of A have negative real part. Then, for every
xo € IR"™, there exists a time T > 0 and a control u € L*°(0,T;Q) such that the
solution of x(t) = Az(t) + Bu(t), x(0) = xo, satisfies z(T) = 0.

The time T in the above result may be large. The strategy here just consists
of taking v = 0 and letting the trajectory converge asymptotically to 0, and
then as soon as it is sufficiently close to 0, we apply the controllability result
with controls having a small enough norm.

Similar systems

?Let us investigate the effect of a change of basis in linear control systems.

Definition 2. The linear control systems &1 = Ai1x1 + Biui and o = Asxo +
Boug are said to be similar whenever there exists P € GL,(IR) such that Ay =
PA P! and By = PBy. We have then to = Pz and us = uq.

We also say that the pairs (A1, By) and (Ag, B2) are similar.

Remark 3. The Kalman property is instrinsic, that is
(B2, A2Bs, ..., Ay 'By) = P(By,A1By,..., A" ' By),

In particular the rank of the Kalman matrix is invariant under a similar trans-
form.

Proposition 3. Let A be a matriz of size n X n, and let B be a matrix of size
n X m. Then the pair (A, B) is similar to the pair (A’, B"), with

Al AL B
!/ _ 1 3 I 1
A—(O A’2> and B_<O)
where Ay is of size v X r, By is of size r x m, and r is the rank of K(A, B) and
is as well the rank of K (A}, BY).

In other words, this result says the following. Denoting by y = <zl> the
2

new coordinates, with y; of dimension r and y- of dimension n — r, the control
system in the new coordinates is written as

1 = Ay + Biu+ Alys
Y2 = Asya
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Since the pair (A}, B}) satisfies the Kalman condition, it follows that the part of
the system in y; is controllable: it is called the controllable part of the system.
The part in y, is uncontrolled and is called the uncontrollable part of the system.

Proof. We assume that the rank of K (A, B) is less than n (otherwise there is
nothing to prove). The subspace F' = Range K (A, B) = Range B+Range AB+
---+Range A" 1B is of dimension 7, and is invariant under A (this can be seen
by using the Hamilton-Cayley theorem). Let G be a subspace of R™ such that
R" = F® G and let (f1,...,f) be a basis of F' and (f,41,..., fn) be a basis
of G. Let P be the change-of-basis matrix from the basis (f1,..., f,) to the
canonical basis of IR". Since F is invariant under A, we get
_ S (AL Ag
wmpar= ()
!

and since Range B C F, we must have B’ = PB = (%1) . Finally, it is clear

that the rank of K (A}, By) is equal to the rank of K (A, B). O

(thmbrunovski) Theorem 2 (Brunovski normal form). Let A be a matriz of size n x n, and let

B be a matriz of size n x 1 (note that m = 1 here). Then the pair (A, B) is
similar to the pair (A, B), with

0 1 0 0
A= and B=|"
0 0 1 0
—Qp  —Op_1 - —a1 1

where the coefficients a; are those of the characteristic polynomial of A, that is
Xa(X)=X"+a X" '+ a1 X +ap.
Note that the matrix A is a companion matrix. This result means that, in

the new coordinates, the system is equivalent to the order n scalar differential
equation with scalar control (™ (¢) + a1z~ V() + - + apx(t) = u(t).

Proof. First of all, let us notice that, if there exists a basis (f1, ..., f,) in which
the pair (A, B) takes the form (A, B), then there must hold f, = B (up to
multiplying scalar) and

Af’n = fn,1 _alfna BERE) Af2 = fl - anflfna Afl = _anfn~
Let us then define the vectors f1,..., f, by
fn = B, fn—l = A.fn +a1fna R fl = AfQ +an—1fn~

The n-tuple (f1,..., fn) is a basis of R", since

Span {f,} = Span {B}
Span {fnvfnfl} = Span {B,AB}

Span {f.,...,fi} = Span {B,...,A""'B} = R".
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It remains to check that Af; = —a, f,. We have

Afi = Ao+ an_1Af,
= AQ(AfB + an72fn) + anflAfn
= A3f3 + an—2A2fn + an—lAfn

= Anfn + alAn_lfn +---+ an—lAfn

= _anfn
since by the Hamilton-Cayley theorem we have A" = —~a1~A”*1 —-—apl. In
the basis (f1,..., fn), the pair (A, B) takes the form (A, B). O

Remark 4. This theorem can be generalized to the case m > 1 but the normal
form is not that simple. More precisely, if the pair (A, B) satisfies the Kalman
condition, then it is similar to some pair (A, B) such that

where the matrices A; are companion matrices, GG is a matrix of size m x s, and
for every i € {1,...,s}, all coefficients of B; are equal to zero except the one in
the last row, column ¢, which is equal to 1.

1.1.2 Controllability of time-varying linear systems

In what follows, we denote by M(:) the resolvent of the linear system @(t) =
A(t)x(t), that is, the unique solution of the Cauchy problem M (t) = A(t)M(t),
M (0) = I,,. Note that, in the autonomous case A(t) = A, we have M (t) = ‘4.
But in general the resolvent cannot be computed explicitly.

Theorem 3. We assume that Q@ = IR™ (no constraint on the control). The
control system &(t) = A(t)x(t) + B(t)u(t) + r(t) is controllable in time T (from
any initial point xo) if and only if the Gramian matric

T
GT:/O M) BB ME)" dt

is invertible.

Remark 5. Note that this condition depends on T" but not on the initial point.
In other words, if a linear instationary control system is controllable in time T,
from the initial point zg, then it is controllable as well from any other initial
point (but with the same time T').
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(remGT) Remark 6. Note that G = GJ., and that

T
$TCrp = (G, ) =/ IB@OTME P A =0 Ve R
0

i.e., Gr is a symmetric nonnegative matrix. The above controllability condition
says that the system is controllable if and only if G is positive definite.

By a diagonalization argument, this is equivalent to say that there exists
C7 > 0 (which is the smallest eigenvalue of G) such that

T
| @@ Tl d s ol e me (1.2) [negobedintinis)
0

This is an observability inequality.

Although we will not develop here a general theory for observability, it can
be noticed that this condition is appropriate to be generalized in the infinite-
dimensional setting, and will be of instrumental importance in the derivation of
the so-called HUM method (see Part II).

Although we have not defined the concept of observability, we underline
that the system is controllable in time T if and only if the above observability
inequality holds: this is the well known controllability — observability duality.

Proof. Let o € R™ arbitrary. Any solution of the control system, associated
with some control u and starting at xg, satisfies at time T’

#(T) = 2* + M(T) /OT M) B(t)u(t) dt

with z* = M (T)xo + M(T fo r(t) dt.

Let us first assume that the Gramlan Gr is invertible. let X; € IR" be
any target point. Let us search an appropriate control w in the form u(t) =
B(t)TM(t)*lTw7 with ¢ € R" to be determined adequately so that z(T") = z;.
With such a control, we have 2:(T') = 2* + M (T)Gr1, and since Gr is invertible
it suffices to take 1 = G M(T) " (21 — *).

Conversely, if G is not invertible, then according to Remark 6 there exists
€ R™\ {0} such that ¢ T Gr¢p = 0, and therefore, [, ||B(t)" M (1)~ o||2dt =
0, from which we infer that 1" M(t)"'B(t) = 0 for almost every t € [0,7].
As a consequence, we get that ¢ " fOT (t)"1B(t)u(t) dt = 0, for every control
u € L>=(0,T;R™), and hence " M(T)~!(z,(T) — x*) = 0, which means that
24 (T') belongs to some proper affine subspace of R™ as u varies. Hence the
system is not controllable. O

Remark 7. This theorem can be proved in an easier and more natural way
with the Pontryagin maximum principle (with an optimal control viewpoint).
Actually the control used in the above proof is optimal for the L2 norm. The
above proof also leads in the infinite-dimensional setting to the HUM method
(see Part II).
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Remark 8. If the system is autonomous (A(t) = A, B(t) = B) then M (t) = et
and thus

T
GT:/ efsABBTefsATds.
0

In that case, since the controllability (Kalman) condition does not depend on
the time, it follows that G, is invertible if and only if G, is invertible, which
is not evident from the above integral form. This is not true anymore in the
instationary case.

Let us now provide an ultimate theorem which generalizes the Kalman con-
dition in the instationary case.

(controlabiliteinstatiomnaire2) Thoorem 4. We assume that @ = R™ (no constraint on the control). Consider

the control system
x(t) = A(t)x(t) + Bt)u(t) + r(t)

where t — A(t) and t — B(t) are of class C*. We define the sequence of
matrices

Bo(t) = B(t), Bi+1(t) = A(t)BZ(t) — (t), i € IN.

dt
1. If there exists t € [0,T] such that

Span {B;(t)v |ve R™, i€ N} = R" (1.3) [kalman_time|
then the system is controllable in time T.

2. Ift = A(t) and t — B(t) are moreover analytic (i.e., expandable in a

convergent power series at any t), then the system is controllable in time
T if and only if (1.3) holds true for every t € [0,T].

We do not prove this theorem now. The proof readily follows from the
Hamiltonian characterization of singular trajectories (see [7, (2], see also the
proof of the weak Pontryagin Maximum Principle in Section 2.2).

There are no simple statements ensuring the controllability of instationary
control systems under control constraint. Actually under control constraints
one can draw a clear picture of controllability properties by investigating the
topology of the accessible set, as studied next.

1.1.3 Topology of accessible sets
?(sec_toetogs] Theorem 5. Consider the control system in IR"
z(t) = A(t)x(t) + B(t)u(t) + r(t)

with controls u taking their values in a compact subset  of R™. Let xo € R".
For every t > 0, the accessible set Accq(xo,t) is compact, conver and varies
continuously with respect to t.
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Here, the continuity in time is established for the Hausdorff topology.

Remark 9. Note that the convexity of the accessible set holds true even though
Q is not assumed to be convex. This point is however not obvious and fol-
lows from a Lyapunov lemma (itself based on the Krein-Milman theorem in
infinite dimension; see [30]). Actually this argument leads to Accq(xo,t) =
Accoonv(e)(To,t), where Conv(§2) is the convex closure of §2. In particular we
have Accaq(zo,t) = Accq(zo,t), where O is the boundary of . This result
illustrates the so-called bang-bang principle (see Section 2.4.1).

Proof. We first assume that §2 is convex. In that case, we notice that
t
Aceq(zo,t) = M (t)xo + / M(t)M(s)"tr(s) ds + Li(L>(0,1;Q))
0

where the linear (and continuous) operator L; : L>=(0,¢t; R™) — IR" is defined
by

Liu = /0 M ()M (s)™" B(s)u(s) ds.

The convexity of Accq (o, t) follows by linearity from the convexity of L>°(0, ¢; €2).

Let us now prove the compactness of Accq(zo,t). Let (z}),en be a sequence
of points of Accq(zg,t). For every n € IN, let w,, € L*(0,¢;£2) be a control
steering the system from xq to . in time ¢, and let z,,(-) be the corresponding
trajectory. We have

rh =2, (t) = M(t)zo + /0 M(t)M(s) " (B(s)un(s) + r(s)) ds. (1.4)[eqdent |

Since €2 is compact, the sequence (u,, )nen is bounded in L2(0,¢;R™). Since this
space is reflexive (see [11]), by weak compactness we infer that a subsequence
of (un)nen converges weakly to some u € L?(0,t;IR™). Since Q is assumed
to be convex, we have moreover that u € L%(0,¢ () (note that one has also
u € L*(0,t; Q) because Q is compact). Besides, using (1.4) and the control
system we easily see that the sequence (z,,(+))nen is bounded in H'(0,¢; R").
Since this Sobolev space is reflexive and is compactly imbedded in C°([0, ], R™),
we deduce that a subsequence of (2, (-))n,en converges uniformly to some z(+)
on [0,¢]. Passing to the limit in (1.4), we get

x(t) = M(t)xo + /0 M(t)M(s)" (B(s)u(s) +r(s)) ds

and in particular (a subsequence of) x} = x,(t) converges to z(t) € Accq(wo,t).
The compactness property is proved.

Let us prove the continuity in time of Accq(zo,t). Let € > 0 arbitrary. We
are going to establish that there exists § > 0 such that, for all nonnegative real
numbers 1 and ¢, if [t] — 2| < § then dy(Aceq(xo,t1), Accq(zo,t2)) < €, where
dy is the Hausdorff distance, defined by

dH(KlaK2) = sup ( sup d(y7 Kl)7 sup d<ya KQ))
yEKo yeK,
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for all compact subsets K1 and K5 of R", and d is the Euclidean distance of
R"™. We assume that 0 < t; < to. It suffices to prove that

1. Yy € Accq(zo, ta) d(y, Acco(xo,t1)) < e,
2. Yy € Accq(xo,t1)  d(y, Acco(zo,t2)) < e.

Let us just prove the first point, the second being similar. Let y € Accq(xo, t2).
It suffices to prove that there exists z € Accq(xo,t1) such that d(y,z) < e.
By definition of Accq(zo,t2), there exists u € L>°(0,T;) such that the cor-
responding trajectory, starting at g, satisfies z(t2) = y. Let us prove that
z = x(ty) is suitable. Indeed, we have

x(ta) — x(t1) = M(te)xo + ; : M (to)M(s) " (B(s)u(s) +r(s))ds

M (th)ao — /0 M) M () (B(s)u(s) + r(s)) ds

= M(t2) | M(s)" (B(s)u(s) +r(s)) ds

+ (M(ta) — M(t1)) (mo + /0 1 M(s)"Y(B(s)u(s) +r(s)) ds)

If |t; — to] is small then the first term of the above sum is small as well by
continuity, and the second term is small by continuity of ¢ — M (¢). The result
follows.

In the general case where  is only compact (but not necessarily convex),
the proof is more difficult and uses the Lyapunov lemma in measure theory (see,
e.g., [15, Lemma 4A p. 163]) and more generally the Aumann theorem (see, e.g.,
[30]), from which it follows that

{/T M(t)"'B(t)u(t)dt | ue L>(0,T; Q)}

0

— {/T M)~ 'B(t)u(t)dt | uwe L>(0,T; 89)}
0

_ {/T M) B(tult)dt | ue L%(0,T; Conv(Q))}
0

and moreover that these sets are compact and convex. The result follows. [

Remark 10. If the set of control constraints 2 is compact, then the accessible
is compact (and convex), and evolves continuously in time. In such conditions
obviously Accq(x,t) can never be equal to R™. In other words, the system is
never controllable in time ¢. This is natural in view of the control constraints.
Actually the result of the theorem allows one to define the concept of minimal
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time: given xg and x1, two distinct points of R™, one cannot steer the control
system from xy to z1 in arbitrary small time. A minimal time is due. We will
come back on this issue later.

Another question of interest is to know whether the control system is con-
trollable, in time not fixed, that is: when is the union of all sets Accq(zg,t), over
t > 0, equal to the whole R"™? This question is difficult, even for (instationary)
linear control systems under control constraints.

1.2 Controllability of nonlinear systems

(sec_monlinear) 3 91  Local controllability results
Preliminaries: end-point mapping.

Definition 3. Let xg € R™ and letT > 0 arbitrary. A controlu € L>°(0,T; R™)
is said to be admissible on [0,T] if the trajectory x(), solution of (1.1), cor-
responding to the control u, and such that x(0) = g, is well defined on [0,T].
The end-point mapping E,, 1 is then defined by E,, v(u) = z(T).

The set of admissible controls on [0, T is denoted by Uy, 7™, and the set of
admissible controls on [0, T taking their values in € is denoted by Uy, 7. The
set Uy, 7, rm is nothing else but the set on which E,, 1 is well defined (indeed
one has to be careful with blow-up phenomena). It is easy' to prove that the
set Uy, 7 mm, endowed with the standard topology of L*°(0,T;IR™), is open,
and that E,, 7 is of class C* on Uy, 7 rm (it is CP whenever f is CP).

Note that, for every t > 0, the accessible set is Az, o(t) = Fagt Usg,t,0)-

In what follows we often denote by z,(-) a trajectory solution of (1.1) cor-
responding to the control w.

(diffFrechetE) Theorem 6. Let xg € IR" and let u € Uy 1R - The (Fréchet) differential
dEy, r(u) : L®(0,T; R™) — R" is given by

T
By, (u).5u = 63(T) = M(T) /0 M=) B(t)u(t) dt

where 0x(+) is the solution of the so-called linearized system along (x,(+), u(+)),
0x(t) = A(t)ox(t) + B(t)ou(t), dx(0) =0,

with
A = S a0, B = 3L (00, u0),

(which are respectively of size n X n and n x m), and M(-) is the resolvent of
the linearized system, defined as the unique n X n matriz solution of M(t) =
A()M(t), M(0) = 1,.

I This follows from usual finite-time blow-up arguments on ordinary differential equations,

and from the usual Cauchy-Lipschitz theorem with parameters, the parameter being here a
control in a Banach set (see for instance [60]).
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Proof. By definition, we have Ey, r(u+du) = Ey 7(u) + dEg, 7(u).0u+o(du).
In this first-order Taylor expansion, we have E;, r(u) = z,(T) and Ey, r(u +
0u) = Tytou(T). We want to compute dE,, r(u).0u, which is equal, at the first
order, to Zy15u(T) — 2o (T). In what follows, we set dz(t) = Tyi5u(t) — 2o ().
We have

(1) = Flt, ursu(t), ult) + 5u(t)) — 10, (1), u(t)
= Flta(t) + 52(0), () + 5u(t)) — F(t, (1), u(1)
= O (1), w(00) 800) + O (1 (1) 0(0)) F(0) + 0(52(0), ()

so that, at the first order, we identify the linearized system. By integration (note
that the remainder terms can be rigorously ruled out by standard Gronwall

arguments, not detailed here), we get dx(T fo B(t)du(t) dt, as
expected. Note that this term provides a 11near contlnuous operator and hence
is indeed the Fréchet differential of the end-point mapping. O

(remark_loccont)

Remark 11. This theorem says that the differential of the end-point mapping
at u is the end-point mapping of the linearized system along (z,(-),u(:)). This
is similar to the well known result in dynamical systems theory, stating that
the differential of the flow is the flow of the linearized system. This remark has
interesting consequences in terms of local controllability properties.

Local controllability results along a trajectory. Let zo € IR™ and let
u € Uy, 7,rm be arbitrary. According to Remark 11, if the linearized system
along (x,(+),u(:)) is controllable in time T, then this exactly means that the
end-point mapping of the linearized system is surjective. In other words, the
linear continuous mapping dE,, r(u) : L>°(0,T;IR™) — R" is surjective. By
a standard implicit function argument (surjective mapping theorem), this im-
plies that the end-point mapping itself, E,, r(u) : Uy, 7 mm — R", is a local
submersion, and thus, in particular, is locally surjective and locally open at wu.

Note that, here, this argument works because we have considered controls
taking their values in the whole IR™. The argument still works whenever one
considers a set 2 of control constraints, provided that we have room to consider
local variations of w: this is true as soon as u is in the interior of L*°(0, 7€)
for the topology of L*°(0,7;IR™) (note that this condition is stronger than
requiring that u takes its values in the interior of Q).

The local surjectivity of E, 7 exactly means that the general control system
(1.1) is locally controllable at z,,(T"). We have proved the following result.

(thm_localcont_traj) Theorem 7. Let zo € IR" and let u € Uyo 0. We assume that u is in
the interior of L*°(0,T;Q) for the topology of L*°(0,T; R™). If the linearized
system along (x,,(+),u(:)) is controllable in time T, then the nonlinear control
system (1.1) is locally controllable in time T from xq. In other words, there
exists a neighborhood V' of x,(T) in R" such that, for everyy € V, there exists
a control v € Uy, 1. such that y = x,(T).
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Note that, in the above statement, v is close to u for the L topology,
and the trajectories 2, (-) and x,(-) are close for the C° topology. The theorem
would actually say more, because E, r is a submersion, meaning that, for some
appropriate coordinates (in a chart), Ey, r is a linear projection.

Remark 12. The controllability in time T of the linearized system 0z (t) =
A(t)dz(t) + B(t)du(t) can be characterized thanks to Theorems 3 and 4. We
thus get explicit sufficient conditions for local controllability. Note that the
conditions are not necessary (for instance, in 1D, i (t) = u(t)?, along u = 0).

Let us next provide two important applications of Theorem 7 (which are
particular cases): local controllability around a point, and the return method.

Local controllability around an equilibrium point. Assume that the
general control system (1.1) is autonomous, that is, f does not depend on t.
Assume that (Z,4) € R" x R™ is an equilibrium point of f, i.e., f(Z,a) =0. In
that case, the constant trajectory defined by x(t) = & and u(t) = @ is a solution
of (1.1). The linearized system along this (constant) trajectory is given by

§x(t) = Adz(t) + Bdu(t)

with A = %(it,ﬂ) and B = %(:ﬁ,ﬂ). It follows from Theorem 1.1 that, if
this linear control system is controllable (in time 7') then the nonlinear control
system is locally controllable in time 7" around the point Z, i.e.,  can be steered
in time T to any point in some neighborhood. By reversing the time (which is
possible because we are here in finite dimension), the converse can be done. We
have thus obtained the following result.

{cor_loc_cont) Corollary 1. With the above notations, assume that rank K (A, B) = n and that
a € Int(Q). Then, for every T > 0, the control system &(t) = f(x(t),u(t)) is
locally controllable in time T around the point T in the following sense: for every
T > 0 there exists a neighborhood V' of T in IR" such that, for all xg,z1 € V,
there exists a control w € Uz 1. such that x,(0) =z and z,(T) = x;1.

Many applications of this result can be found in the literature. It can be
noted that the proof, based on the implicit function theorem, is robust and
withstands generalizations in infinite dimension (possibly replacing the implicit
function theorem with more appropriate results, such as the Kakutani fixed
point theorem). The interested reader will easily find many examples and ap-
plications. We do not have room here to list or provide some of them.

The return method. In Corollary 1, the sufficient condition is that the lin-
earized system at the equilibrium point be controllable. Assume now that we
are in a situation where the linearized system at the equibrium point is not con-
trollable, and however we would like to prove, using alternative conditions, that
the nonlinear control system is locally controllable. The idea of the so-called
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return method? is to assume that there exists a nontrivial loop trajectory of
the control system, going from zy to ¢ in time 7', along which the linearized
control system is controllable. Then, Theorem 7 implies that the control system
is locally controllable around xy.

Note that the method is not restricted to equilibrium points. We have the
following corollary.

Corollary 2. Let g € R". Assume that there exists a trajectory T(-) of the
control system (1.1), corresponding to a control a(-) on [0,T], such that Z(0) =
Z(T) = xg. Assume that @ is in the interior of L>(0,T;8) for the topology
of L*(0,T; R™). If the linearized system along (Z(-),a(-)) is controllable in
time T, then the nonlinear control system (1.1) is locally controllable in time T
around the point xg.

Example 1. Consider the Dubins car model
Z1(t) = cos(t), 21(0) =0
Zo(t) = sin H(¢), z2(0) = 0,
0(t) = u(t), 6(0) =0

In order to prove that this control system is locally controllable at (0, 0,0 [27])
(in arbitrary time T > 0), we consider the reference trajectory given by

T 27t T 27t - 2mt 2
T1(t) = —sin L Fy(t) = o (1 —Cos;) ,at) = % at) = ==

The linearized system along this trajectory is represented by the matrices

0 0 —sin2ft 0
Aty=10 0 cos3t |, B(t)=|[0
0 0 0 1

and it is easy to check (using Theorem 4) that this system is controllable in any
time T > 0.

In the previous paragraphs, we have derived, thanks to simple implicit func-
tion arguments, local controllability results. The local feature of these results is
not a surprise, having in mind that, from a general point of view, it is expected
that showing the global surjectivity of the nonlinear mapping E,, r is difficult.

In view of that, we next provide two further issues.

1.2.2 Topology of the accessible set

In view of better understanding why it is hopeless, in general, to get global
controllability, it is useful to have a clear geometric picture of the accessible set.
We have the following result similar to Theorem 5.

2The return method was invented by J.-M. Coron first with the aim of stabilizing control
systems with smooth instationary feedbacks. Then it was applied to many problems of control
of PDEs in order to establish controllability properties. We refer the reader to [17].
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(ensacccompact) Thogrem 8. Let 29 € R" and let T > 0. We assume that:
e ) is compact;

o there exists b > 0 such that, for every admissible control u € Uy, 10, one
has ||z, ()] < b for every t € [0,T);

o there exists ¢ > 0 such that || f(t,x,u)|| < ¢ for every t € [0,T], for every
x € R"™ such that ||z|| < b and for every u € Q;

o the set of velocities V(t,x) = {f(t,z,u) | uw € Q} is conver, for all (t,z).
Then the set Accq(xo,t) is compact and varies continuously in time on [0,T].

Remark 13. The second assumption (uniform boundedness of trajectories) is
done to avoid blow-up of trajectories. It is satisfied for instance if the dynamics
f is sublinear at infinity. The third assumption is done for technical reasons
in the proof, because at the beginning we assumed that f is locally integrable,
only, with respect to ¢. The assumption of convexity of V (¢, x) is satisfied for
instance for control-affine systems (that is, whenever f is affine in u) and if Q
is moreover convex.

Proof. First of all, note that V (¢, z) is compact, for all (¢, ), because € is com-
pact. Let us prove that Acc(xg,t) is compact for every ¢ € [0,T]. It suffices to
prove that every sequence (z,,) of points of Acc(xo,t) has a converging subse-
quence. For every integer n, let w,, € Uy, 1.0 be a control steering the system
from xy to x, in time ¢t and let z,,(-) be the corresponding trajectory. We have

t
T =Tp(t) =20+ [ f(s,20(8),un(s))ds.
0
Setting gn(s) = f(s,zn(s),un(s)) for s € [0,t], using the assumptions, the
sequence of functions (gn(-))nen is bounded in L*°(0,¢;R™), and therefore,
up to some subsequence, it converges to some function g(-) for the weak star
topology of L>°(0,¢;IR") (see [11]). For every 7 € [0,t], we set x(1) = xo9 +
Jy 9(s)ds. Clearly, x(-) is absolutely continuous on [0, ¢], and limy,_, o T (s) =
x(s) for every s € [0, ], that is, the sequence (x,(-))nen converges pointwise to
2(+). The objective is now to prove that z(-) is a trajectory associated with a
control u taking its values in €2, that is, to prove that g(s) = f(s,z(s), u(s)) for
almost every s € [0,].
To this aim, for every integer n and almost every s € [0,t], we set h,(s) =
f(s,2(8),un(s)), and we define the set

V= {h(:) € L*(0,t;R™) | h(s) € V(s,x(s)) for a.e. s € [0,t]}.

Note that hy, € V for every integer n. For all (¢, ), the set V (¢, x) is compact and
convex, and, using the fact that, from any sequence converging strongly in L?
we can substract a subsequence converging almost everywhere, we infer that V is
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convex and closed in L?(0,¢;IR") for the strong topology. Therefore V is closed
as well in L?(0,¢;R") for the weak topology (see [11]). But like (g, )nen, the
sequence (hy,)nen is bounded in L2, hence up to some subsequence it converges
to some function h for the weak topology, and h must belong to V since V is
weakly closed.

Finally, let us prove that g = h almost everywhere. For every p € L?(0,t; R),
we have

| eemtsias = [ oohalo)ds+ [ o) (ga(5) = ha(s) s, (1.5) samp
0 0 0

By assumption, f is globally Lipschitz in 2 on [0, 7] x B(0,b) x Q, and hence
by the mean value inequality, there exists C' > 0 such that ||g,(s) — hn(s)]] <
C|lzn(s) — z(s)| for almost every s € [0,¢]. The sequence (z,,) converge point-
wise to z(-), hence, using the dominated convergence theorem, we infer that
fot ©(8) (gn(s) — hn(s)) ds — 0 as n — +oo. Passing to the limit in (1.5), we
obtain fot p(s)g(s)ds = fot ©(s)h(s)ds for every ¢ € L*(0,t;R) and therefore
g = h almost everywhere on [0, ¢].

In particular, we have g € V, and hence for almost every s € [0, ¢] there exists
u(s) € £ such that g(s) = f(s,z(s),u(s)). Applying a measurable selection
lemma in measure theory (note that g € L>°(0,¢;IR™)), u(-) can be chosen to
be measurable on [0, 7] (see [15, Lemmas 2A, 3A p. 161]).

In conclusion, the trajectory z(-) is associated on [0,¢] with the control u
taking its values in 2, and z(¢) is the limit of the points x,. This shows the
compactness of Accq(zg,t).

It remains to establish the continuity of the accessible set with respect to
time. Let t; and ¢ty be two real numbers such that 0 < t; < t5 < T and let
x9 € Accq(xg,ta). By definition, there exists a control u taking its values in 2,
generating a trajectory z(-), such that xo = z(t2) = z + ng f(t,x(t), u(t))dt.
The point z1 = x(t1) = xo + fotl Ft, 2(t),u(t)) dt belongs to Accq(xo,t1), and
using the assumptions on f, we have ||z2 — 21| < Clta — t1]. We conclude
easily. O

1.2.3 Global controllability results

One can find global controllability results in the existing literature, but they
are established for particular classes of control systems. Let us provide, here,
controllability results valuable for the important class of control-affine systems.

We say that a control system is control-affine whenever the dynamics f is
affine in u, in other words the control system is

m

@(t) = folz(t)) + Z wi(t) fi(x(t))

where the mappings f; : R" — R", i =0,..., m are smooth. The term fo(z) is
called a drift. Here, there is a crucial insight coming from differential geometry.
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We consider the mappings f; are vector fields on IR™. Such vector fields generate
some flows, some integral curves, and at this point geometric considerations
come into the picture.

There are many existing results in the literature, providing local or global
controllability results under conditions on the Lie brackets of the vector fields.

We recall that the Lie bracket of two vector fields X and Y is defined either
by [X,Y](z) = dY (z).X(z) — dX(2).Y (z), or, recalling that a vector field is
a first-order derivation on C*°(IR",R) defined by (X f)(z) = df(z).X(z) for
every f € C*(R",R) (Lie derivative), by [X,Y] = XY — Y X (it is obvious to
check that it is indeed a first-order derivation). We also mention that, denoting
by exp(tX) and exp(tY’) the flows generated by the vector fields X and Y, the
flows commute, i.e., exp(t1X) o exp(t2Y) = exp(t2Y") o exp(t1 X) for all times ¢,
and ¢, if and only if [X,Y] = 0. If the Lie bracket is nonzero then the flows do
not commute, but we have the asymptotic expansion

2
exp(—tY) o exp(—tX) o exp(tY) o exp(tX)(x) = = + %[X7 Y](z) + o(?)

as t — 0. The left-hand side of that equality is the point obtained by starting
at x, following the vector field X during a time ¢, then the vector field Y during
a time t, then —X during a time ¢, and then —Y during a time ¢. What it says
is that this loop is not closed! The lack of commutation is measured through
the Lie bracket [X,Y]. For more details on Lie brackets, we refer the reader to
any textbook of differential geometry. Without going further, we mention that
the Campbell-Hausdorff formula gives a precise series expansion of Z, defined
by exp(X) o exp(Y) = exp(Z), in terms of iterated Lie brackets of X and Y.
The first terms are Z = X +Y + 3[X, Y] +---.

Finally, we recall that the Lie algebra generated by a set of vector fields is
the set of all possible iterated Lie brackets of these vector fields.

For control-affine systems without drift, we have the following well-known
Chow-Rashevski theorem (also called Hormander condition, or Lie Algebra
Rank Condition), whose early versions can be found in [15, 55].

Theorem 9. Consider a control-affine system without drift in R". Assume
that Q@ = R™ (no constraint on the control) and that the Lie algebra generated
by the vector fields f1,..., fm is equal to R" (at any point). Then the system
1s globally controllable, in any time T.

Proof. We sketch the proof in the case n = 3 and m = 2, assuming that
rank(f1, f2, [f1, f2]) = 3 at any point. Let A € R. We define the mapping

oa(t1,ta, t3) = exp(Af1) exp(ts f2) exp(—Af1) exp(ta f2) exp(t1 f1)(zo).

We have ¢5(0) = 2. Let us prove that, for A # 0 small enough, @, is a local
diffeomorphism at 0. From the Campbell-Hausdorff formula, we infer that

oa(t1,ta,t3) = exp(t1 fr + (t2 + t3) fo + M3[f1, fo] +--+),
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whence
:9%(0) = f1(xo), é%(()) = fa(o), ;3%(0) = fa(wo) + Alf1, f2(wo) + 0(A).

By assumption, it follows that dy) is an isomorphism, and therefore ) is a local
diffeomorphism at 0. We conclude by an easy connectedness argument. O

We approach here the geometric control theory. The theorem above is one of
the many existing results that can be obtained with Lie bracket considerations.
We refer the reader to the textbook [36] for many results which are of a geometric
nature. In particular this reference contains some material in order to treat
the case of control-affine systems with drift. Note that, in presence of a drift
fo, an easy sufficient condition ensuring global controllability is that the Lie
algebra generated by the controlled vector fields fi,..., f, be equal to R™ (at
any point). We also refer the reader to [17] where there is a good survey of
controllability results for control-affine systems.

Example 2. The Heisenberg system in IR3

(t) =ui(t), 9@) =wua(t), 2(t) =ur(t)y(t) — u2(t)x(t),

is represented by the two vector fields

00 0 0
' 0 Va2 2T Oy 0z
It is easy to check that [f1, fa] = —2% and thus that the Lie algebra condition

is satisfied. Therefore this system is controllable.

Remark 14. The Lie condition above is also called the Hérmander condition,
due to the well-known following result due to Hérmander (see [31]). Let L =
>, f? be an operator, defined as a sum of squares of vector fields: this is
a second-order differential operator, which can be called a sub-Laplacian.® We
say that L is hypoelliptic if g is C* whenever Lg is C*°. Note that the usual
Laplacian is hypoelliptic, but the question is not obvious if m < n. The famous
result by Hormander states that L is hypoelliptic if and only if the Lie algebra
generated by the vector fields f1, ..., fi, is equal to R"™ (at any point).

Here, we recover an idea of controllability because, in order to prove that if
Lg is C then g is C*°, we have to “control” the derivatives of g in any possible
direction of R".

3If m = n and if the f; coincide with the canonical basis of R™ then L is exactly the usual
Laplacian. We speak of sub-Laplacian when m < n.



Chapter 2

Optimal control

(chap_opt) In Chapter 1, we have provided controllability properties for general classes of
control systems. Considering some control problem of trying to reach some
final configuration for the control system (1.1), from some initial configuration,
with an admissible control, it happens that, in general, there exists an infinite
number of controls making the job (think of all possibilities of realizing a parallel
parking, for instance). Among this infinite number of controls, we now would
like to select (at least) one control, achieving the desired controllability problem,
and moreover minimizing some cost criterion (for instance, one would like to
realize the parallel parking by minimizing the time, or by minimizing the fuel
consumption). This is then an optimal control problem.

The main objective of this chapter is to formulate the Pontryagin mazrimum
principle, which is the milestone of optimal control theory. It provides first-
order necessary conditions for optimality, which allow one to compute or at
least parametrize the optimal trajectories.

Let us give the general framework that will be used throughout the chapter.
Let n and m be two positive integers. We consider a control system in IR"

#() = [(t,2(0),u() (2.1) [goncentayt

where f: R x R" x R"™ — R" is of class C', and the controls are measurable
essentially bounded functions of time taking their values in some measurable
subset © of R™ (set of control constraints).

Let fO: RxR"xR"™ — R and g : R x R” — R be functions of class
C'. For every zy € R", for every t; > 0, and for every admissible control
u € Uz, 1,0 (see Section 1.2), the cost of the trajectory x(-), solution of (2.1),
corresponding to the control u, and such that 2(0) = g, is defined by

Caoty (u) = /0 " (), u(t)) b+ glt g 2(tp). (2.2) [def _cost]

Many variants of a cost can be given, anyway the one above is already quite
general and covers a very large class of problems. If needed, one could easily

25
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add some term penalizing the initial point. Note also that the term g(t¢, z(¢y))
could as well be written in integral form and thus be put in the definition of the
function f9; however we prefer to keep this formulation that we find convenient
in many situations.

Let us now define the optimal control problem that we will consider. Let
My and M; be two measurable subsets of IR™. We consider the optimal control
problem (denoted in short (OCP) in what follows) of determining a trajectory
x(-), defined on [0,%¢] (where the final time t; can be fixed or not in (OCP)),
corresponding to an admissible control u € Uy (g),¢,,o, solution of (2.1), such
that

(E(O) GMo, l’(tf) €M1,

and minimizing the cost (2.2) over all possible trajectories steering as well the
control system from My to M;.

Note that this is a general nonlinear optimal control problem, but without
any state constraints. We could indeed restrict the set of trajectories by im-
posing some pointwise constraints on x(t) (typically, such or such region of the
state space can be forbidden). Such constraints are however not easily tractable
in the Pontryagin maximum principle and make its analysis much more difficult.
We will however comment further on this issue, but for simplicity we will mainly
ignore state constraints.

2.1 Existence of an optimal control

Although this is not very useful, let us state a general result ensuring the ex-
istence of an optimal solution of (OCP). In the theorem below, note that we
can assume that f° and g are only continuous. Here, there is also no additional
difficulty in adding some state constraints.

(thnfilippov) Theorem 10. We consider (OCP) and we assume that:
e Q is compact, My and My are compact;

e M is reachable from My, that is, there exists a trajectory (corresponding
to an admissible control) steering the system from My to My;

o there exists b > 0 such that, for every trajectory x(-) defined on [0,t¢] and
steering the system from My to My, one has ty + ||z(t)|| < b for every
te0,ty];

e there exists ¢ > 0 such that || f(t,z,u)|| + |fO(t,z,u)| < ¢, for every t €
[0,0], every x € R" such that ||z|| < b, and every u € Q;

e the epigraph of extended velocities

V(t,z) = {QJ;Z“J}F 7) ‘ weQ, v 0} (2.3) [optconv]

is convex, for all (t,x).
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We assume moreover in (OCP) that the trajectories are subject to state con-
straints ¢;(t,z(t)) < 0, where the ¢;, i € {1,...,r} are continuous functions
defined on IR x IR".

Then (OCP) has at least one solution.

If the final time has been fixed in (OCP) then we assume that M; is reach-
able from My exactly in time ty. Note that it is easy to generalize this result
to more general situations, for instance the sets My and M7 could depend on ¢,
as well as the set  (see [15], and more generally see [14] for many variants of
existence results).

Such existence results are however often difficult to apply in practice, because
in particular the assumption (2.3) is a strong one (not satisfied in general as
soon as f is “too much” nonlinear). In practice, we often apply the Pontryagin
maximum principle (that we will see next), without being sure a priori that there
exist an optimal solution. If we can solve the resulting necessary conditions,
then this often gives a way for justifying that indeed, a posteriori, there exists
an optimal solution.

Proof. The proof is similar to the one of Theorem 8.

Let § be the infimum of costs C(u) over the set of admissible controls u €
L>(0,t(u); Q) generating trajectories such that z(0) € My, z(t(u)) € M; and
satisfying the state constraints ¢;(z(-)) < 0, ¢ = 1,...,r. Let us consider a
minimizing sequence of trajectories x,,(-) associated with controls u,, that is, a
sequence of trajectories satisfying all constraints and such that C(u,) — ¢ as
n — 4o00. For every integer n, we set

rao = (Ko ) - ()

for almost every t € [0,¢(uy,)]. From the assumptions, the sequence of functions
(Fn(-))nen (extended by 0 on (t,(u), b]) is bounded in L*>°(0,b; R™), and hence,

up to some subsequence, it converges to some function F ()= ( F}'?O(())> for the

weak star topology of L>(0,b;R™™") (see [11]). Also, up to some subsequence,
the sequence (t,(u,))nen converges to some T > 0, and we have F(t) = 0
for t € (T,b]. Finally, by compactness of My, up to some subsequence, the
sequence (2,(0))nen converges to some xg € My. For every t € [0,T], we
set z(t) = xo + fg F(s)ds, and then z(-) is absolutely continuous on [0,T].
Moreover, for every ¢ € [0,T], we have lim,_, . z,(t) = z(t), that is, the
sequence (z,(-))nen converges pointwise to z(-). As in the proof of Theorem
8, the objective is then to prove that the trajectory xz(-) is associated with a
control u taking its values in €2, and that this control is moreover optimal.

iy = (fEa@),un(t) ~
We set h,(t) = (fo(t,m(t),un(t)) , for every integer n and for almost
every t € [0,t(u,)]. If T > t(uy), then we extend h,, on [0,T] by hy,(t) =
(f(t,:c(t>,v)

fo(t,x(t),v)> , for some arbitrary v € Q. Besides, we define (note that € is
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compact)
B =max{|f(t,z,u)| |0 <t <b, ||z|| <b, ueQ}

For every (t,z) € R, we then slightly modify the definition of V(¢,z) to
make it compact (keeping it convex), by setting

ot = { (of 570 ) [ wes v 0 1w a1 < 5}

We define V = {h(-) € LQ(O T;R™) | h(t) € Va(t, x(t)) for ae. t € [0,T]}. By
construction, we have h,, € V for every integer n.

(lemcaltildeVeonv) [ oryyma 2. The set V is convex and strongly closed in L (0, T; R™).

Proof of Lemma 2. Let us prove that V is convex. Let 71,73 € V, and let
A € [0,1]. By definition, for almost every ¢ € [0, 7], we have 7 (t) € Va(t, z(t))
and 75(t) € Va(t, 2(t)). Since Vj(t,z(t)) is convex, it follows that A7 (t) + (1 —
N)a(t) € Vi(t,z(t)). Hence Ay + (1 — A)7g € V.

Let us prove that V is strongly closed in L2(0,T;R™). Let (7n)new be a se-
quence of V' converging to 7 for the strong topology of L?(0,T;R"™). Let us prove
that 7 € V. Up to some subsequence, (7, )neN cOnverges almostNeverywhere to
7, but by definition, for almost every ¢ € [0,T] we have 7,,(t) € Va(t,z(t)), and
Vi(t, 2(t)) is compact, hence 7(t) € Vj(t, z(t)) for almost every t € [0,T]. O

The set V is then also convex and weakly closed in L2(0,T;R™"") (see
[11]). The sequence (h,)nen being bounded in L2(0,T;R"™), up to some
subsequence, it converges weakly to some h, which belongs to V since this set
is weakly closed.

Let us prove that F = h almost everywhere. We have

| ewRa= [ ewh0d+ [ o (B -h0)ar @a)FmT
0 0 0

for every ¢ € L%(0,T). By assumption, the mappings f and f© are globally
Lipschitz in x on [0,7T] x B(0,b) x €, hence there exists C > 0 such that
| B () = B (8)]| < C|2zn () —2(2)]| for almost every ¢ € [0, T]. Since the sequence
(zn(*))nen converges pointwise to z(-), by the dominated convergence theorem

we infer that fOT (Fn(t) - }Nl ( )) dt — 0 as n — +o0. Passing to the limit

in (2.4), it follows that fo o(t fo dt for every ¢ € L?(0,T),
and therefore F' = h almost everywhere on [0, T ]

In particular, F € V, and hence for almost every ¢ € [0,7] there exist

u(t) € Q and (t) > 0 such that F(t) = < 0 f(t, 2(t), u(t)) ) . Applying a
FoE 2(8), u(t)) +(F)

measurable selection lemma (noting that F € L>(0,T;R™")), the functions

u(+) and «(-) can moreover be chosen to be measurable on [0, 7] (see [45, Lem.
2A, 3A p. 161)).
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It remains to prove that the control w is optimal for (OCP). First of all,
since 2, (t,(uy,)) € My, by compactness of M; and using the convergence prop-
erties established above, we get that x(T) € M;. Similarly, we get, clearly, that
ci(x(:)) € 0,i=1,...,7. Besides, by definition C(u,) converges to J, and,
using the convergence properties established above, C(u,) converges as well to
fOT(fO(t, z(t),u(t))+v(t)) dt+g(T,z(T)). Since v takes nonnegative values, this
implies that fOT Ot z(t),u(t)) dt+g(T,2(T)) < fOT(fO(t,a?(tLu(t))—i—v(t))dt-i—
g(T,z(T)) < C(v), for every admissible control v generating a trajectory steer-
ing the system from My to M; and satisfying all constraints. In other words,
the control u is optimal. By the way, note that v must be equal to 0. O

2.2 Weak Pontryagin maximum principle

(sec_weakPMP) [ order to understand the main idea underlying the Pontryagin maximum prin-
ciple (denoted in short PMP), we first study a simplified version of (OCP) and
state a weaker version of the result that we call “weak PMP”. The simplified
framework is the following:

o My ={x0} and My = {x1}, where x¢ and x; are two given points of R".
In other words, we consider a ”point to point” control problem.

e g =0 in the definition of the cost (2.2).
e The final time ¢ is fixed. In that case we denote it rather by 7'

These three first simplified assumptions are not serious, and it is actually easy
to reduce a given optimal control problem to that case (we refer to [(62] for
details). In contrast, the following one is by far more serious:

e O =1R"™, in other words, there are no control constraints.

Note that, actually, in the following arguments we could as well assume that
the control under consideration is in the interior of L>°(0,T; ).

The latter assumption is the most important simplification. We will shortly
comment further on the difficulties coming from control constraints.

Let us now analyze the simplified (OCP) and come finally out with the
weak PMP. Let u be an optimal control (here, we assume its existence, without
making any further assumption on the dynamics). We are going to sketch first-
order necessary conditions for optimality.

First of all, we note that (OCP) is exactly equivalent to the optimization
problem

Ezogl(lquxl Cyo (V).
In this form, this is a nonlinear optimization problem with equality constraints.
It is however in infinite dimension, because the unknown v ranges over an infinite
dimensional space. Since u is optimal, we can apply the well known Lagrange
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multipliers rule to this problem. The argument goes as follows. Let us consider
the figure 2.1, in which we draw the image of the mapping F' defined by

F(u) = (Eﬂﬁo,T(u)’ C$07T(U’))

with E, r(u) € R™ in abscissa and Cy, r(u) € R in ordinate. The image of F'
is thus seen as a subset of R"™ x R, whose topology has no importance. What
is important to note is that we are interested in controls steering the system
from xy to z1, and hence on the figure they correspond to a point which is
in the image of F', vertically above the point x;. Now the optimal control
corresponds on the figure to the point F'(u), which is vertically above z; and
which is at the boundary of the image of F. In other words, the fundamental
property is:
u optimal = F(u) € OF(L™).

Indeed, if F'(u) were not at the boundary of F(L*°) then this would imply that
one can find another control, steering the system from xy to z; with a lower
cost, which would contradict the optimality of u.

29
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Figure 2.1: Image of the mapping F’

At this step, we use the important simplification @ = R™. Since F(u) €
OF (L), it follows from an implicit function argument (more precisely, the
surjective mapping theorem) that the linear continuous mapping

dF(u) : L°(0,T;R™) » R” x R

is not surjective (indeed otherwise the surjective mapping theorem would imply
that F' be locally surjective: in other words there would exist a neighborhood
of F(u) in R™ x R contained in F'(L°), which would contradict the fact that
F(u) € OF(L*°)). In other words, Ran(dF'(u)) is a proper subspace of R" x RR.



2.2. WEAK PONTRYAGIN MAXIMUM PRINCIPLE 31

Note that the above argument works as well provided u belongs to the inte-
rior of L>°(0,T; ) for the topology of L>°(0,T;R™). The argument is however
no more valid whenever the control saturates the constraint, that is, whenever
for instance the trajectory contains some sub-arc such that u(t) € 0. At
least, to make it work we would need rather to use an implicit function theorem
allowing one to take into account some constraints. Here is actually the main
technical difficulty that one has to deal with in order to derive the strong version
of the PMP. The usual proof consists of developing what are called needle-like
variations (see [51]), but except this (important) technical point, the structure
of the proof remains the same, in particular an implicit function argument can
still be used (see the sketch of proof in [27]).

Now, since Ran(dF'(u)) is a proper subspace of R" x IR, there must exist
¥ = (1,9°) € R" x R\ {(0,0)} such that ¢).dF(u) = 0 (here, for convenience
¢ is written as a row vector and dF(u) as a matrix with n + 1 rows). In other
words, we have obtained the usual Lagrange multipliers relation

V.dE, v(u) +¢°dCyy 7 (u) = 0. (2.5)

Now the rest of the game consists of translating mathematically the equa-
tion (2.5) (or, more exactly, the equation 1.dF(u) = 0). We define a new
coordinate 2° and consider the differential equation @°(t) = fO(t,z(t), u(t)),
with the initial condition z%(0) = 0. Therefore we have 2°(T) = Cy, r(u). We
define the augmented state & = (x,2°) and the augmented dynamics f(t,,u) =
(f(t,z,u), fO(t,r,u)). We consider the augmented control system

B(t) = F(t, 2(1), u(t)). (2.6) [aug

Note that (OCP) is then equivalent to the optimal control problem of steering
the system (2.6) from %y = (9,0) to &1 = (z1,2°(T)) by minimizing 2°(T).
Since F(u) = (Eyy,r(u), Cyy,r(w)), it follows that F is exactly the end-point
mapping for the augmented control system (2.6).
Note that, then, the image of F' (drawn on Figure 2.1) coincides with the
accessible set Ace(Zg, T) of the augmented system.

Using Theorem 6, the (Fréchet) differential dF'(u) : L*°(0,T;R™) — R" is
given by

T
dF (u).0u = M(T)/O M~Y(t)B(t)du(t) dt

where M(-) is defined as the solution of the Cauchy problem M(t) = A(t)M (1),
M(0) = L41, with

i % _ %(t,i«(ﬁ),u(t»

Since .dF(u).6u = 0 for every du € L>(0,T;IR™), it follows that

(t,&(t),u(t), B(t)

OM(T)YM L (t)B(t) =0 (2.7)



32 CHAPTER 2. OPTIMAL CONTROL

for almost every ¢ € [0,T]. We set p(t) = OM(T)M~1(t). By derivating with
respect to ¢ the relation M (t)M(t)~?, is is easy to establish that %M (t)~! =
— M (t)~*A(t). Therefore we infer that j(-) is the unique solution of the Cauchy

problem

p(t) = —B(A(t), B(T) =19 (2.8)[ptilde]
We are almost done. Let us now come back in the initial coordinates in R™ x R.
We set p(t) = (p(f),po(t)). Since f does not depend on the (slack) variable z°,

it follows that % = 0, and therefore, using (2.8), that

. . ﬂ(t,x(t),u(t)) 0
), 9°(t)) = —(p(t), p°(t 02,
(B(t),p° (1)) = —=(p(t),p"(t)) (%J;(t,a:(t),u(t)) 0

) , (1) =4, p’(T) =4°.
In particular, we have p°(t) = 0 and thus p® = ¥° is a constant. Besides,
defining the Hamiltonian H (¢, z,p,p°,u) = p.f(t,x,u) + p fO(t, x,u), we easily
get that

0H

(t) = yp(t7x(t),p(t)7p°7u(t)), plt) = ———

and from (2.7) we get that

0H

%(tvx(t%p(t),po,u(t)) —0

almost everywhere on [0, T]. We have obtained what we call the weak PMP.

We do not encapsulate it into a summarized statement, because this section
was just to motivate the general version of the PMP, that we state hereafter.
Besides of the transversality conditions (that can be easily derived with simple
considerations, see [62]), as already said the most technical part is to take into
account control constraints. Then, the condition %—Ij = 0 becomes a maximiza-

tion condition of the Hamiltonian.

2.3 Strong Pontryagin maximum principle

Let us now formulate the strong version of the PMP.

The historical proof can be found in [54]. Asin [1, 7, 30, 45], it is based on the
use of needle-like variations combined with a Brouwer fixed point argument. It is
interesting to note that there are other proofs, based on the Ekeland variational
principle (see [22]), on the Hahn-Banach theorem (see [10]). A concise sketch of
proof, still based on an implicit function argument as in the above proof of the
weak PMP (and using needle-like variations) can be found in [27]. As discussed
in [9], all these different approaches of proof have their specificities. Such or
such approach may be preferred to another when trying to derive a PMP in
such or such context (for instance, the Ekeland approach is well adapted to
derive versions of the PMP with state constraints, or in infinite dimension).
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2.3.1 General statement

? ?
ek Theorem 11. Let x(-) be a solution of (OCP), corresponding to a control u on

[0,t¢]. Then there exists an absolutely continuous vector-valued function p(-) :
[0,t7] — R"™ called adjoint vector and a real number p° < 0, with (p(-),p°) #
(0,0), such that

() = S (0,000, 1 ule), 5(0) = ~ 5 (6ale),p0.0% u(0), (29 szseee]

for almost everyt € [0,ty], where the function H : Rx R" x R"x Rx R™ — IR,
called Hamiltonian of (OCP), is defined by

H(t’ x’p7p07u) = <p’ f(t7 x? u)> +pofo(t’ Jj’ u)

and we have the mazimization condition

H(t,2(t), p(t), p°, u(t)) = max H(t,2(t), p(t), p°, v) (2.10) [contratnteri]

vEQ

for almost every t € [0,ty].
If the final time ty is not fived in (OCP), then we have moreover

0
max H (7, 2(t), plty). 0", v) = —p" 52 (tp,w(t)). (2.11) [condannul |

veQN

Moreover, the adjoint vector can be chosen such that we have the so-called
transversality conditions (if they make sense)

p(0) L Ty0yMo (2.12) ?condt1?
dg
plty) =p" 5ty @(ts)) L Tory) M (2.13)[conde2]

where the notation T, M stands for the usual tangent space to M at the point x
(these conditions can be written as soon as the tangent space is well defined).

?(ren622)? Remark 15. In the conditions of the theorem, we have moreover that
d 0 0OH 0

for almost every ¢ € [0,ty]. In particular if (OCP) is autonomous, that is, if
f and f° do not depend on t, then H does not depend on ¢ as well, and hence
from (2.14) it follows that

max H(x(t),p(t),p° v) = Cst vt € [0,T].
ve

Note that this equality is then valid for every time because the maximized
Hamiltonian is a Lipschitz function of ¢.
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Remark 16. If g = 0 in (OCP) then (2.11) says that, roughly, if ¢ is free then
the (maximized) Hamiltonian vanishes at ty. Note that if (OCP) is autonomous
then this implies that H = 0 along every extremal.

Remark 17. If M; = {x € R" | Fi(z) = --- = Fp(z) = 0}, where the functions
F; are of class C! on R", then (2.13) implies that

I, NER | p(T) = ;ANE(:C(T)) —|—po%(T,x(T)).

(rem_normalization) Remark 18. We have seen in the proof of the weak PMP that (p(T),p") =
(1,9Y) is a Lagrange multiplier. It is thus defined up to a multiplying scalar.
Therefore, if (p(-), p") is a given adjoint vector, then, for every A > 0, (Ap(-), A\p°)
is as well an adjoint vector, for which all equations of the PMP hold true.
At this step, be careful that we cannot take A < 0 since this would lead to
a change of sign in the Hamiltonian and thus would impact the maximization
condition (2.10). Actually, the choice made by Pontryagin is to take p’ < 0 in
the statement: this leads to the mazimum principle (the choice p® > 0 is valid
as well but in that case leads to a minimum principle).

Definition 4. A quadruple (z(-),p(-), p° u(-)) solution of (2.9) and (2.10) is
called an extremal.

o If p° <0, then the extremal is said to be normal. In that case, it is usual
(but not mandatory) to normalize the adjoint vector so that p° = —1.

o Ifp° =0, then the extremal is said to be abnormal.

In the proof of the weak PMP, it can be seen that abnormal extremals
correspond to 1% = 0 and thus to the case where 1.dE,, r(u) = 0 (singularity
of the end-point mapping).

Note that the PMP says that every optimal trajectory x(-), associated with
a control u(-), is the projection onto R™ of an extremal (z(-), p(-), p°, u(-)).

Remark 19. Note that, if the optimal control u does not saturate the con-
straint, then (2.10) implies 2Z = 0, and we recover the weak PMP.

Remark 20. The minimal time problem corresponds to choose either f0 =1
and g = 0, or f =0 and g(¢,7) = t. In both cases the implied transversality
conditions do coincide.

Remark 21 (On the transversality conditions). Note that if My (or M) is the
singleton {xo}, which means that the initial point is fixed in (OCP), then the
corresponding transversality condition is empty (since the tangent space is then
reduced to the singleton {0}.

At the opposite, if for instance M7 = R", which means that the final point
is free in (OCP), then the corresponding transversality condition yields that
p(ty) = po%(tﬁm(tf)) (since the tangent space is then equal to R™). In par-
ticular, in that case p° cannot be equal to 0, for otherwise we would get p® = 0
and p(ts) = 0, which contradicts the fact that (p(-),p") is nontrivial.
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Remark 22 (Generalization of the transversality conditions). Here we have
given transversality conditions for ”decoupled” terminal conditions x(0) € M,
and z(ty) € My. Assume that, instead, we have the coupled terminal conditions
(x(0),z(ty)) € M, where M is a subset of R" xIR". Using a simple ” copy-paste”
of the dynamics, it is then very simple to prove (see [1]) that in that case the
transversality conditions become (if they make sense)

99
(=9(000109) = 9540522007 ) L Toaoyaip M-

An important case is the one of periodic terminal conditions x(0) = (T): then
M ={(z,z) | = € R"}, and, if moreover g = 0 then p(0) = p(ty).

Remark 23. A useful generalization is when M is a general closed subset of
R" xIR", but is not necessarily a manifold, at least, locally around (z(0), z(tf)).
In that case, one can still write transversality conditions, by using notions of
nonsmooth analysis (see [16, 67]), and there holds

(600 =plt) + 1 5200811 ) € Nas(a(0). (1)

where Ny (z,y) is the limiting normal cone to M at (x,y). This generalized
condition can be useful to provide sign conditions on the adjoint vector, in case
the subset M has some nonsmooth points.

Remark 24 (Generalizations of the PMP). The PMP withstands many possible
generalizations. Anyway its proof (at least, the one of the weak PMP) is quite
simple and can be adapted to many situations.

Among the most well known and useful generalizations, one can think of the
PMP for (OCP) with state constraints (see [12, 16, 54, 67]), for nonsmooth
(OCP) (see [16, 67]), hybrid (OCP) (see [25, 27]), (OCP) settled on time
scales (see [9]). There exist several possible proofs of the PMP, based either
on an implicit function argument (as we did here), or on a (Brouwer) fixed
point argument (as in the classical book [54]), or on a Hahn-Banach separation
argument (as in [10], or on Ekeland’s principle (see [22]). Each of them may or
may not be adapted to such or such generalization.

Let us note that, when dealing with state constraints, in general the adjoint
vector becomes a measure. The generic situation that one has in mind is the case
where this measure has only a finite number of atoms, and in that favorable case
the adjoint vector is then piecewise absolutely continuous, with possible jumps
when touching the state constraint. Unfortunately in the whole generality the
structure of the measure can be much more complicated, but such a discussion
is outside of the scope of the present manuscript. We refer the reader to [3, 12,

) ) ) ) ) ]'
Although it is then not exact, it can be noted that state constraints may
be tackled with usual penalization considerations, so as to deal rather with an
(OCP) without state constraint. In some cases where getting the true optimal
trajectory is not the main objective, this may be useful.

)
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Remark 25. Let us insist of the fact that the PMP is nothing else but a
first-order necessary condition for optimality." As already stressed, the PMP
states that every optimal trajectory x(-), associated with a control u(-), is the
projection onto R™ of an extremal (z(-),p(-), p", u(-)). However, conversely, an
extremal (i.e., a solution of the equations of the PMP) is not necessarily optimal.
The study of the optimality status of extremals can be done with the theory
of conjugate points. More precisely, as in classical optimization where extremal
points are characterized by a first-order necessary condition (vanishing of some
appropriate derivative), there exists in optimal control a theory of second-order
conditions for optimality, which consists of investigating a quadratic form that is
the intrinsic second-order derivative of the end-point mapping: if this quadratic
form is positive definite then this means that the extremal under consideration
is locally optimal (for some appropriate topology), and if it is indefinite then
the extremal is not optimal; conversely if the extremal is optimal then this
quadratic form is nonnegative. Times at which the index of this quadratic form
changes are called conjugate times. The optimality status of an extremal is
then characterized by its first conjugate time. We refer to [6] (see references
therein) for a survey on that theory and on algorithms in order to compute
conjugate times. Much could be written on conjugate time theory (which has
nice extensions in the bang-bang case), but this is beyond of the scope of the
present book.

Remark 26. In order to compute the optimal trajectories in practice, after
having applied the PMP, we have to solve a shooting problem, that is, a boundary
value problem consisting of computing extremals satisfying certain terminal
conditions. This can be done by means of a Newton method, combined with
some numerical method for integrating ODEs: this is the shooting method.

We do not have room, here, to describe numerical methods in optimal con-
trol. We refer to [5] for a thorough description of so-called direct methods, and
to [63] for a survey on indirect methods and the way to implement them in
practice (see also [62]).

2.4 Particular cases and examples

In this section, we first specify the PMP for two important particular classes
of examples: the minimal time problem for linear control systems, which yields
the bang-bang principle; linear control systems with a quadratic cost, leading
to the well-known “Linear Quadratic” (LQ) theory. Finally, we provide several
examples of application of the PMP to nonlinear optimal control problems.

IThis is an elaborated version of the first-order necessary condition Vf(z) = 0 when
minimizing a C! function over R™!
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2.4.1 Minimal time problem for linear control systems

(sec241) T ot us assume that the control system is linear, of the form

#(t) = AR (t) + BE)u(t) + r(t)

with the notations and regularity assumptions made in the introduction of Chap-
ter 1. Let o € R™ be an arbitrary initial point, and let 2 be a compact subset
of R™. For any target point z1; € IR", we investigate the problem of steering the
system from z( to 21 in minimal time, under the control constraint u(t) € .

It can be noticed that, if x; is accessible from z(, then there exists a minimal
time trajectory steering the system from xy to x1, in a minimal time denoted
by ¢s. Indeed, this existence follows immediately from Theorem 5, and we have
ty =min{t >0 | z1 € Acca(zo,t)}.

With the notations introduced at the beginning of Chapter 2, we have
ft,z,u) = A)x + B()u + r(t), f°(t,z,u) = 1 and g = 0 (note that we
could as well take fO = 0 and g(t,z) = t). Writing p as a row vector, the
Hamiltonian of the optimal control problem is then H (¢, z,p,p", u) = pA(t)x +
pB(t)u + pr(t) + p°.

Let z(-) be an optimal trajectory, associated with a control u on [0,¢s].
According to the PMP, there exist p° < 0 and an absolutely continuous mapping
p() : [0,t7] = R", with (p(-), p°) # (0,0), such that p(t) = —p(t)A(t) for almost
every t € [0,ts], and the maximization condition yields

p(t)B(t)u(t) = maxp(t) B(t)v (2.15)
for almost every t € [0,t¢].
Since the function v — p(t) B(t)v is linear, we expect that the maximum over
Q be reached at the boundary of Q (unless p(¢t)B(t) = 0). This is the contents
of the bang-bang principle.
Let us consider particular but important cases.

Case m = 1 (scalar control). Let us assume that m = 1, and that =
[—a,a] with @ > 0. This means that the control must satisfy the constraints
|u(t)| < a. In that case, B(t) is a vector of R", and ¢(t) = p(¢) B(t) is a function
called switching function. The maximization condition (2.15) implies that

u(t) = asign(p(t))

as soon as @(t) # 0. Here, we see that the structure of the optimal control u
is governed by the switching function. We say that the control is bang-bang if
the switching function ¢ does not vanish identically on any subset of positive
measure of [0,%¢;]. For instance, this is the case under the assumption: ¢(t) =
0 = ¢(t) # 0 (because then the zeros of ¢ are isolated). In that case, the
zeros of the switching functions are called the switchings of the optimal control.
According to the monotonicity of ¢, we see that the optimal control switches
between the two values +a. This is the typical situation of a bang-bang control.
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In contrast, if the switching function ¢ vanishes, for instance, along a time
subinterval I of [0, %], then the maximization condition (2.15) does not provide
any immediate information in order to compute the optimal control u. But we
can then derivate with respect to time (if this is allowed) the relation p(t) B(t) =
0, and try to recover some useful information. This is a usual method in order to
prove by contradiction, when it is possible, that optimal controls are bang-bang.
An important example where this argument is successful is the following result,
that we let as an exercise (see [45]).

Lemma 3. Let us assume that A(t) = A, B(t) = B, r(t) = 0 (autonomous
control system), and that the pair (A, B) satisfies the Kalman condition.

1. If all eigenvalues of A are real, then any extremal control has at most n—1
switchings on [0, +00).

2. If all eigenvalues of A have a nonzero imaginary part, then any extremal
control has an infinite number of switchings on [0, +00). As a consequence,
for every N € IN*, there exists xg € IR" for which the corresponding
optimal control, steering xg to 0, has more than N switchings.

Case m = 2 (two scalar controls u; and uy). Let us assume that m = 2.
In that case, B(t) = (B1(t), Ba2(t)), where By(t) and Ba(t) are vectors of R"™.
Let us show how to make explicit the extremal controls from the maximization
condition of the PMP, for two important constraints very often considered in
practice.

e Assume that Q = [~1,1] x [~1,1], the unit square of R?. This means
that the controls u; and uy must satisfy the constraints |ui(t)] < 1 and
lua(t)| < 1. As for the case m = 1, we set ;(t) = p(t)B;(t), for i = 1,2,
and the maximization condition (2.15) implies that u;(t) = sign(p;(t)) as
soon as p;(t) # 0, for i = 1, 2.

e Assume that Q = B(0,1), the closed unit ball of R®. This means that
the controls u; and us must satisfy the constraints u(t)? + uz(t)? < 1.
Setting again ¢;(t) = p(t)B;(¢), for i = 1,2, the maximization condition
(2.15) can be written as

or o)+ ea(tya(t) = e (720 (%) )

and it follows from the Cauchy-Schwarz inequality that

wi(t)

= O T e

for i = 1,2, as soon as ¢1(t)? + ¢a(t)? # 0.
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In these two cases, the comments done previously are still in force in the de-
generate case where the switching functions vanish identically on some subset
of positive measure. We do not insist on such difficulties at this step.

Note that what is done here with m = 2 could be written as well for any
value of m.

2.4.2 Linear quadratic theory

In this chapter we make an introduction to the well known LQ (linear quadratic)
theory, which has many applications in concrete applications, such as Kalman
filtering or regulation problems. We first study and solve the basic LQ problem,
and then we provide an important application to the tracking problem. For
other applications (among which the Kalman filter), see [3, 37, 42, 60, 62].

The basic LQ problem

We consider the optimal control problem

z(t) = A(t)x(t) + B(t)u(t), z(0) =z

g 2.16) ?systemLQ?
min /O (x(t)TW(t)x(t)+u(t)TU(t)u(t)) dt + =(T) " Qu(T) (2.16) 7eyeventa

where zp € R™ and T > 0 are fixed (arbitrarily), W (¢) and @ are symmetric
nonnegative matrices of size n, U(t) is a symmetric positive definite matrix of
size m. The dependence in time of the matrices above is assumed to be L> on
[0,T]. The controls are all possible functions of L?(0,T;R™).

We call this problem the basic LQ problem. Note that the final point is let
free. The matrices W(t), U(t), and Q, are called weight matrices.

We assume that there exists o > 0 such that

T T
/ u(t)||? dt > a/ w(t)Tu(t)dt  Yue L*0,T;R™).
0 0
For instance, this assumption is satisfied if ¢ — U(t) is continuous on [0,T]. In
practice, the weight matrices are often constant.

Theorem 12. There exists a unique optimal solution.

This theorem can be proved using classical functional analysis arguments,
as in the proof of Theorem 10. The uniqueness comes from the strict convexity
of the cost. For a proof, see [(2].

Let us apply the PMP to the basic LQ problem. Writing the adjoint vector
p as a row vector, the Hamiltonian is

H(t,z,p,p° u) = pA(t)z + pB(t)u + p°(z "W (t)x + u" U(t)u)

and the adjoint equation is p(t) = —p(t)A(t) — 2p°x(t) "W (t). Since the final
point is free, the transversality condition on the final adjoint vector yields p(T') =
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2p°2(T) T Q, and hence necessarily p° # 0 (otherwise we would have (p(T),p°) =
(0,0), which is a contradiction with the PMP). According to Remark 18, we
choose, here, to normalize the adjoint vector so that p° = —% (this will be
convenient when derivating the squares...). Now, since there is no constraint on
the control, we have

0H
0 = S—(t (1), p(t), p°, u(t)) = p(t) B(¢t) - u(t)"U(t)
and hence u(t) = U(t)"*B(t) "p(t)T.
Summing up, we have obtained that, for the optimal solution (z(-),u(-)) of
the basic LQ problem, we have

i(t) = A(t)z(t) + BOUMBT'BE) 'p(t)",  2(0) = a0,
pt)" = =A%) Tp(t) " + W (t)a(t), p(T)" = —Qux(T).

At this step, things are already nice, and we could implement a shooting method
in order to solve the above problem. But the structure of the problem is so
particular that we are actually able, here, to express p(t) " linearly in function
of z(t). This property is very remarkable but also very specific to that problem.
We claim that we can search p(t) in the form p(t)" = E(t)x(t). Replacing in
the above equations, we easily obtain a relation of the form R(t)z(t) = 0, with
R(t) = E(t) — W(t) + A(t)  E(t) + E(t)A(t) + E@)Bt)U(t)"'B(t) " E(t), and
E(T)x(T) = —Qx(T). Therefore, “simplifying by x”, we see that, if we assume
that R(t) = 0 by definition, then we can go back in the reasoning and indeed
infer, by Cauchy uniqueness, that p(t)T = E(t)z(t). We have obtained the
following result.

(thulQ) Theorem 13. The optimal solution xz(-) of the basic LQ problem is associated

with the control
u(t) =U(t) ' B(t) E(t)x(t)

where E(t) € My(IR) is the unique solution on [0,T] of the Riccati matriz
differential equation

B(t) = W(t) - A() T E(t) - B()A(t) - B BOU() " B() B()
E(T) = -Q

Actually, there is a difficulty for finishing the proof of that theorem, by
proving that the unique solution E(-) of the Cauchy problem (2.17), which is
a priori defined in a neighborhood of T, is indeed well defined over the whole
interval [0, 7. Indeed, such a Riccati differential equation may produce blow-
up, and the well-posedness over the whole [0, 7] is not obvious. We do not prove
that fact here, and we refer the reader, e.g., to [62] for a proof (which uses the
optimality status of u(-)).

It can be noted that E(t) is symmetric (this is easy to see by Cauchy unique-
ness). The result above is interesting because, in that way, the problem is com-
pletely solved, without having to compute any adjoint vector for instance by

(2.17) [x3ccati]
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means of a shooting method. Moreover the optimal control is expressed in a
feedback form, u(t) = K(t)x(t), well adapted to robustness issues.

This is because of that property that the LQ procedures are so much used
in practical problems and industrial issues. We are next going to give an appli-
cation to tracking.

Tracking problem

Let us consider the general control system &(t) = f(t,z(t),u(t)), with initial
condition x(0) = xg, with the regularity assumptions done at the beginning of
Chapter 1. Let t — £(¢) be a trajectory in R", defined on [0,7], and which is
arbitrary (in particular, this is not necessarily a solution of the control system).
We assume however that £(-) is Lipschitz (or, at least, absolutely continuous).
The objective is to design a control u generating a trajectory z(-) that tracks
the trajectory £() in the “best possible way” (see Figure 2.2).

i)
.

“&o

Figure 2.2: Tracking problem
(figreg)

We proceed as follows. We set z(t) = z(t) — £(t), and we will try to design u
so that z(-) remains as small as possible. Using a first-order expansion, we have

A(t) = f(8,€(8) + 2(1), u(t) — £(t) = A)z(t) + B(t)u(t) + (1)
with A(t) = §L(#,£(1),0), B(t) = L (1. £(1),0) and r(t) = f(t,£(t),0) — £(t) +

o(z(t),u(t)). It seems reasonable to design the control u minimizing the cost

T
C(u) :/ (@) "W (#)2(t) + u®) TUR)u(t)) dt + 2(T) " Q=(T)

0

for the control system
£(t) = A(t)z(t) + B(t)u(t) +ri(t), 2(0) = zo — £(0),

with 71 (t) = f(t,£(t),0) — £(t), where W (t), U(t) and Q are weight matrices
that are chosen by the user. We hope that the resulting control will be such
that the term o(z(t),u(t)) is small. In any case, the choice above produces a
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control, which hopefully tracks the trajectory £(t) as closely as possible. Note
that, when linearizing the system, we have linearized at u = 0, considering that
u will be small. We could have linearized along a given @(t): we then obtain
one of the many possible variants of the method.

Let us now solve the above optimal control problem. In order to absorb
the perturbation term 7, we consider an augmented system, by adding one
dimension. We set

= () m=(E ) m=() = (§ me() )

and hence we want to minimize the cost
T
Clu) = / (22() TWA ()21 () + u(t) TU(Eu()) de + 21 (T) T Quan (T)
0

for the control system 21(t) = Ai(t)z1(t) + Bi(t)u(t), with z,(0) fixed. In
this form, this is a basic LQ problem, as studied in the previous section. Ac-
cording to Theorem 13, there exists a unique optimal control, which is u(t) =
U(t)"'By(t) " E(t)21(t), where Ey(t) is the solution of the Cauchy problem

E, =W — AlTEl — FE1A — ElBlUilBlTEh El(T) = 7@1. Setting

EW) )
Bt = (h(t)T a<t>)

with E(t) square matrix of size n, h(t) € R" and «a(t) € R, we obtain the
following result.

Proposition 4. The optimal (in the sense above) tracking control is
u(t) =U() "' B(t) T E(t)(x(t) — £(t) + U )" B(t) "h(t),
where

E =W -ATE-FEA-EBU'B'E, E(T) = —Q,
h =—ATh— BE(f(t,£,0) =€) — EBU 'BTh, h(T)=0,

It is interesting to note that the control is written in a feedback form wu(t) =
K(t)(x(t) = &(t)) + H(t).

As said at the beginning of the section, there are many other applications of
the LQ theory, and many possible variants. For instance, one can easily adapt
the above tracking procedure to the problem of output tracking: in that case
we track an observable. It is also very interesting to let the horizon of time T
go to +oo. In that case, we can expect to obtain stabilization results. This
is indeed the case for instance when one considers a linear autonomous control
system (regulation over an infinite horizon); the procedure is referred to as LQR
in practice and is very much used for stabilization issues.

In practice, we often make the choice of constant diagonal weight matrices
W(t) = woln, U(t) = uolm, and Q = qol,, with wy > 0, ug > 0 and ¢o > 0.
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If wp is chosen much larger than ug, then the expected result is that ||z(t) —
&(t)]] will remain very small (while paying the price of larger values of w(t)).
Conversely if ug is chosen much larger than wy then we expect that u(t) take
small values, whereas the tracking error ||z(t) — £(t)|| may take large values.
Similarly, if o is taken very large then it is expected (at least, under appropriate
controllability assumptions) that (7)) be very close to £(T'), at the final time 7.
A lot of such statements, with numerous possible variants, may be established.
We refer to [3, 37, 40, 42, 45, 60, 62] for (many) more precise results.

2.4.3 Examples of nonlinear optimal control problems

Example 3 (Zermelo problem). Let us consider a boat moving with constant
speed along a river of constant width ¢, in which there is a current ¢(y) (assumed
to be a function of class C'). The movement of the center of mass of the boat
is governed by the control system

&(t) = vcosu(t) +c(y(t)), x(0)=0,

y(t) = vsinu(t), y(0) =0,
where v > 0 is the constant speed, and the control is the angle u(t) of the axis
of the boat with respect to the axis (0z) (see Figure 2.3). We investigate three

variants of optimal control problems with the objective of reaching the opposite
side: the final condition is y(ty) = ¢, where the final time ¢ is free.

V4 min .’L'(tf) M

Figure 2.3: Zermelo problem.

1. Assuming that ¢(y) > v for every y € [0, ¢] (strong current), compute the
optimal control minimizing the drift x(¢y).

2. Compute the minimal time control.
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3. Compute the minimal time control for the problem of reaching a precise
point M = (z1,¢) of the opposite side.

1. Reaching the opposite side by minimizing the drift z(ty).

The Hamiltonian is H = pg(vcosu + ¢(y)) + pyvsinu. The adjoint equations
are p, = 0, py = —pzc(y). In particular p, is constant. Choosing o =
0 and g(t,z,y) = x, since the target is M; = {y = ¢}, the transversality
condition on the adjoint vector yields p, = p°. The maximization condition of
the Hamiltonian leads to

P O
p3 +py(t)? P2+ py(t)?

for almost every ¢, provided that the function ¢(t) = p2 +p,(t)? does not vanish
on any subset of positive measure. This condition is proved by contradiction:
if ¢(t) = 0 on I, then p, = 0 and p,(t) = 0 on I, but then also p° = p, = 0,
and we get a contradiction (because the adjoint (pg,py, p") must be non trivial).
Finally, since t; is free and the problem is autonomous, we get that H = 0 along

cosu(t) = , sinu(t) =

any extremal, that is, H = v,/p2 + p? + p.c(y) = 0 along any extremal.

We must have p° # 0. Indeed, otherwise, p° = 0 implies that p, = 0, and
from H = 0 we infer that p, = 0 as well. This is a contradiction. Hence, we
can take p¥ = —1, and therefore p, = —1.

v
c(y)”

Since

v 0

From H = 0, we have /1 +p2 = W and hence cosu = —

¢(y) = v, this equation is solvable, and we get

v
u(t) = Arccos (—) .
c(y(t))
Note that we have thus determined the optimal control in a feedback form, which
is the best possible one (in practice, such a control can be made fully automatic,
provided one can measure the position y at any time).

Remark 27. The assumption ¢(y) > v means that the current is strong enough.
Without this assumption, the optimal control problem consisting of minimizing
the drift z(¢;) would be ill-posed: there would not exist any optimal solution
(at least, in finite time), because if, for some y, we have ¢(y) < v, then, along
this y, the boat can go against the current towards r = —oc.

We also realize that, if we had not made this assumption, then the above
equation would not be solvable. This remark provides a way for showing that
the optimal control problem has no solution, by contradiction (recall that the
PMP says that if a trajectory is optimal then it must satisfy such and such
condition).

?(rem_zermelo_reachable)? Remark 28. The optimal trajectory, minimizing the lateral deport, is rep-

resented on Figure 2.3. It is interesting to note that any other trajectory is
necessarily at the right of that optimal trajectory. In particular, this gives the
reachable set (in any time): the reachable set consists of all points such that
0 < y < £ that are at the right of the optimal trajectory.
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2. Reaching the opposite side in minimal time.

This time, the Hamiltonian is H = p,(vcosu+c(y))+pyvsinu+p°, the adjoint
equations are the same as previously, as well as the extremal controls provided
that ¢(t) # 0. The transversality condition on the adjoint vector is different:
here, we choose f® =1 and g = 0, and we obtain p, = 0. It follows that p,
is constant. Besides, we still have H = 0 along any extremal. We claim that
py 7 0 for every time ¢. Indeed, otherwise, H = 0 implies that p° = 0, and then
(P, py,P°) = (0,0,0), which is a contradiction. Hence, we get that cosu(t) = 0
and sinu(t) = sign(p,), and thus u(t) = 5 for every time ¢ (the sign of u is
given by the fact that, at least at the beginning, the boat must leave the initial
riverbank with > 0).

Remark 29. Actually, the fact that the minimal time control is u = 7 is
obvious by inspecting the equation in y. Indeed, since ¢y = fotf dt = (fd—yy, it

easily follows that, in minimal time, we must have y = 1.
Note that we do not need to assume, here, that the current is strong enough.
The calculations above are valid, whatever the function ¢(y) may be.

3. Reaching a precise point of the opposite side in minimal time.
This is a variant of the second problem, in which we lose the transversality
condition on the adjoint vector, because the target point is fixed. The constant
p. is thus undetermined at this step. We still have that H = 0 along any
extremal. By contradiction, it is still true that the function ¢ cannot vanish on
any subset of positive measure (indeed otherwise p, = 0 and p, = 0, and from
H = 0 we get that p° = 0: contradiction).

This third variant is interesting because both the normal case p° # 0 and
the abnormal case p° = 0 may occur. Let us analyze them.

e Normal case: p° = —1. In that case, using that H = v, /p2 + Py +pec(y) —

1 =0 along any extremal, we get cosu(t) = #&(0)' Note that, for this
equation to be solvable, p, must be such that |p,v| < |1 — pc(y(¢))|
for every time t. We have thus obtained all possible optimal controls,
parametrized by p,. The parameter p, is the “shooting parameter”, that
is, the degree of freedom that is required in order to tune the final condition

z(ty) = x1, i.e., in order to reach the target point M.

All optimal trajectories are represented on Figure 2.3 in the case of a strong
current. To go further, we could specify a current function ¢(y), and either
implement a shooting method, or try to make explicit computations if this
is possible.

e Abnormal case: p° = 0. Using H = 0, we get cosu = —ciy). In the case
where the current is strong enough, we see that we recover exactly the
solution of the first variant, that is, the optimal trajectory with minimal

drift.

Then, two cases may occur: either the target point M is different from the
end-point of the minimal drift trajectory, and then, the trajectory is not
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solution of our problem and the abnormal does not occur; or, by chance,
the target point M exactly coincides with the end-point of the minimal
drift trajectory, and then (under the assumption c(y) > v) the abnormal
case indeed occurs, and the optimal trajectory coincides with the minimal
drift trajectory.

This example is interesting because it gives a very simple situation where we
may have an abnormal minimizer.

(ex07.3.22) Eyample 4 (Optimal control of damaging insects by predators.). In order

to eradicate as much as possible a population zg > 0 of damaging pests, we
introduce in the ecosystem a population yo > 0 of (nondamaging) predator
insects killing the pests.

First part.

In a first part, we assume that the predator insects that we introduce are
infertile, and thus cannot reproduce themselves. The control consists of the
continuous introduction of predator insects. The model is

#(t) = w(t)(a —by(t)), x(0) = o,
§(t) = —cy(@) +u(t),  y(0) = o,

where a > 0 is the reproduction rate of pests, b > 0 is the predation rate, ¢ > 0 is
the natural death rate of predators. The control u(t) is the rate of introduction
of new predators at time ¢. It must satisfy the constraint

0<ult)y s M

where M > 0 is fixed. Let T > 0 be fixed. We want to minimize, at the final
time 7', the number of pests, while minimizing as well the number of introduced
predators. We choose to minimize the cost

T
m(T)—i—/O u(t) dt.

Throughout, we denote by p = (ps, p,) and by p° the adjoint variables.

First, we claim that x(t) > 0 and y(¢) > 0 along [0, T}, for every control u.

Indeed, since u(t) > 0, we have ¢(t) > —cy(t), hence y(t) > yoe " > 0. For
x(t), we argue by contradiction: if there exists t; € [0,7] such that x(¢;) = 0,
then z(t) = 0 for every time ¢ by Cauchy uniqueness; this raises a contradiction
with the fact that x(0) = z¢ > 0.

The Hamiltonian of the optimal control problem is H = p,z(a — by) +
py(—cy + u) + p’u, and the adjoint equations are p, = —p,(a — by), p, =
bp.x + cpy. The transversality conditions yield p,(T') = p° and p,(T) = 0. It
follows that p° # 0 (otherwise we would have (p(T),p") = (0,0), which is a
contradiction). In what follows, we set p° = —1.

We have £z (t)p,(t) = z(t)pa(t)(a — by(t)) — 2(t)p.(t)(a — by(t)) = 0, hence
z(t)p,(t) = Cst = —z(T) because p,(T) = p° = —1. It follows that p, =
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—bx(T) + cpy, and since py(T) = 0, we infer, by integration, that p,(t) =
ba(T)(1 — e“*=T)). The maximization condition of the PMP yields

0 if p,(t)—1<0
“(t):{M if gy(t)—1>0

unless the function ¢ — p,(t) — 1 vanishes identically on some subinterval. But
this is not possible because we have seen above that the function p, is decreasing.
We conclude that the optimal control is bang-bang. Moreover, at the final time
we have p,(T) —1 = —1, hence, by continuity, there exists ¢ > 0 such that
py(t) —1 < 0 along [T'—¢,T], and hence u(t) = 0 along a subinterval containing
the final time.

We can be more precise: we claim that, actually, the optimal control has at
most one switching along [0,7] (and is 0 at the end).

Indeed, the function p, is decreasing (because z(T') > 0, as we have seen at
the beginning), hence the function ¢ — p,, (¢) — 1, which is equal to —1 at t =T,
vanishes at most one time. If there is such a switching, necessarily it occurs at
some time ¢; € [0,T] such that p,(¢1) = 1, which yields

1 c
—T4-In(1-—2").
h *a“( bxm)

Note that this switching can occur only if ¢; > 0 (besides, we have t; < T,
hence, only if z(T) > %1—e+ﬂ" By integrating backwards the equations, we
could even express an implicit condition on the initial conditions, ensuring that
this inequality be true, hence, ensuring that there is a switching.

Second part.

We now assume that the predators that we introduce are fertile, and repro-
duce themselves with a rate that is proportional to the number of pests. The
control is now the death rate of predators. In order to simplify, we assume that
the variables are normalized so that all other rates are equal to 1. The model is

&(t) = =(t)(1 - y(1)), 2(0) ==
y(t) = —y () (u®) —=(t)), y(0) =yo

(=)

)
)

where the control u(t) satisfies the constraint 0 < o < u(t) < S.
First, as before we have z(¢) > 0 and y(¢t) > 0 along [0, T, for every control .

All equilibrium points of the system are given by z. = u., y. = 1, for every
a < ue < B. In the quadrant, we have a whole segment of equilibrium points.

Let us investigate the problem of steering the system in minimal time ¢; to
the equilibrium point z(t;) = a, y(t5) = 1.

The Hamiltonian is H = p,z(1 — y) — pyy(u — z) + p°, and the adjoint
equations are p, = —pz(1 — y) — pyy, Py = Pa + py(u — x). The transversality
condition on the final time givesH (t;) = 0, and since the system is autonomous,
it follows that the Hamiltonian is constant along any extremal, equal to 0.
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The maximization condition of the PMP is maxogu<nm (—pyyu), which gives,
since y(t) > 0,
a if p,(t)>0
=15 & oo
unless the function ¢ — p,(t) vanishes identically along a subinterval. If this is
the case then p,(t) = 0 for every ¢t € I. Derivating with respect to time, we get
that zp, = 0 and thus p, = 0 along I. Therefore, along I, we have H = p°, and
since H = 0 we infer that p® = 0, which raises a contradiction. Therefore, we
conclude that the optimal control is bang-bang.
Along an arc where u = « (resp., u = 8), we compute that %Fa (z(t),y(t)) =
0, where
Fo(z,y)=z+y—alnz—Iny

(vesp., Fj), that is, F,(x(t),y(t)) is constant along such a bang arc.

It can be noted that, formally, this integral of the movement can be obtained
by computing % =% = %“;l and by integrating this separated variables
one-form.

Considering a second-order expansion of F,, at the point («, 1),

1 (h?
Fa(a+h,1+k):a—alna+1+2<a—|—k:2) +o(h? + k?),

we see that F,, has a strict local minimum at the point (« Moreover, the

1)
% 0
function F, is (strictly) convex, because its Hessian 0 ) is symmetric
y2
positive definite at any point such that x > 0, y > 0. It follows that the
minimum is global.

For any controlled trajectory (with a control u), we have

%Fa(w(t% y(1)) = (u(t) = a)(1 = y(1)).

Let us prove that there exists ¢ > 0 such that u(t) = «, for almost every
t € [ty —e,tf] (in other words, the control u is equal to « at the end).

Indeed, at the final time, we have either p,(t;) = 0 or p,(ts) # 0.

If py(ty) = 0, then, using the differential equation in p,, we have p,(ts) =
ps(tr)a. We must have p,(t;) # 0 (otherwise we would get a contradiction,
noticing as previously that H(t;) = p® = 0). Hence p,(ts) # 0, and therefore
the function p, has a constant sign along some interval [ty —¢,t;[. Hence, along
this interval, the control is constant, either equal to « or to 5. It cannot be equal
to a, otherwise, since the function F, is constant along this arc, and since this
arc must reach the point («, 1), this constant would be equal to the minimum of
F,,, which would imply that the arc is constant, equal to the point («, 1): this
is a contradiction because we consider a minimal time trajectory reaching the
point («, 1).

If py(ts) # 0, then the function p, has a constant sign along some interval
[ty —¢e,tf], and hence, along this interval, the control is constant, equal either
to a or to 8. With a similar reasoning as above, we get u = a.
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Let us now provide a control strategy (actually, optimal; but this requires
further analysis) in order to steer the system from any initial point (zg,yo) to
the point (¢, 1).

First, in a neighborhood of the point («, 1), the level sets of the function F,
look like circles. Farther from that point, the level sets look more and more like
rectangle triangles, asymptotic to the coordinate axes. Similarly for the level
sets of Fg, with respect to the point (53,1) (see Figure 2.4).

Figure 2.4: Example with a =1and =3

Let us start from a point (zg,yo), which is located on the segment joining
the two points («,1) and (8, 1), that is, such that o < 2o < 8 and yo = 1. We
start with the control © = «, and we remain along a level set of the function F,
(thus, “centered” at the point («,1)). At some time, we switch on the control
u = [, and then we remain along a level set of Fj (thus, “centered” at the point
(ar, 1)) which passes through the target point (a,1).

Now, if we start from any other point (xg,yo), we can determine on Figure
2.4 a sequence of arcs along the level sets, respectively, of F, and of Fj, that
steers the system from the starting point to the target point.

Example 5 (The Brachistochrone Problem.). The objective is to determine
what is the optimal shape of a children’s slide (between two given altitudes) so
that, if a ball slides along it (with zero initial speed), the, it arrives at the other
extremity in minimal time.

This problem can be modeled as the following optimal control problem. In
the Euclidean plane, the slide is modeled as a continuous curve, starting from the
origin, and arriving at a given fixed point (x1,y1), with 1 > 0. We consider a
ball of mass m > 0 sliding along the curve. We denote by (z(t),y(t)) its position
at time ¢. The ball is subject to the gravity force mg and to the reaction force of
the children’s slide. At time ¢, we denote by u(t) the (oriented) angle between
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the unit horizontal vector and the velocity vector (&(t),¢(t)) of the ball (which
is collinear to the tangent to the curve). See Figure 2.5.

Y

~y

Y17

mg

Figure 2.5: The Brachistochrone Problem, seen as an optimal control problem.
(fig_tobog)

Seeking the curve is equivalent to seeking the angle u(t). Therefore, we stip-
ulate that u is a control. By projecting the equations given by the fundamental
principle of dynamics onto the tangent to the curve, we obtain the following
control system:

&(t) = v(t) cosu(t), z(0) =0, x(ty) =1,
§(t) = —o(®)sinu(t),  y(0) =0, ylty) =y, (2.18)[sys brach]
0(t) = gsinu(t), v(0) =0, o(ty) free
The control is u(t) € R, g > 0 is a constant. We want to minimize the final
time tf.
First of all, noticing that y = —Zvd, we get, by integration, that y(t) =

—%qv(t)z, for every control w. This implies that any final point such that y; > 0

is not reachable. Therefore, from now on, we will assume that y; < 0.

Because of the relation between y(t) and v(t), we can reduce the optimal
control problem (2.18) to the minimal time control problem for the following
system:

z(ty) =z > 0 fixed,

(2.19)‘sys_brach_reduit

z(t) = v(t) cosu(t), x(0)
0(t) = gsinu(t), v(0) =

Note that, since y(tr) = y1 is fixed, it follows that v(ts) = £v/—2gy1.

Let us apply the Pontryagin maximum principle to the optimal control prob-
lem (2.19). The Hamiltonian is H = p,vcosu + p,gsinu + p°. The adjoint
equations are p, = 0 et p, = —p, cosu. In particular, p, is constant. Since

0,
0, w(ty) fixed.
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the final time is free and the problem is autonomous, we have H = 0 along any
extremal. The maximization condition of the Hamiltonian yields

pwv(t)
V(v ()% + (gpu(1)?

provided that ¢(t) = (p,v(t))* + (gpu(t))® # 0.

We have %(pwv(t)) = pygsinu(t) et %(gpv (t)) = —pzgcosu(t). As a conse-
quence, if ¢(t) = 0 for every ¢ in some subset I of positive measure, then p, = 0.
Therefore p(t) = (gp,(t))? and thus p,(t) = 0 for every ¢t € I. Since H = 0,
we infer that p° = 0. We have obtained (p,,p.,(t),p°) = (0,0,0), which is a
contradiction. We conclude that the function ¢ never vanishes on any subset
of [0,ty] of positive measure. Therefore the above expression of the controls is
valid almost everywhere.

The maximized Hamiltonian is H = +/(p,v(t))2 + (gpu(t))? + p°. Since
H = 0 along any extremal, we infer, by contradiction, that p° # 0 (indeed
otherwise we would infer that ¢ = 0, which leads to a contradiction). Hence,
from now on, we take p® = —1.

Since H = 0 along any extremal, we get that (p,v(t))% + (gp,(¢))? = 1, and
therefore cosu(t) = p,v(t) and sinu(t) = gp,(t).

gpy (t)
V(pav(®)2 + (gpo(t))?

cosu(t) = sinu(t) =

If p, were equal to 0, then we would have cosu(t) = 0 and thus &(¢) = 0,
and then we would never reach the point x; > 0. Therefore p, # 0.
Let us now integrate the trajectories. We have © = ¢%p, and p, = —p2v

and thus & + ¢g*p2v = 0, and since v(0) = 0 we get that v(t) = Asin(gp.t).
Since H = 0 and v( ) = 0, we have ¢*p,(0)? = 1 hence p,(0) = ié, and thus

©(0) = +¢g. We infer that A = :l:p%ﬂ7 and hence that v(t) = :i:p% sin(gp,t). Now,

Z=vcosu=pyv?and y = fivz, and by integration we get
1 1
t —t— in(2gp,t
z(t) = opn At sin(2gp.t),
1
y(t) = — sin®(gpat) = — (1 — cos(2gpat)).
29p2 ’ 4gp? ’

Note that, since & = p,v?, we must have p, > 0.
Representing in the plane the parametrized curves (z(t),y(¢)) (with param-
eters p, and t), we get cycloid curves.

Let us now prove that there is a unique optimal trajectory joining (z1,¥1),
and it has at most one cycloid arch.

Let us first compute p, and ty in the case where y; = 0. If y; = 0 then
sin(gpgts) = 0 hence gp,ty = m+ km with k € Z, but since ¢ty must be minimal,
we must have k = 0 (and this i 1s what will imply that optimal trajectories have at
most one arch). Hence p, = 5. Since 2gp,t; = 27, we have z1 = z(ty) =

and thus ty = 4/ 2”1 and p, = ngl

2ps?
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Figure 2.6: Optimal trajectories

On Figure 2.6, we have represented all optimal trajectories joining points
(z1,0), with z; > 0.

Now, we note that, if a trajectory is optimal on the interval [0,ty], then,
for any t1 €]0,ty[, it is optimal as well on the interval [0,¢;] for the problem of
reaching the point (z(¢1),y(¢1)) in minimal time (this is the dynamic program-
ming principle). From that remark, we deduce that any optimal trajectory of
the problem (2.18) is the truncation of an optimal trajectory reaching a point
of the abscissa axis. In particular, we get the desired uniqueness property, and
the fact that such a trajectory has at most one point at which ¢y = 0 (hence, at
most one arch). See Figure 2.6.

Moreover, if y(t) = 0 then 2gp,t = 7 + kr with k € Z, and necessarily (by
optimality) k& = 0, hence t = 5%—. Therefore the set of points where y(t) = 0

29p.
is the parametrized curve z(p,) = ﬁpi7 y(pz) = _#pi’ that is the graph
y = —2x. Therefore, we have proved that the optimal trajectory (x(t),y(t))

reaching (z1,y1) is such that
e y(t) passes through a minimum if y; > — 24,
e y(t) is decreasing if y; < — 2.

Remark 30. If we investigate the variant of the optimal control problem (2.18),
for which we minimize the final time t; with y(¢) free, then in the reduced
problem we have moreover that v(¢) is free, and hence we gain the transversality
condition p,(tf) = 0, hence v(ty) = 0. This gives 2gp,t; = 7, in other words,
we find exactly the final points of the previously computed optimal trajectories,
stopping when y = 0.

This means that, if y(¢y) is free (with z; fixed), we minimize the time ¢y by
choosing, on Figure 2.6, the arc of cycloid starting from the origin and reaching
x = x1 with an horizontal tangent.



Chapter 3

Stabilization

?(ch b)?
{chap_stab) In this chapter, our objective will be to stabilize a possibly unstable equilibrium

point by means of a feedback control.
Let n and m be two positive integers. In this chapter we consider an au-
tonomous control system in R"”

#(t) = £ a(t), ur) (3.1) [conayststas]

where f: R" x R™ — IR" is of class C! with respect to (x,u), and the controls
are measurable essentially bounded functions of time taking their values in some
measurable subset £ of R™ (set of control constraints).

Let (z,2) € R"™ x Int(Q)! be an equilibrium point, that is, f(z,%) = 0.
Our objective is to be able to design a feedback control w(z) stabilizing lo-
cally the equilibrium (Z,u), that is, such that the closed-loop system &(t) =
f(z(t),u(z(t))) be locally asymptotically stable at .

3.1 Stabilization of autonomous linear systems

3.1.1 Reminders on stability notions

Consider the linear system #(t) = Az(¢t), with A € M,,(R). The point 0 is of
course an equilibrium point of the system (it is the only one if A is invertible).
We have the following well-known result (easy to prove with simple linear algebra
considerations).

Theorem 14. o [f there exists a (complex) eigenvalue A of A such that
Re(A) > 0, then the equilibrium point 0 is unstable, that is, there exists
xo € IR"™ such that the solution of ©(t) = Axz(t), z(0) = xz satisfies
|z(t)]] = +o0 as t — +oo.

Hnterior of Q.

53
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o If all (complex) eigenvalues of A have negative real part, then 0 is asymp-
totically stable, that is, all solutions of (t) = Axz(t) converge to 0 as
t — +oo.

o The equilibrium point 0 is stable if and only if all eigenvalues of A have
nonpositive real part and if an eigenvalue X is such that Re(A) = 0 then A
is a simple root® of the minimal polynomial of A.

Definition 5. The matriz A is said to be Hurwitz if all its eigenvalues have
negative real part.

We are next going to see two classical criteria ensuring that a given matrix
(with real coefficients) is Hurwitz. These criteria are particularly remarkable
because they are purely algebraic (polynomial conditions on the coefficients of
the matrix), and they do not require the calculation of the roots of the charac-
teristic polynomial of the matrix (which is impossible to achieve algebraically
in general, for degrees larger than 5, as is well known from Galois theory).

Routh criterion. We consider the complex polynomial
P(z)=apz" +a12" ' 4+ Fan_12 +a,

with real coefficients a;, and we are going to formulate some conditions under
which all roots of this polynomial have negative real part (in that case we also
say that P is Hurwitz). Note that A is Hurwitz if and only if its characteristic
polynomial y 4 is Hurwitz.

Definition 6. The Routh table is defined as follows:

ag az ag ag --- completed by 0
a1 asz as ay --- completed by 0
a1az — aopasz a1a4 — aopGs
b1 bQ b3 b4 where blzi, b2:7’_._
ai ai
biraz — aibs bias — a1bs
ci ¢y c3 ¢4 -+ whereci=——"" = —=—""

b b Yo

The process goes on as long as the first element of the row is not equal to 0.
The process stops when we have built n + 1 rows.

The Routh table is said to be complete if it has n + 1 rows whose first coef-
ficient is not equal to 0.

We have the two following theorems (stated in [57]), which can be proved
by means of (nonelementary) complex analysis.

2Equivalently, ker(A — A\I,) = ker(A — AI,)?, or, equivalently, the Jordan decomposition
of A does not have any strict Jordan block.
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Theorem 15. All roots of P have negative real part if and only if the Routh
table is complete and the elements in the first column have the same sign.

Theorem 16. If the Routh table is complete then P has no purely imaginary
root, and the number of roots with positive real part is equal to the number of
sign changes in the first column.

Hurwitz criterion We set a1 = an42 = -+ = ag,—1 = 0, and we define
the square matrix of size n

ar az as cco ot Gzped
ap @y Ay 0 o+ Aopo
0 a ag - - a3

H-|0 a a - -+ azm4
0 O al ... e a2774—5
0O 0 O * e an

where * = ag or a; according to the parity of n. Let (H;)ie(1,...n} be the
principal minors of H, defined by

a a a1 a3 as

1

Hy =ay, Hy = a az ,Hy=1|ay a2 a4 |, ..., H, =detH.
0 ay as

Theorem 17. [35] If ag > 0, then P is Hurwitz if and only if H; > 0 for every
ie{l,...,n}.

Remark 31. Assume that ag > 0.

If all roots of P have positive real part, then ax > 0 and Hy > 0, for every
ke{l,...,n}.

If n <3, ar >0 and Hy > 0 for every k € {1, 2,3}, then all roots of P have
nonpositive real part.

A necessary condition for stability is that ay > 0 for every k € {1,...,n}.
This condition is however not sufficient (take P(z) = 2% + 22 + 1).

3.1.2 Pole-shifting theorem

Definition 7. The linear autonomous control system @(t) = Ax(t) + Bu(t),
with z(t) € R", u(t) € R™, A € M,R, B € M, R, is said to be feedback
stabilizable if there exists K € My, R (called gain matriz) such that the closed-
loop system with the (linear) feedback u(t) = Kx(t),

#(t) = (A+ BK)xz(t)
is asymptotically stable. This is equivalent to requiring that A+ BK be Hurwitz.

Remark 32. This concept is invariant through similar transforms A; = PAP~!,
B, =PB, K, =KP™ .
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(thmplacementpoles) Theorem 18 (pole-shifting theorem). If (A, B) satisfies the Kalman condition
rank K(A, B) = n, then for every real polynomial of degree n whose leading
coefficient is 1, there exists K € M, nIR such that xa+px = P, that is, the
characteristic polynomial of A+ BK 1is equal to P.

Actually, the converse statement is also true.

Corollary 3. If the linear control system i(t) = Ax(t) + Bu(t) is controllable
then it is stabilizable.

To prove the corollary, it suffices to take for instance P(X) = (X 4 1)™ and
to apply the pole-shifting theorem.

Proof of Theorem 18. We prove the result first in the case m = 1. It follows
from Theorem 2 (Brunovski normal form) that the system is similar to

0 1 0 0
A . B= :
0 0 1 0
—Qy, —Qp—1 “e —aq ]_

Setting K = (k1 -+ k) and u = Kz, we have
0 1 0

A+ BK = : K - :

0 0 1
kl_an k2_an71 kn_al
and thus yayprx(X) = X" + (a1 — k) X" 1 + -+ + (a, — k1). Therefore,
for every polynomial P(X) = X" + a; X" + .-+ + ay,, it suffices to choose
ki=apn —an,....,ky =01 — ag.

Let us now prove that the general case m > 1 can be reduced to the case
m = 1. We have the following lemma.

(lem_reducedk) 1 oyma 4. If (A, B) satisfies the Kalman condition, then there exists y € R™
and C' € My, n(R) such that (A+ BC, By) satisfies the Kalman condition.

It follows from this lemma that, for every polynomial P of degree n whose
leading coefficient is 1, there exists K; € My »(IR) such that x ayBcyByK, = P,
and therefore, setting K = C + yK; € My, »(R), we have xa+px = P, and
the theorem is proved. O

Proof of Lemma /. Let y € R™ be such that By # 0. Let 1 = By.

Claim 1: There exists x5 € Az; + Ran(B) (and thus there exists y; € R™
such that xo = Axy + Byp) such that dim(Span(z1, z2)) = 2.

Indeed otherwise we would have Az; + Ran(B) C Raq, hence Az; € Ray
and Ran(B) C Rx. Therefore

Ran(AB) = ARan(B) C RAxz; C Ry
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and by immediate iteration, Ran(A* B) C Rxy, for every integer k. This would
imply that

Ran(B, AB,..., A" 'B) = Ran(B) + Ran(AB) + - + Ran(A" ' B) C Ray

which would contradict the Kalman condition.

Claim 2: For every k < n, there exists x € Axg_1 + Ran(B) (and thus
there exists yx—1 € R such that xy = Axg_1+ Byg—_1) such that dim(Fy) = k,
where Ej = Span(zy,...,zk).

Indeed otherwise we would have Azy_1+Ran(B) C Ex_1, and hence Axg_1 C
E;_1 and Ran(B) C Ej_1. Let us then prove that AE,_; C Er_;. Indeed,
note that Axy = 9 — By; € Ex_1+Ran(B) C Ej_1, and similarly for Az, etc,
Az =21 — Byr—1 € Ex_1 + Ran(B) C Ej_1, and finally, Azy_1 € Fr_1.

Therefore Ran(AB) = ARan(B) C AE,_1 C Ej_1, and similarly we have
Ran(A‘B) C Ex_; for every integer i. It would follow that

Ran(B,AB,..., A" 'B) C E;_,

which would contradict the Kalman condition.
We have thus built a basis (x1,...,z,) of R". We define C' € M,, ,(R) by
the relations

Cri =y, Cxo=1vs,..., Cxp_1 =yn_1, Cx, arbitrary.

Then (A + BC, ;) satisfies the Kalman condition since (A + BC)zy = Azy +
By =2, ..., (A+ BC)xyp_1 = Axp_1 + BYn—1 = Tn. O

Remark 33. To stabilize a linear control system in practice, one has the fol-
lowing solutions:

e If n is not too large, one can apply the Routh or Hurwitz criteria and
thus determine an algebraic necessary and sufficient condition on the co-
efficients of K ensuring the desired stabilization property. Note that the
characteristic polynomial of A+ BK can be computed with a formal com-
putations software like Maple.

e There exist many numerical routines in order to compute numerical gain
matrices. In the Matlab Control Toolbox, we quote acker.m, based on

Ackermann’s formula (see [37]), limited however to m = 1 and not very
reliable numerically. Better is to use place.m, which is a robust pole-
shifting routine (see [39]) based on spectral considerations (but in which

the desired poles have to be distinct two by two).

e Another way consists of applying the LQ theory, elements of which have
been given in Section 2.4.2, by taking an infinite horizon of time T' = +o0
as said at the end of that section (LQR stabilization).
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3.2 Stabilization of instationary linear systems

There is no such theory for instationary linear systems #(t) = A(t)z(t) +
B(t)u(t).

Let us explain how the difficulties do emerge, by considering the system
z(t) = A(t)x(t) without any control. A priori one could think that, if the
matrix A(t) is Hurwitz for every ¢, then the system is asymptotically stable.
This is however wrong. The statement is wrong as well even under stronger
assumptions on A(t). For instance, the system may fail to be asymptotically
stable even though the matrix A(t) satisfies the following assumption: there
exists € > 0 such that, for every time ¢, every (complex) eigenvalue A(t) of A(%)
satisfies Re (A(t)) < —e.

A simple counterexample is given by

—1+acos®’t 1—asintcost
Alt) = <—1 —asintcost —1+asin’t >

with a € (1,2) arbitrary. Indeed it can be seen that

o) = (ot

is a solution of #(t) = A(t)z(t), and does not converge to 0 whenever a > 1.
Besides, it can be shown that if @ < 1 then the system is asymptotically stable.

Let us explain the reason of this failure. A simple way to understand
is the following (not so much restrictive) case. Let us assume that, for ev-
ery t, A(t) is diagonalizable, and that there exists P(t) invertible such that
P(t)"YA(t)P(t) = D(t), with D(t) diagonal, and P(-) and D(-) of class C!.
Setting X (t) = P(t)Y (t), we get immediately that

Y(t) = (D) - P(t) ' P())Y (1),

If the term P(t)"'P(t) were equal to 0 (as it is the case in the autonomous
case), then, obviously, the asymptotic stability would hold true as soon as the
eigenvalues (diagonal of D(¢)) would have negative real parts. But, even if D(t)
is Hurwitz, the term P(t)~'P(t) can destabilize the matrix and imply the failure
of the asymptotic stability.

In other words, what may imply the divergence is the fact that the eigenvec-
tors (making up the columns of P(t)) may evolve quickly in time, thus implying
that the norm of P(t) be large.

To end up however with a positive result, it can be noted that, if the matrix
A(t) is slowly varying in time, then the norm of the term P(t)~!P(t) is small,
and then if one is able to ensure that this norm is small enough with respect to
the diagonal D(t), then one can ensure an asymptotic stability result. This is
the theory of slowly varying in time linear systems (see [10]).
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3.3 Stabilization of nonlinear systems

3.3.1 Reminders on stability: Lyapunov and Lasalle the-
orems

Consider the continuous dynamical system &(¢) = f(x(t)), where f : R" — R"
is of class C'. We denote by z(-,7¢) the unique solution of this system such
that z(0,z) = xo. We assume that T is an equilibrium point, that is, f(Z) = 0.

Definition 8. The equilibrium point T is said to be stable if, for every e > 0,
there exists 6 > 0 such that, for every initial point xo such that ||xo — Z| < 9,
one has ||x(t,x0) — Z|| < & for every t = 0. It is said to be locally asymptotically
stable (in short, LAS) if it is stable and if moreover x(t,z9) — T as t — 400
for every xo in some neighborhood of T. If the neighborhood is the whole R"
then we speak of global asymptotic stability (in short, GAS). If an asymptotic
stability result is established in some neighborhood V' of T, then we say that T is
GAS in'V.

(thn_lineariz) Theorem 19. Let A be the Jacobian matrixz of f at the equilibrium point T. If

all eigenvalues of A have negative real parts (that is, if A is Hurwitz), then T is
LAS. If A has an eigenvalue with a positive real part then T is not LAS.

The above linearization theorem is an easy first result, not saying anything
however on the size of the neighborhoods of stability. Let us now give two im-
portant results of Lyapunov theory, providing more knowledge on these neigh-
borhoods, with the concept of Lyapunov function.

Definition 9. Let Q be an open subset of IR" containing the equilibrium point
Z. The function V : Q — IR is called a Lyapunov function at T on ) if

o V is of class C' on §;
e V(Z) =0 and V(z) > 0 for every x € Q\ {Z};

o (VV(x), f(x)) <0 for every x € Q. If the inequality is strict on Q\ {Z}
then the Lyapunov function is said to be strict.

Note that, along a given trajectory of the dynamical system, one has

d

Therefore if V' is a Lyapunov function then the value of V' is nonincreasing along
any trajectory. A Lyapunov function can be seen as a potential, ensuring the
stability.

Theorem 20 (Lyapunov theorem). If there exists a Lyapunov function V at &
on Q, then T is stable. If V is strict then T is LAS. If moreover V is proper®,
then T is GAS in €.

3V is said to be proper whenever V~1([0, L]) is a compact subset of Q, for every L € V(Q);

in other words, the inverse image of every compact is compact. When Q = R", this property
is equivalent to say that V(z) — +o0 as ||z|| = +oo.
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When a Lyapunov function is not strict then one can be more specific and
infer that the trajectory converges to some subset.

Theorem 21 (Lasalle principle). Let V' be a Lyapunov function on Q. Let T
be the largest subset of {x € Q | (VV(x), f(x)) = 0}that is invariant under the
flow (in positive time) of the dynamical system. Then all solutions converge to
Z, in the sense that d(z(t),Z) — 0 as t — +oo (with d the Euclidean distance).

Remark 34. It is interesting to formulate the Lasalle principle in the particular
case where the invariant set Z is reduced to the singleton {Z}. The statement
is then as follows.

Let V be a Lyapunov function such that, if (-) is a solution of the system
such that (VV(z(t)), f(z(t))) = 0 for every t > 0, then necessarily z(t) = Z.
Then the equilibrium point Z is GAS in .

Example 6. Let g : R — R be a function of class C' such that g(0) = 0
and zg(z) > 0 if © # 0, and satisfying f0+oog = 400 and ffmg = —oco. By
considering the Lyapunov function V (z,y) = 3y° +f0$ g(s) ds, it is easy to prove
that the point x = & = 0 is GAS for the system & + & + g(x) = 0 (which has to
be written as a first-order system).

Example 7. Consider the system in R?
@ =ar—y—az(@®+y?), g=z+ay—ayl®+y?),

with @ > 0 arbitrary. The equilibrium point (0,0) is not stable. With the
Lasalle principle, it is easy to prove that the unit circle 22 + 2 = 1 is globally
attractive in R*\ {(0,0)}, in the sense that a trajectory, starting from any point
different from (0, 0), converges to the circle in infinite time. Indeed, note that,
setting V(z,y) = (2% 4+ y?), we have

d

2V @®),y(1) = a@(®)* +y(1)*) (1 - 2(t)” — y(t)?)

and one can see that -V (z(t),y(t)) is positive inside the unit disk (except at
the origin), and negative outside of the unit disk. It is then easy to design (by
translation) Lyapunov functions inside the punctured unit disk, and outside of
the unit disk, and to conclude by the Lasalle principle.

(Lyapunov._lemna) Example 8 (Lyapunov lemma and applications). Let A be a real matrix of size

n, whose eigenvalues have negative real parts. Then there exists a symmetric
positive definite matrix P of size n such that A*P + PA = —1I,. Indeed, it
suffices to take P = f0+°o etA"etA dt.

Clearly, the function V(z) = (x, Pz) is then a strict Lyapunov function for
the system @(t) = Az (t). We recover the fact that 0 is GAS.

Using a first-order expansion and norm estimates, it is then easy to recover
Theorem 19.
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3.3.2 Application to the stabilization of nonlinear control
systems

Consider the general nonlinear control system (3.1), and an equilibrium point
(Z,u) € R" x Int(£2), as settled at the beginning of the chapter. We consider
the linearized system at that point,

di(t) = Adz(t) + Bdu(t)

where
0 0
A= a—i(if,ﬂ) and B = a—i(i,ﬂ).
If one can stabilize the linearized system, that is, find a matrix K of size m x n
such that A4+BK is Hurwitz, then Theorem 19 implies a local stabilization result
for the nonlinear control system (3.1). In other words, we have the following
theorem.

Theorem 22. If the pair (A, B) satisfies the Kalman condition, then there
exists a matrix K of size m x n such that the feedback v = K(z — &) + u
stabilizes asymptotically the control system (3.1) locally around (ZT,@). In other
words, the closed-loop system &(t) = f(x(t), K(x(t) — %)+ u) is LAS at Z.

Note that the neighborhood has to be small enough so that the closed-loop
control u takes its values in the set Q.

The Lyapunov and Lasalle theorems can be applied as well to control systems
in an evident way, providing knowledge on the stability neighborhoods. For
instance, we get the following statement: considering as above the nonlinear
control system (3.1), we assume that there exists a function V : Q — R of
class C*, taking positive values in Q\ {Z}, and such that, for every x € €2, there
exists u(x) € Q such that (VV(z), f(z,u(x))) < 0; then the feedback control
u stabilizes the control system, globally in 2. Many other similar statements
can be easily derived, based on the Lyapunov or Lasalle theorems. Note that
there exists an elaborate theory of control Lyapunov functions (see, e.g., [60]).
Naturally, what is difficult here is to be able to ensure a good regularity of
the feedback control. We do not discuss further this difficult question but we
mention that it has raised a whole field of intensive researches.

To illustrate the role of the Lyapunov functions in stabilization, let us next
describe a spectacular and widely used (and however very simple) strategy in
order to design stabilizing controls thanks to Lyapunov functions.

Jurdjevic-Quinn method.

(thn_JQ) Theorem 23. Consider the control-affine system in R"

a(t) = fz(t)) + Z ui(t)gi(z(t))
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where [ and the g;’s are smooth vector fields in R"™. Let T be such that f(z) = 0.
In other words, T is an equilibrium point of the uncontrolled system (that is, with
U; = 0)

We assume that there exists a Lyapunov function at T for the uncontrolled
system, that is, we assume that there exists a function V : R™ — R™ such that

o V(Z)=0 and V(z) > 0 for every x # Z;

e V is proper;

LV (z) =(VV(z), f(z)) <0 for every x € R";*

the set
{r e R" | LyV(x) =0 and L}Ly, V() =0, Vi € {1,...,n}, Vk € N}

is reduced to the singleton {Z}.

Then the equilibrium point T is GAS in IR™ for the control system in closed-loop
with the feedback control defined by u;(x) = —Lg,V(z), i=1,...,m.

Proof. Let F(x) = f(x)—Y_i~, Ly, V(2)g;(x) be the dynamics of the closed-loop
system. First of all, we note that F(Z) = 0, that is, Z is an equilibrium point
for the closed-loop system. Indeed, V' is smooth and reaches its minimum at z,
hence VV(Z) = 0, and therefore L,V (Z) = 0 for ¢ = 1,...,m. Moreover, we
have f(Z) = 0. Besides, we have

LpV(2) = (VV(2), F(z)) = L;V(x) = ) (Lg V())* <0

i=1
and if LpV (z(t)) = 0 for every ¢t > 0, then L;V(x(t)) =0 and Ly, V(z(t)) =0,
1 =1,...,m. Derivating with respect to t, we infer that

_4
dt
since Lg,V(z(t)) = 0. Therefore, clearly, we get that L’;LgiV(x(t)) = 0, for

every ¢ € {1,...,m} and for every k € IN. By assumption, it follows that
x(t) = &, and the conclusion follows from the Lasalle principle. O

0= L V(x(t) = LyLy,V(x(t))

The idea of the Jurdjevic-Quinn method, that can be seen in the proof above,
is very simple. The uncontrolled system has a Lyapunov function, which may
be not strict. Then, to get an asymptotic stabilization result, we compute the
derivative of V' along solutions of the control system, we see that the control
enters linearly into the resulting expression, and we design the controls so as to
get the desired decrease.

The method is much used, for instance, for the stabilization of satellites
towards a given orbit. Let us provide hereafter another class of applications in
mathematical biology (control of populations in Lotka-Volterra systems).

4The notation L;V is called the Lie derivative of V' along f. It is defined by LV (z) =
df (z).f(z) = (VV(x), f(z)). It is the derivative of V along the direction f.
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Example 9. Consider the controlled predator-prey system
t=z(1-y+u), §=-y(l-uz).

and the equilibrium point (z = 1,y = 1). Prove that the function V(z,y) =
z—1—In(z)+y—1—In(y) satisfies all assumptions of Theorem 23, and deduce
a feedback control such that the equilibrium point is GAS in = > 0, y > 0. Note
that the function z +— x — 1 — In(z) is nonnegative on (0, +00) and vanishes
only at z = 1.

Example 10 (Generalized Lotka-Volterra system). Consider the generalized
Lotka-Volterra system

Ni:Ni(bi+Zaiij>7 z:l,,n
j=1
Consider the equilibrium point N = (Ny, ..., N,)T defined by b+ AN = 0, where
b= (by,...,b,)" and A is the square matrix of coefficients ai;. Let cq1,...,¢c,
be some real numbers. Let C' be the diagonal matrix whose coefficients are the
c;’s. We set

i=1 N
An easy computation shows that
d - .
ﬁvmu»:§)mM—Nmm+MNm
i=1

where (AN); is the i*" component of the vector AN. By noticing that b; +
(AN); = 0, we easily deduce that

d 1
%V(N(t)) =3

If there exists a diagonal matrix C' such that ATC + CA be negative definite,
then we infer that N is GAS.? Assume for instance that A be skew-symmetric,

and take C' = I,,. Then V(N(t)) is constant. We introduce some controls, for
instance, in the n — 1 first equations:

(N —N,(ATC + CA)(N — N)).

Ni:Ni<bi+Zaiij+aiui>, 1=1,...,n—1.
j=1

Then, we compute £V (N(t)) = Z;le a;(N;(t) — Ny)u(t). Tt is then easy
to design a feedback control stabilizing globally (by the Lasalle principle) the
system to the equilibrium N, under the assumption that at least one of the
coefficients a;,, t = 1,...,n — 1, be nonzero, and that A be invertible.

In the particular case n = 2, it is actually possible to ensure moreover that
u(t) = 0, by playing with the periodicity of the trajectories (as in Example 4).

5Note that a necessary condition for AT C' 4 CA to be negative definite is that the diagonal
coefficients a;; of A be negative. If at least one of them is zero then AT C' 4+ CA is not definite.
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2 . . . . . .
(part >In this part we introduce the control theory for infinite-dimensional systems,

that is, control systems @(t) = f(z(t),u(t)) where the state z(t) evolves in
an infinite-dimensional Banach space. Controlled partial differential equations
enter into this category.

As we will see, the tools used to analyze such systems significantly differ from
the ones used in finite dimension. The techniques are mainly from functional
analysis. The reader should then be quite well acquainted with such knowledge,

and we refer to the textbook [11] on functional analysis.
The study of the control of nonlinear partial differential equations is beyond
the scope of the present monograph, and we refer the reader to [17] for a complete

survey of results on this theory. Throughout this part, we will focus on linear
autonomous infinite-dimensional control systems of the form #(t) = Ax(t) +
Bu(t) where A and B are operators (which can be viewed, at a first step, as
infinite-dimensional matrices).

Since such systems involve partial differential equations, throughout this
part the state x(¢) will be rather denoted as y(t). For PDEs settled on some
domain 2, y will denote as well a function of ¢ and x, where t is the time and
x the spatial variable, and the system considered throughout is

j = Ay + Bu (3.2)[sys_part2]

where y means 0;y(¢, x) when y is a function of (¢, x).

The first step is to define the concept of a solution, which in itself is far
from being obvious. In contrast to the finite-dimensional setting, in infinite
dimension the notion of the exponential of A is not straightforward to define
and requires the concept of semigroup. Hence in this part a whole chapter is
devoted to semigroup theory, with the objective of giving a rigorous sense to
the solution of (3.2) with y(0) = yo,

y(t) = S({t)yo + /0 S(t — s)Bu(s)ds

where S(t) is a semigroup, generalizing et/

There are plenty of ways to introduce the theory of controlled PDEs. Here,
our main objective is to provide the general framework in which the Hilbert
Uniqueness Method (HUM) of J.-L. Lions can be stated.
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Chapter 4

Semigroup theory

?(chap_semigroup)?” The objective of this chapter is to prove that, in an appropriate functional
setting, the unique solution of the Cauchy problem

§() = Ay(t) + 1), (0) =, (4.1)[sye8 1

where A is a linear operator on a Banach space X, and where y(¢) and f(t)
evolve in X, is

y(t) = S(tyo + / S(t — 5)/(s) ds (4.2) 502

where (S(t))¢>0 is the semigroup generated by the operator A.

In finite dimension (that is, if X = IR"™), this step is easy and one has
S(t) = et4, with the usual matrix exponential. In the infinite-dimensional
setting this step is far from obvious and requires to define rigorously the concept
of (unbounded) operator and of semigroup. The reader can keep in mind the
example where the operator A is the Dirichlet-Laplacian, defined on a domain
Q of R™.

Most items of the present chapter are borrowed from the textbook [53] on
semigroup theory and from [60].

Let us recall several basic notions of functional analysis that are instrumental

in what follows (see [11]).
Let X be a Banach space, endowed with a norm denoted by || || x, or simply
by || || when there is no ambiguity. Let Y be another Banach space. The norm

of a bounded (i.e., continuous) linear mapping g : X — Y is denoted as well by
llgll and is defined as usual by

g\z)lly
Il = sup 19
zeX\{0} ]l x

The set of bounded linear mappings from X to Y is denoted by L(X,Y).
The notation X’ stands for the (topological) dual of the Banach space X,
that is, the vector space of all linear continuous mappings £ : X — R (in other

69
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words, X’ = L(X,R)). Endowed with the norm of linear continuous forms
defined above, it is a Banach space. The duality bracket is defined as usual by
(l,x)x x = {(x), for every ¢ € X" and every xz € X.

In what follows, the word operator is a synonym for mapping. By definition,
an unbounded linear operator A from X to Y is a linear mapping A : D(A) =Y
defined on a vector subspace D(A) C X called the domain of A. The operator
A is said to be bounded® if D(A) = X and if there exists C' > 0 such that
|Az|ly < C|lz||x for every x € D(A).

The operator A : D(A) C X — Y is said to be closed whenever its graph

G(A) ={(z,Az) | z € D(A)}

is a closed subset of X x Y. By the closed graph theorem, A is a continuous
linear mapping from X to Y if and only if D(A) = X and G(A) is closed.

Let A: D(A) C X — Y be a densely defined linear operator (that is, D(A)
is dense in X). The adjoint operator A* : D(A*) C Y — X' is defined as
follows. We set

D(A*) ={z €Y’ | 3C > 0 such that Vo € D(A) [(z,Az)y y| < Clz|x}.

Then D(A*) is a vector subspace of Y’. For every z € D(A*), we define the linear
form ¢, : D(A) — R by ¢.(z) = (2, Az)yy for every z € D(A). By definition
of D(A*) we have |£,(x)| < Cllz||x for every x € D(A). Since D(A) is dense
in X, it follows that the linear form ¢, can be extended in a unique way to a
continuous linear form on X, denoted by l,eX' (classical continuous extension
argument of uniformly continuous mappings on complete spaces). Then we set
A*z = {,. This defines the unbounded linear operator A* : D(A*) C Y’ — X',
called the adjoint of A. The fundamental property of the adjoint is that

(z, Az)yry = (A%2, ) x1 x
for every € D(A) and every z € D(A*). Note that:

e A is bounded if and only if A* is bounded, and in this case their norms
are equal;

e A* is closed;

e D(A*) is not necessarily dense in Y’ (even if A is closed), however if A is
closed and if YV is reflexive then D(A*) is dense in Y (see [11]).

In the case where X is a Hilbert space, we identify X’ with X. A densely
defined linear operator A : D(A) C X — X is said to be self-adjoint (resp.
skew-adjoint) whenever D(A*) = D(A) and A* = A (resp., A* = —A). Note
that self-adjoint and skew-adjoint operators are necessarily closed.

INote that the terminology is paradoxal, since an unbounded linear operator can be
bounded! Actually, ”unbounded operator” usually underlies that A is defined on a domain
D(A) that is a proper subset of X.
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Throughout this part, we consider a Banach space X. An operator on X will
mean an (unbounded) linear operator A : D(A) C X — X. In practice, most
of unbounded operators used to model systems of the form (4.1) are operators
A:D(A) C X — X that are closed and whose domain D(A) is dense in X.

When an integral is considered over the Banach space X (like in (4.2)), it is
understood that it is in the usual sense of the Bochner integral (see [58, (6]).

4.1 Homogeneous Cauchy problems

We first focus on the homogeneous Cauchy problem, that is (4.1) with f = 0,
with the objective of giving a sense to the unique solution y(¢) = S(¢)yo.

4.1.1 Semigroups of linear operators

In the sequel, the notation idx stands for the identity mapping on X.
(def_semigroup) pyofinjtion 10. A Co semigroup of bounded linear operators on X is a one-
parameter family (S(t))i>o0 of bounded linear mappings S(t) : X — X such
that

1. S(0) = idx;
2. S(t+s) = S(t)S(s) for all (t,s) € [0,+00)? (semigroup property);

3. tﬁlol’lrr%>0 S(t)yy =y for every y € X.

The linear operator A : D(A) C X — X defined by

Ay = lim 7S(t)y —Y

t—0+ t

on the domain D(A) that is the set of y € X such that the above limit exists, is
called the infinitesimal generator of the semigroup (S(t))i>o-

Note that the above limit is computed in X, hence with the norm || - || x.
The semigroup is said to be a group whenever the second property of the
definition holds true for all (t,s) € R

{propelosed) proposition 5. Let (S(t))e=0 be a Cy semigroup. Then
e the mapping t € [0,4+00) — S(t)y is continuous for every y € X;
e A is closed and D(A) is dense in X;

o for every y € D(A), one has S(t)y € D(A) and S(t)y = AS(t)y for every
t> 0.
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This proposition (see [53]) shows that the notion of Cy semigroup is adapted
to solve the homogeneous Cauchy problem.

Actually, more generally, semigroups are defined with the two first items of
Definition 10 (see [53]). The additional third property characterizes so-called
Cy semigroups (also called strongly continuous semigroups). It is a simple con-
vergence property. If the Cy semigroup (S(t)):>0 satisfies the stronger (uniform
convergence) property lim;_,o (>0 [|S(¢) —idx|| = 0, then it is said to be uni-
formly continuous. The following result is however proved in [53, 58]:

A linear operator A : D(A) — X is the infinitesimal generator of
a uniformly continuous semigroup if and only if A is bounded and
— _ otA _ oo g

D(A) = X. In that case, moreover, S(t) = e = 70 -r A",
This result shows that, as soon as a given control process in infinite dimension
involves unbounded operators (i.e., D(A) C X, like for instance a PDE with a
Laplacian), then the underlying semigroup is not uniformly continuous. Actu-
ally as soon as an operator involves a derivation then it is unbounded. In what
follows we focus on Cy semigroups.

Proposition 6. Let (S(t))i>0 be a Cy semigroup. There exist M > 1 and

w € IR such that
1S(t)]| < Me*t Vvt > 0. (4.3)

We say that (S(t))i>0 € G(M,w). The infimum w* of all possible real numbers w
such that (4.3) is satisfied for some M > 1 is the growth bound of the semigroup,
and is given by

W' = jnf I [[S()]|

This proposition (see [53]) shows that Cy semigroups have at most an ex-
ponential growth in norm. This property is similar to what happens in finite
dimension.

Definition 11. Let A : D(A) — X be a linear operator on X defined on the
domain D(A) C X. The resolvent set p(A) of A is defined as the set of complex
numbers \ such that \idx — A : D(A) — X is invertible and (Nidy — A)~! :
X — X is bounded (we say it is boundedly invertible). The resolvent of A is
defined by R(\, A) = (A\idx — A)~%, for every X € p(A).

Notice the so-called resolvent identity, often instrumental in some proofs:

Remark 35. If (S(¢))i>0 € G(M,w) then {\ € C | ReX > w} C p(A4), and

—+o0
R()\, A)y = (/\ idyx — A)_ly = / e_)‘tS(t)y dt (4.4)‘1aplacetransform
0
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for every z € X and every A € C such that ReA > w (Laplace transform).
Indeed, integrating by parts, one has

+o0 too
)\/ e MS(t)dt = idx + A/ e MS(t) dt
0 0

and thus o
(Nidx — A) / e MS(t)dt = idy.
0

Note that, using the expression (4.4) of R(A, A) with the Laplace transform,
it follows that, if (S(t))i>0 € G(M,w) then |R(X, A)|| < gAL— for every A € C
such that Re A > w. This can be iterated, by derivating R()\ A) with respect
to A, using the resolvent formula and the Laplace transform, and this yields the
estimates ||[R(X, A)"|| < ﬁ for every n € IN* and for every A € C such

that Re A > w. Actually, we have the following general result (see [53]).

(thwd.1) Theorem 24. A linear operator A : D(A) € X — X s the infinitesimal
generator of a Cy semigroup (S(t))i>0 € G(M,w) if and only if the following
conditions are satisfied:

e A is closed and D(A) is dense in X;

e (w,+00) C p(A) and ||R(A\, A)"|| <
A € C such that Re A > w.

m for every n € IN* and every

Particular case: contraction semigroups.

Definition 12. Let (S(t))i>0 be a Co semigroup. Assume that (S(t))is0 €
G(M,w) for some M > 1 and w € R. If w < 0 and M =1 then (S(t))i>0 is
said to be a semigroup of contractions.

Semigroups of contractions are of great importance and cover many appli-
cations. They are mostly considered in many textbooks (such as [11, 13]) and
in that case Theorem 24 takes the more specific following forms, which are the
well-known Hille-Yosida and Lumer-Phillips theorems.

(thm_HilleYosida) Thegrem 25 (Hille-Yosida theorem). A linear operator A: D(A) C X — X is
the infinitesimal generator of a Cy semigroup of contractions if and only if the
following conditions are satisfied:

e A is closed and D(A) is dense in X;
e (0,+00) C p(A) and [|R(X, A)|| < £ for every A > 0.

Remark 36. In the conditions of Theorem 25, one has moreover {\ € C|Re A >
0} C p(A) and ||R(A, A)|| < gex for every A € C such that Re A > 0.

Remark 37. Let A : D(A) — X generating a Cy semigroup (S(¢))i>0 €
G(1,w). Then the operator A, = A — widyx (having the same domain) is the
infinitesimal generator of S,,(t) = e~“*S(t) which is a semigroup of contractions
(and conversely). In particular, this implies:
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A linear operator A : D(A) C X — X is the infinitesimal generator
of a Cy semigroup (S(t))i>0 € G(1,w) if and only if the following
conditions are satisfied:

o A is closed and D(A) is dense in X ;
o (w,400) C p(A) and |[R(A, A)|| < 525 for every A > w.

Before providing the statement of the Lumer-Phillips theorem, which is an-
other characterization of Cy semigroups of contractions, let us recall some im-
portant definitions.

For every y € X, we define F(y) = {{ € X' | (t,y)x' x = |lyll% = [14l|%/}. Tt
follows from the Hahn-Banach theorem that F(y) is nonempty. In the important
case where X is a Hilbert space, one has y € F(y) (identifying X’ with X).

Definition 13. The operator A: D(A) C X — X is said to be:

o dissipative if for every y € D(A) there exists an element ¢ € F(y) such
that Re (¢, Ay) x. x < 0;

o m-dissipative if it is dissipative and Ran(idx — A) = (idx — A)D(A) = X.

If X is a Hilbert space, then A is dissipative if and only if Re (y, Ay)x < 0
for every y € D(A), where (, )x is the scalar product of X.

Other names are often used in the existing literature (see [11, 13, 58]): A is
dissipative if and only if A is accretive, if and only if —A is monotone, and A is
m-dissipative if and only if —A is maxzimal monotone (the letter m stands for
mazximal).

Remark 38. If A: D(A) — X is m-dissipative then Ran(Aidx — A) = X for
every A > 0.

Remark 39. Let A : D(A) — X be a m-dissipative operator. If X is reflexive?
then A is closed and densely defined (i.e., D(A) is dense in X).

?(thn_LunerPhillips)? Theorem 26 (Lumer-Phillips theorem). Let A : D(A) C X — X be a densely
defined closed linear operator. Then A is the infinitesimal generator of a Cj
semigroup of contractions if and only if A is m-dissipative.

Note that it is not necessary to assume that A is closed and densely defined
in this theorem if X is reflexive. A statement which is very often useful is the
following one (see [53]).

(prop4.3) proposition 7. Let A : D(A) C X — X be a densely defined operator. If A is
closed and if both A and A* are dissipative then A is the infinitesimal generator
of a Cy semigroup of contractions; the converse is true if X is moreover reflexive.

2There is a canonical injection ¢ : X — X' (the bidual of the Banach space X), defined
by (wy,£) xn x = (£,y)x+ x for every y € X and every £ € X', which is a linear isometry, so
that X can be identified with a subspace of X”/. The Banach space X is said to be reflexive
whenever ((X) = X”; in this case, X"’ is identified with X with the isomorphism ¢.
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Remark 40. If A is skew-adjoint then it is closed and dissipative. Actually, A
is skew-adjoint if and only if A and —A are m-dissipative (see [60]).

(ex_heat) Example 11. Let € be an open subset of R"™. The Dirichlet-Laplacian operator

Ap;; is defined by D(ADir) = {f S Hé (Q) | Af € Lz(Q)} and ADirf = Af
for every f € D(Api). Note that H}(Q) N H?*(Q) € D(Apsi) and that, in
general, the inclusion is strict. However, if ) is an open bounded subset with
C? boundary, or if  is a convex polygon of R?, then D(Ap;,) = HE(Q)NH?(Q)
(see [26, Chapter 1.5]).

The operator Ap;, is clearly self-adjoint and dissipative in X = L?(), and
hence by Proposition 7 it generates a semigroup of contractions (called the heat
semigroup).

The Dirichlet-Laplacian can be as well defined in the space X = H~(Q)
(which is the dual of H{(£2) with respect to the pivot space L?(Q)). In that case
one has D(Apy) = HE(R), and actually, if € is bounded and of C! boundary
then Apy, @ HH(Q) — H=(Q) is an isomorphism.

(ex_wave)

Example 12. Anticipating a bit, let us study the operator underlying the wave
equation. With the notations of Example 11, we define the operator

A= <ADir 00

on the domain D(A) = D(Aps) X H (), in the Hilbert space X = H}(Q) x
L?(Q). Then it is easy to see that A is closed, densely defined, skew-adjoint and
thus m-dissipative, as well as —A. Hence A and —A both generate a semigroup
of contractions, therefore A generates a group of contractions. The fact that it
is a group reflects the fact that the wave equation is time-reversible.

Example 13. Let X be a Hilbert space, let (e,)nen+ be a Hilbert basis of X,
and let (A,)nen+ be a sequence of real numbers such that sup,>; A, < +00
(this is satisfied if \,, = —o0 as n — +00). We define the operator

+o0 too
Ay = Z Ay, en)xen on D(A) = {y eX | Z M (y,en)k < —|—oo}.
n=1

n=1
Let us prove that A is self-adjoint and generates the Cy semigroup defined by

—+oo
Sty =Y _ e (y,en)xen.

n=1

Firstly, noting that X, C D(A) for every p € N*, with X, ={y € X |Jp €
N* Vn>p (y,e,) =0} and that Upen+X,, is dense in X, it follows that D(A)
is dense in X.

Secondly, let us prove that A is closed. Let (yp)pen~ be a sequence of
D(A) such that y, - y € X and Ay, — 2z € X as p tends to +oo. In
particular (y,)pen+ is bounded in X and thus there exists M > 0 such that
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25:1 A2 (yp, en)% < M, for every p € N* and every N € N*. Letting p tend
to 400 then yields that 2% A2(y, e,)% < M, and thus y € D(A). It remains
to prove that z = Ay. Since Ay, = 2:201 An(Yp, €n) x €n, and since, for every
n € N, (Ayp,en)x = A(Yp,en)x converges to A\, (y,en)x = (Ay,en)x, it
follows that Ay, converges weakly to Ay in X. Then by uniqueness of the limit
it follows that z = Ay.

Now, let us prove that Aidxy — A is boundedly invertible if and only if
infp>1 |A— Ap| > 0. If inf,,>1 |A — Ay| > 0, then let us set

>
Ay=) (. en)xen
— A— A,

for every y € X. Clearly, Ay : X — X is linear and bounded, and one has
RanAy C D(A) and (A\idx — A)Ay = Ay(Aidx — A) = idx, hence A € p(A)
and Ay = (A\idx — A)~!. Conversely, if (A\idx — A) is boundedly invertible,
then for every n € IN* there exists y, € X such that (Aidx — A)y, = en,
and the sequence (yn)nen+ is bounded. One has y, = ﬁen and hence
infn>1 |)\ — )\n| > 0.

It follows from these arguments that, if inf,,>1 |A — A,,| > 0, then

+oo 1

)\ Ap - N n n
R( b) )y ;()\_)\n)p(y)e )Xe
and hence
1RO, AP < sup ———— — <su 1>p
ISR T U e

Let w > sup,,>1 An. Then for every A > w one has inf,,>1 [A=X,| = A—w and
hence sup,, > ﬁ < 1. Then, the conclusion follows from the Hille-Yosida
theorem.

This example can be applied to a number of situations. Indeed any self-
adjoint operator having a compact inverse (like the Dirichlet-Laplacian) is di-
agonalizable and the general framework of this example can then be applied.

Example 14. In order to model the 1D transport equation 0,y + d,y = 0, with
0 < 2 <1, we define X = L?(2) and the operator Ay = —d,y on the domain
D(A) ={y € X | 0,y € X, y(0) = 0}. It is easy to prove that A is closed
and densely defined, and that A and A* are dissipative (it can also be seen that
A — Nidx is surjective), and hence A generates a Cyy semigroup of contractions.

Recall that (as said in the introduction of the chapter), given a densely
defined operator A : D(A) — X, the adjoint A* : D(A*) — X' is a closed
operator, and if moreover A is closed and X is reflexive then D(A*) is dense
in X’. Concerning the semigroup properties, note that, given a Cy semigroup
(S(t))e=0 on X, the adjoint family (S(¢)*)¢>0 is a family of bounded operators
on X’ satisfying the semigroup property but is not necessarily a Cy semigroup.
We have the following result (see [53]).
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{propS*) Proposition 8. If X is reflexive and if (S(t))iso is a Co semigroup on X with
generator A then (S(t)*)i>o0 is a Cy semigroup on X' with generator A*.

4.1.2 The Cauchy problem

? ? . .
?(sec_Cauchy)? Classical solutions

Let A: D(A) C X — X be a densely defined linear operator on the Banach
space X. Consider the Cauchy problem

y(t) = Ay(t) Vt>0
y(0) = yo € D(A). (4.5)[ep]

(thm4.4) Theorem 27. Assume that A is the infinitesimal generator of a Cy semigroup
(S(t))i=0 on X. Then the Cauchy problem (4.5) has a unique solution y €
C°([0, +00); D(A)) N C1((0,+00); X) given by y(t) = S(t)yo for every t > 0.
Moreover, the differential equation §(t) = Ay(t) makes sense in X.
This solution is often called strong solution in the existing literature.
(exheat) pyample 15. Let © be a bounded open subset of R™ having a C! boundary.
Having in mind Example 11, let us apply Theorem 27 to the Dirichlet heat
equation. The Cauchy problem

y=~N0y inQ,  yoao=0,  y(0)=yo € HHQ),

has a unique solution y(-) € C°([0, +o00); H3 (2))NC*((0, +00); H~1(£2)). More-
over, there exist M > 1 and w < 0 such that [|y(¢, )| 2() < Me“!||lyo(-)||2(0)-

(exwave) Example 16. Let © be a bounded open subset of R™ having a C' boundary.
Having in mind Example 12, let us apply Theorem 27 to the Dirichlet wave
equation. The Cauchy problem

Oy = Ay in Q, Yo = 0, y(0) =yo € H&(Q), Oy(0) =1 € LQ(Q),
has a unique solution
y() € C°([0, +00); Hy(€2)) N CH((0, +00); L2(2)) N C((0, +00); H (1))

Moreover there holds [|0:y|3-1 (o) + 1911720y = 19111 F-1 0y + 1v0l1 20 -
If 9 is C? and if yo € HY(Q) N H2(Q) and y; € H}(Q) then

y() € CO([0, oo); H () N HY () NC (0, +o0); H} ()N C*((0, +o0); L(€))
and [9ry]13q) + W25 0y = 1911220 + l30l12 -

(rem_regular) Remark 41. Concerning the regularity of the solutions of the heat equation
(Example 15) and of the wave equation (Example 16), we can actually be much
more precise, by expanding the solutions as a series with the eigenfunctions
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of the Dirichlet-Laplacian. Indeed, let (¢;)jen+ be a Hilbert basis of L?(),
consisting of eigenfunctions of the Dirichlet-Laplacian, corresponding to the
eigenvalues (A;)jenN+.

For the heat equation of Example 15, if yg = Zj_:of ajp; € L*(Q) then
y(t,z) = j_:of ajeritp;(x) is a function of (¢, ) of class C for t > 0 (see [13]),
and for every t > 0 fixed, the function z — y(¢,x) is (real) analytic on Q (see
[52]). This reflects the so-called regularizing effect of the heat equation.

For the wave equation, there is no regularizing effect, but smoothness or
analyticity properties can also be established for appropriate initial conditions
(see [52]).

These remarks show that the regularity properties obtained by the general
semigroup theory may be much improved when using the specific features of the
operator under consideration (see also Remark 48 further).

(remd.4) Remark 42. If yo € X\ D(A) then in general y(t) = S(t)yo ¢ D(A), and hence
y(t) is not a solution of (4.5) in the above sense. Actually, y(¢) is solution of
y(t) = Ay(t) in a weaker sense, by replacing A with an extension on A to X, as
we are going to see next.

‘Weak solutions

The objective of this section is to define an extension of the Banach space X,
and extensions of Cy semigroups on X which will provide weaker solutions. A
good reference for this part is the textbook [66].

Let (S(%))i>0 € G(M,w) be a Cy semigroup on X, of generator A : D(A) —
X. Let 8 € p(A) (if X is real, consider such a real number ().

Definition 14. Let X; denote the Banach space D(A), equipped with the norm
llyllh = [(Bidx — A)yllx, and let X_1 denote the completion of X with respect
to the norm [ly|—1 = [|(Bidx — A)~'yllx = [|R(8, A)y| x-

Note that, by definition, Bidx — A : X; — X and (Bidx — A)™': X — X,
are surjective isometries (unitary operators). It is then easy to see that the norm
I [l on X7 is equivalent to the graph norm ||y|l¢ = ||y||x + ||Ay||x. Therefore,
from the closed graph theorem, (X1, || ||1) is a Banach space, and we clearly get
an equivalent norm by considering any other 8’ € p(A).

Similarly, the space X_; does not depend on the specific value of 8 € p(A),
int he sense that we get an equivalent norm by considering any other 3’ € p(A).
Indeed, for all (8, 8’) € p(A)?, we have (Bidx — A)(B idx — A)~ =idx + (3 —
B)(Bidx — A)~L, hence

(B'idx — A)~' = (Bidx — A"+ (8- 8)(Bidx — A)"'(Bidx — 4) ™"

(resolvent identity), and moreover (Bidx — A)~! and (3’ idx — A)~! commute.
The conclusion follows easily.

Remark 43. The injections X; — X < X _; are, by definition, continuous
and dense. They are moreover compact as soon as Sidx — A has a compact
inverse.
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(ex4.7) Example 17. Let Q be an open bounded subset of R™ having a C? boundary,

and consider the Dirichlet-Laplacian Ap;, on X = L?(Q) defined on D(Ap;,) =
HY(Q) N H2(Q). Then X; = D(Api) = HYHQ) N H?(Q) and, as will follow
from Theorem 28 below, X_; = (HZ(Q) N H%(Q))’, where the dual is taken
with respect to the pivot space X = L2(2).

Let us now provide a general theorem allowing one to identify the space X _1.
Since A* is closed, D(A*) endowed with the norm ||z||; = |[(Bidx — A*)z||x/
where 5 € p(A*) = p(A), is a Banach space.

(thn4.5) Theorem 28. If X is reflexive then X_1 is isomorphic to D(A*)', where the
dual 1s taken with respect to the pivot space X.

Proof. We begin by recalling the following general fact: if E and F' are two
Banach spaces with a continuous injection E < F', then we have a continuous
injection F' — E’. From this general fact, since D(A*) C X’ with a continuous
injection, it follows that X" C D(A*)" (with a continuous injection). Using
the canonical injection from X to X", it follows that every element of X is
(identified with) an element of D(A*)". Let us prove that ||y||—1 = [lyl|pca-)
for every y € X. By definition, we have

lyl-r = I(Bidx = A)T'yllx = sup  [{f,(Bidx — A) "y)xr x|
fex’, IIflix <1

= sup  [((Bidx — A fy)xe xl-
fex’, Ifllx <1

Using the canonical injection of X in X" (and not yet the fact that X is reflex-
ive), y can be considered as an element of X", and then

lyll-1 = sup |y, (Bidxr — A*) L f)xn x|
fex’, Ifllx <1

Besides, by definition we have

Iyl peasy = sup (Y, 2) D(A*)", D(A*)
2€D(A*), |lzllpaxy<1

In this expression we make a change of variable: for every z € D(A*) such that
|2 peasy < 1, there exists f € X’ such that z = (Bidx, — A*)~'f, and since
|zl peaxy = [[(Bidx: — A*)z||x: = || f[|x- it follows that || f||x < 1. Therefore

llyllpasy = sup [(y, (Bidx: — A*) ' f) peasy,pias)l-
fex’, iflixr<1

In the above duality bracket, since y € X” and (Bidx: — A*)~1f € X’ we can
as well use the duality bracket (, )x~ xs. Hence [[y|l-1 = [[yl|p(a=) -

To conclude the proof, it remains to note that X; is dense in X and that
X ~ X" is dense in D(A*)". Tt is a general fact that X; is dense in X (see
Proposition 5). The fact that X is dense in D(A*)’ is ensured by the reflexivity
assumption: indeed, since X is reflexive it follows that D(A*) is dense in X'
(with a continuous injection), and hence X ~ X" is dense in D(A*)’. O
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Theorem 29. The operator A : D(A) = X7 — X can be extended to an
operator A_1 : D(A_1) = X — X_1, and the Cy semigroup (S(t))i>0 on X
extends to a semigroup (S_1(t))i>0 on X_1, generated by A_;.

Proof. Note that the operator A : D(A) — X is continuous when one endows
D(A) with its norm, because ||Ay|lx < ||ylle < C|ly|l1 as already said. By
definition of the norm in X 1, we have easily

|Ay||—1 = |(Bidx — A) "' Ay||x = [ly — B(Bidx — A)"'y[|x
< wllx + 8(Bidx — A) "yl x

for every y € D(A), and since (3idx — A)~! is bounded it follows that there
exists some constant C7 > 0 such that ||Ay||—1 < Ci||y||x for every y € D(A).
Therefore the operator A has a unique extension A_; : D(A_1) = X — X 4
that is continuous for the respective norms. The fact that D(A_;) = X with
equivalent norms follows from the equality ||y|x = [[(Bidx — A)~1(Bidx —
Ayllx = (Bidx — Ayll-1 = [llpea_,) for every y € D(A), and by density
this holds true for every y € X. O

Remark 44. Note that, by density, if A is m-dissipative then A_; is m-
dissipative as well, and hence (S_1(%))t>0 is a Cy semigroup of contractions.

The following result follows from Theorem 27, giving an answer to the ques-
tion raised in Remark 42.

Corollary 4. For every yo € X, the Cauchy problem y(t) = A_1y(t), y(0) = yo
has a unique solution y € C°([0,4+00); X) N CL((0,+00); X_1) given by y(t) =
S(t)yo = S-1(t)yo-

Note that, here, the differential equation ¢(t) = A_1y(¢) is written in X ;.
In particular, the derivative is computed in X_;, with the norm | - ||x_,.

In other words, with respect to Theorem 27, for a given yo € X, y(t) =
S(t)yo (often called mild solution in the existing literature) is still a solution
of §(t) = Ay(t) provided A is replaced with its extension A_;. Note that this
weaker solution is a strong solution for the operator A_; in the Banach space
X_4. For these reasons, we shall not insist on naming solutions ”strong”, " mild”
or "weak”. What is important is to make precise the Banach spaces in which
we are working.

Note that the above concept of weak solution corresponds to solutions some-
times defined by transposition. Indeed, if X is reflexive then X_; ~ D(A*) (see
Theorem 28), and hence, considering the differential equation y(¢) = A_1y(t)
in the space X_;1 exactly means that

(W(t), ) (pa=)y,pax) = (A_1y(t), ©) (D(a+)) . D(ax) Vo € D(A").

This concept of solution by transposition is often encountered in the existing
literature (see, e.g., [17] for control issues).
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Example 18. Let Q C R" be a C? bounded open set. The Cauchy problem
Oy = Ay in Q, yjpq =0, y(0) = yo € L?(Q2), has a unique solution

y € C7([0, +00); L*(€2)) N CH((0, +00); (Hy () N H*(Q)))
and there exist M > 1 and w < 0 such that [|y(¢,-)||2() < Me“!|lyo(-)l| 2 (0)-

Example 19. Let Q C R™ be a C? bounded open set. Consider the Cauchy
problem Jyy = Ay in Q, yja0 = 0, y(0) = yo, %y(0) = y1.

o Ifyo € H1(Q) and y; € (H}(Q)NH?(2))’, then there is a unique solution

y(+) € C°([0, +00); H~H(2)) N C((0,+00); (Hy (2) N H?())).
o If yg € L?(Q) and y; € H1(Q), then there is a unique solution

y(+) € C°([0, +00); L*(2)) N C((0, +00); H~H(Q)).

4.1.3 Scale of Banach spaces

(sec:scale) We can generalize the previous framework and adopt a more abstract (and

probably simpler, at the end) point of view.

The construction of X; and of X_; can indeed be iterated, and leads to a
sequence of Banach spaces (X, )nez (called ”tower of Sobolev spaces” in [23]).
Of course, for positive integers n, the corresponding operator A, : D(A™) —
D(A"~1) is the restriction of A to D(A™).

The construction can even be generalized in order to obtain a continuous
scale of Banach spaces (Xa)aer, With the property that if @y > s then the
canonical injection X,, — X,, is continuous and dense, and is compact as
soon as the resolvent of A is compact. We refer to [61, Sections 3.6 and 3.9] for
this general construction (where these spaces are called rigged spaces) and for
further properties (see also [16, Chapter 2, Section 4.2]). In the sequel we will
briefly refer to this continuous scale of Banach spaces.

The Banach space X, with a an arbitrary real number, can be defined for
instance by symbolic calculus with real powers of the resolvent of A and complex
integrals (see [38, 53, G1]), or by Banach spaces interpolation (see [47, 50, 64]),
or by Fourier transform when it is possible (see [38]), or with a Hilbert basis
when X is a Hilbert space and A is diagonalizable (see Remark 45 below). For
instance, the construction with the fractional powers of the resolvent goes as
follows, in few words (see [53, 61]). Given 8 € p(A) with Re(8) > w, for a > 0

we define®
1

+oo
(Bidx — A)~* = @/O t*~te PS5 () dt. (4.6)[def _poweralpha]

A positive power of the resolvent is defined as the inverse of the corresponding
negative power. Then, for a > 0, the space X, is the image of X under

3This formula extrapolates the Laplace transform formula z% = ﬁ O+°° to—le—tz gt
valid for any z € C such that Re(z) > 0.
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(Bidx — A)~%, and it is endowed with the norm ||yl = |[(Bidx — A)%y]| x-
For @ > 0, the space X_, is the completion of X for the norm |ly||_o =
I(Bidx — A) =<y x.

The construction does not depend on the specific choice of 3.

In this general framework, the operator A, : D(Ay) = Xot1 — Xo (with
a € R), which is either the restriction or the extension of A : D(A) — X (with
Xo = X) according to the sign of «, generates the Cy semigroup (S, (t))i>0-

Hereafter, when it is clear from the context, we skip the index « in S, (t) or
in A,, when referring to the restriction or extension of S(t) or of A to X,,.

Note that if ay > ag then (fidx — A)**~*2 : X,, — X,, is a surjec-
tive isometry (unitary operator), where A denotes here (without the index) the
appropriate restriction or extension of the operator A.

The spaces X, are interpolation spaces between the spaces X,, with integer
indices. It can be noted that there exists C' > 0 such that, for every n € Z, for
every a € [n,n + 1], we have |ly||x, < C’||y||?(tl_a||y||};21 for every y € X,
(see [61]). This is an interpolation inequality, as in [50].

When X is reflexive, the operator A* : D(A*) — X’ generates the Cj
semigroup (S(¢)*)¢>0 (see Proposition 8). By the construction above where A
is replaced with A*, there exists a scale of Banach spaces denoted by (X*).cRr,
with X§ = X’. Similarly as in Theorem 28, we have

X_o=(X) VaceR (4.7) [Xalphastar]

where the dual is taken with respect to the pivot space X.

Cauchy problems. The above general construction allows one to generalize
in a wide sense the concept of strong or weak solution. Indeed, it follows from
Theorem 27 that the Cauchy problem

y(t) = Ay(t)
y(0) = yo € Xa
has a unique solution
y € C°([0,+00); Xa) N C*((0, +00); Xa-1)

given by y(t) = S(t)yo. Here, we have skipped the index «, but it is understood
that A = A,_1 in the differential equation above. The differential equation is
written in X, and the derivative is computed with the norm || - ||x,__,-

(rem41) Remark 45. It is interesting to perform the construction of the scale of Banach
spaces in the following important case of diagonalizable operators.

Assume that X is a Hilbert space and that A : D(A) — X is a self-adjoint
positive operator with A~ compact. Then there exists a normalized Hilbert
basis (e;)jen= of eigenvectors of A, associated with eigenvalues (A;)jen=. One
has

+o0 +oo

Ay =Y Ni(ej,y)xe; on D(A) = {y eX | D Nk < +00}

j=1

Jj=1
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and then A% is defined for every real number « in a spectral way by

+oo +oo
A%y = Z)\?(ejay))(ej on D(AY) = {y eX ’ Z)\?O‘(ej,y)g( < —l—oo}.

Jj=1 Jj=1

(example_chain_Dirichlet) Example 20. Let us consider the (negative of the) Dirichlet-Laplacian A = —A
defined on D(A) = {y € HL(Q) | Ay € L*(Q)}, with X = L?(Q). As already
said, we have D(A) = H?(2) N H}(Q) whenever the boundary of Q is C2.

As already seen in the example 17, we have then X 1 = (HZ(Q) N H?(Q))’,
where the dual is taken with respect to the pivot space X = L?(Q). We can
define A'/? (often denoted /—A) in a spectral way as above.

Assuming that the boundary of Q is C™, the spaces D(A7/?), j € IN (called
Dirichlet spaces), are the Sobolev spaces with (the so-called) Navier boundary
conditions, defined by

D(AY?) = Hy(Q) = {y € H(Q) | yjpo =0}

D(A) = Hy(Q) N H*(Q) = {y € H*(Q) | y90 = 0}
D(A*?) = {y € H*(Q) | yjp0 = Dyjon = 0}

D(A%) ={y € HY(Q) | yoa = Ayjoq = 0}
D(A*?) ={y € H*(Q) | yp0 = LAyjan = A%yj00 = 0}

D(A®) ={y € H*(Q) | yjpa = Ayjoa = A%Yjp0 = 0}

in other words we have
. . j—1
D(AY/?) = {y € H(Q) | oo =Dypa == A[T]yk‘}!} = 0}

for every j € IN*, and moreover the operator A7/2 : D(AJ/?) — L?(Q) is an
isomorphism (see [66] for other properties). It can be noted that || A7/2y||12(q) =
[AI2y[| L2 oy if § is even and [[A7/2y[| L2y = |87 2y| gy = VA 2yl L2 ()
if j is odd.

Note that, omitting the indices, we have the scale of Hilbert spaces

Al/2

1/2 1/2 1/2 1/2
LA pay AL pavzy AL 12q) A2 pave) ;A

, AL/?

— DA — -
with D(AY2) = H=Y(Q) and D(A)’ = (H}(Q) N H?(Q))" (with respect to the
pivot space L?(Q2)). All mappings A'/2, between the corresponding spaces, are
isometric isomorphims.

As in the previous remark, we can even define X, = D(A®) (and their
duals) in a spectral way., for any o € R, thus obtaining the scale (X, )acr
of Dirichlet spaces associated with the Dirichlet-Laplacian. By interpolation
theory (see [50]), for every a € [0,1), we have X, = HZ*(Q) if a # 1/4 and

Xija= Hééz (©) (Lions-Magenes space).

Remark 46. Using Proposition 8, if X is reflexive then all these results can be
stated as well for the dual operator A* and the dual Cy semigroup S(t)*.
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4.2 Nonhomogeneous Cauchy problems
(chap4_sect.2) [ oty € X. We consider the Cauchy problem

y(t) = Ay(t) + f(t) VYt >0
y(O) = Yo

(4.8)

where A : D(A) — X generates a Cj semigroup (S(t))¢>0 on X.
(thm32) Proposition 9. If yo € D(A) and f € L (0, +00; D(A)) with 1 < p < +oo,

loc

then (4.8) has a unique solutiony € C°([0, +-00); D(A)) WL (0, +-00; X) (often
referred to as strong solution of (4.8)) given by

y(t) = S(t)yo + / S(t — 5)f(s)ds. (4.9) [oagt

Morever, the differential equation (4.8) makes sense in X.

Proof. The function y defined by (4.9) is clearly a solution of (4.8). To prove
uniqueness, let y; and y be two solutions. Then z = y; — yo is solution of
£(t) = Az(t), 2(0) = 0. Since £ S(t—s)z(s) = —S(t—s)Az(s)+S5(t—s)Az(s) =0
for every s € [0,¢], it follows that 0 = S(¢)z(0) = S(0)z(t) = z(t). O

Note that, if f € L{ _(0,+00; X), then (4.9) still makes sense. Note also
that, using the extension of A (and of S(¢)) to X_;, Proposition 9 implies
that, if yo € X and f € L _(0,+00; X), then (4.8) has a unique solution

y € C°([0,+00); X) N W1 (0,+00; X_1) given as well by the Duhamel for-
mula (4.9) (and often referred to as mild solution of (4.8)), and the differential
equation (4.8) is written in X_; (see, e.g., [53, Chapter 4]). Moreover, for
every T > 0 there exists Kr > 0 (not depending on yo and f) such that
ly®)llx < Crllyollx +[1f1lLr©0,1:x))-

More generally, using the general scale of Banach spaces (X, )acr mentioned
previously, we have the following result (see [23] or [61, Theorem 3.8.2]).
(propXalpha) proposition 10. If f € LL (0,+00; X,) for some o € R, then for every

loc

Yo € X the Cauchy problem (4.8) has a unique solution

y € CO([0,+00); Xo) N WL (0, +00; Xo1)

loc

given as well by (4.9) (called strong solution in X, in [01, 66]). Here, we have
A = A,_1 in the equation (4.8) which is written in X,_1 almost everywhere,
and the integral in (4.9) is done in X, (with S(t—s) = S, (t—s) in the integral).

Proposition 9 corresponds to a = 1.

Remark 47. The regularity stated in Proposition 10 is sharp in general. Given
Yo € Xat1, the condition f € C9([0,400); X,) does not ensure that y €
CY([0,4+00); Xor1)NCL([0, +00); X, ) (unless the semigroup is analytic, see [23,
Chapter VI, Section 7.b, Corollary 7.17]). Indeed, for yo = 0 and for a given
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y1 € Xq, the solution of the Cauchy problem g(t) = Ay(t) + S(¢)y1, y(0) =0
is y(t) = fot S(t— 8)S(s)y1ds = tS(t)y:. Hence, if y1 € X4 \ Xot1 then S(t)y
may not belong to X,41.

It can be however noted that if f is more regular in time then the solution
gains some regularity with respect to the space variable. More precisely we have
the following (sometimes useful) result (see [23, 53, 66]).

(lem_moreregular) L emma 5. If yo € Xoy1 and f € WE(0,+00; X,) then (4.8) has a unique

loc

solution y € C°([0,+00); Xoy1) N CL((0, +00); X)) given by (4.9).

The assumption on f can even be weakened if X,_; is reflexive, and then it
suffices to assume that f is Lipschitz continuous with values in X, _1.

(rem_regular2)

Remark 48. Let us consider the Cauchy problem
Oy=~2Dy+f mQ  yoea=0,  y(0) =y L*Q),

with f € L?((0,+00) x Q). The general theory says that the unique solution
has the regularity y € C°([0, +00); L2(Q)) N H(0, +-00; (H2(2) N HL(Q))").

Actually, by using a spectral expansion as in Remark 41, it is easy to prove
that y € L2(0,T; H () N HY(0,T; H=(€)), which is more precise because
this set is contained in C°([0,T7], L*(2)). Moreover, if yo € Hg(f2), then we
have the improved regularity y € L?(0,T; H2(2) N HY(Q)) N H(0,T; L*(Q)) C
CO([0,T), Hi(R)) (see also [21, Chapter 7.1] where these regularity properties
are established by using Galerkin approximations for more general elliptic op-
erators).

As in Remark 41, this remark shows again that the regularity properties
obtained by the general semigroup theory may be much improved when using
the specific features of the operator under consideration.
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Chapter 5

Linear control systems in
Banach spaces

?(chap_diminfinie)? Throughout the chapter, we consider the linear autonomous control system

y(t) = Ay(t) + Bu(t)
y(0) = yo

(5.1)[eqE]

where the state y(t) belongs to a Banach space X, yo € X, the control u(t)
belongs to a Banach space U, A: D(A) — X is the generator of a Cy semigroup
(S0 € G(M,w) on X, and B € L(U,X_1). The space X_; has been
defined in the previous chapter.

The control operator B is said to be bounded if B € L(U, X), and is called
unbounded otherwise (note however that B is a bounded operator from U in
X_1). Unbounded operators appear naturally when dealing with boundary or
pointwise control systems. Other choices could be made for the control operator,
and we could assume that B € L(U, X_,) for some o > 0. We will comment on
that further.

A priori if w € L] (0,400;U) then Bu € L (0, +00; X_1), and since yo €
X, it follows from the results of Section 4.2 that (5.1) has a unique solution
y € CO([0,400); X_1) N W21 (0, 400; X_3), given by

loc

y(tyo,u) = S(t)yo + Leu (5.2)
where

Liu= /t S(t — s)Bu(s) ds. (5.3)[def_Lt]
0

Moreover, the differential equation in (5.1) is written in X_5. The integral (5.3)
is done in X_;.

Note that, of course, if B € L(U, X) is bounded, then the regularity moves
up a rung: (5.1) has a unique solution y € C9([0, +00); X) N W1 (0, +00; X_1)
given as well by (5.2), and the differential equation is written in X_;.

87
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For a general (unbounded) control operator B € L(U, X_1), it is desirable
to have conditions under which all solutions of (5.1) take their values in X, that
is, under which the situation is as when the control operator is bounded.

Such control operators will be said to be admissible. The admissibility prop-
erty says that the control system is well posed in X (note that it is always well
posed in X_1).

Of course, the notion of admissibility depends on the time-regularity of the
inputs w. Since it will be characterized by duality, it is necessary, here, to fix
once for all the class of controls.

In what follows, and in view of the Hilbert Uniqueness Method, we will
actually deal with controls u € L2(0,T;U) (for some T > 0 arbitrary). Of
course, we have L2(0,T;U) C L'(0,T;U). Also, the duality will be easier to
tackle in L? (although easy modifications can be done in what follows to deal
with LP, at least for 1 < p < +o0, see [61] for exhaustive results).

Hence, from now on, the space of controls is L(0,7T;U).

In this chapter, after having defined admissible operators, we will intro-
duce different concepts of controllability, and show that they are equivalent, by
duality, to some observability properties. Finally, we will explain the Hilbert
Uniqueness Method (in short, HUM) introduced by J.-L. Lions in [48, 19] in
order to characterize the spaces where exact controllability holds true.

Most of this chapter is borrowed from [(66] (see also [19, 61, 71]).

5.1 Admissible control operators

?(sec_admissible)? A5 gaid previously, we have a priori the inclusion Ran(Ly) C X_1, for every

T > 0, and the fact that Ly € L(L*(0,T;U), X_1).

5.1.1 Definition

Definition 15. A control operator B € L(U,X_1) is said to be admissible for
the Cy semigroup (S(t))e>o if there exists T > 0 such that Ran(Ly) C X.

(lemequivadmissible) [,emma 6. The following properties are equivalent:
e There exists T > 0 such that Ran(Ly) C X.
e For every T > 0, one has Ran(Lr) C X.
e For every T > 0, one has Lt € L(L*(0,T;U), X).

o All solutions (5.2) of (5.1), with yo € X and u € L*(0,T;U), take their
values in X.

Proof. Assume that Ran(Ly) C X. Let us prove that Ran(Ly) C X for every
t>0.

Let t € (0,T) arbitrary. For every control u € L%(0,t;U), we define the
control @ € L?(0,T;U) by i(s) = 0 for s € [0,T —t] and a(s) = u(s — T + )
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for s € [T — ¢,T]. Then, we have Lyra = fTTft S(T — 8)Bu(s — T +t)ds =
3 S(t—7)Bu(r) dr = Lyu (with 7 = s — T'+1). It follows that if Ran(Lz) C X
then Ran(Lz) C X, for every t € (0,T).

Before proving the statement for t > T, 1et us note that, for every u €
L2(0 2T;U), we have LgTu = [?" S(2T — ) Bul(t fo (2T — t)Bu(t) dt +

S(2T t)Bu(t) fo (T —t)Bu(t dt+f0 (T'—s)Bu(s+T)ds =
S(T)LTu1 + Lrus, w1th the controls uy and ug defined by uq(t) = u(t) and
uz(t) = u(t + T) for almost every t € [0,T]. It follows that if Ran(Ly) C X
then Ran(Lop) C X, and by immediate iteration, this implies as well that
Ran(Lyr) C X for every k € IN*.

Now, let ¢ > T arbitrary, and let ¥ € IN* be such that kT > t. Since
Ran(Lyr) C X, it follows from the first part of the proof that Ran(Ly) C X.

It remains to prove that, if Ran(Lr) C X, then Ly € L(L?(0,T;U), X).
Note ﬁrst that the operator Lr is closed. Indeed, we have Lru = (Bidx —

fo —t)(Bidx — A)~tBu(t) dt, for every u € L*(0,T;U), with 3 € p(A)
arbltrary By definition of X 1, the operator (8idx — A)~!B is linear and
continuous from U to X. Since A is closed (according to Proposition 5), it
follows that L is closed. A priori, the graph of Ly is contained in X_;. Under
the assumption that Ran(Lr) C X, this graph is contained in X. Moreover,
this graph is closed because the operator L is closed. Then the fact that
Lt € L(L?(0,T;U), X) follows from the closed graph theorem. O

Note that, obviously, every bounded control operator B € L(U, X) is admis-
sible. The question is however nontrivial for an unbounded control operator.

Classical examples of bounded control operators are obtained when one con-
siders a controlled PDE with an internal control, that is, a control system of the
form ¢(t) = Ay(t) + xwu, with A : D(A) — X = L?(Q2), where € is a domain of
R" and w is a measurable subset of 2.

Unbounded control operators are obtained for instance when one considers
a control acting along the boundary of Q (see further for examples).

Remark 49. Note that, if B is admissible, then the solution y of (5.1) takes its
values in X, and the equation §(t) = Ay(t) + Bu(t) is written in the space X_1,
almost everywhere on [0, T]. The solution y has the regularity y € C°([0, T]; X )N
H'Y(0,T; X_1) whenever u € L?(0,T;U). Note also that, in the term Lru, the
integration is done in X_;, but the result is in X whenever B is admissible.

?{ren_Lp)? Remark 50. As said in the introduction, we have assumed that the class of
controls is L2(0, T;U). We can define as well the concept of admissibility within
the class of controls LP(0,T;U), for some p > 1, but we obtain then a different
concept, called p-admissibility (for instance if X is reflexive and p = 1 then
every admissible operator is necessarily bounded, see [69, Theorem 4.8]). Here,
we restrict ourselves to p = 2 (in particular in view of HUM), which is the most
usually encountered case.
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5.1.2 Dual characterization of the admissibility

Let us compute the adjoint of the operator L € L(L?*(0,T;U), X_1), and then
derive a dual characterization of the admissibility property.

(lem LT*) T emma 7. Assume that X and U are reflexive. The adjoint L. satisfies Lk €

L(D(A*),L2(0,T;U")), and is given by (L%z)(t) = B*S(T — t)*z for every
z € D(A*) and for almost every t € [0,T].

Proof. Since X is reflexive, we have X_1 = D(A*)’ (see Theorem 28). Since Ly
is a linear continuous operator from L?(0,T;U) to D(A*)’, the adjoint L% is a
linear continuous operator from D(A*)” to L*(0,T;U)".

On the one part, note that L2(0,7;U)" = L*(0,T;U’) because U is reflex-
ive. On the other part, let us prove that D(A*) is reflexive (and hence, that
D(A*)" = D(A*)). According to the Kakutani theorem (see [11]), it suffices
to prove that the closed unit ball of D(A*) is compact for the weak topology
o(D(A*), D(A*)"). We have, for some 8 € p(A),

Bpany ={2€ D(A") | llzlpa~) = [(Bidxs — A")z[[x < 1}
={(Bidx, — A7 | feX', |fllx <1}
= (Bidx: — A*) "' Bx/

and since X' is reflexive, the closed unit ball By, is compact for the weak
topology o(X’, X"). Hence D(A*) is reflexive.
Therefore, L € L(D(A*), L*(0,T;U")).
Let u € L?(0,T;U) and z € D(A*). We have, by definition, and using the
duality brackets with respect to the pivot space X,
(L, 2) p(a=y p(ax) = (Lpz,u) 120, 1507),L2(0,1:0) -

Note that, here, we have implicitly used the fact that U is reflexive. Now,
noticing that B € L(U, D(A*)’) and hence that B* € L(D(A*),U’), we have

T
(L7t 2) p(a-y p(as) = </0 S(T — t)Bu(t) dt,z>D(A*)/ .

T
_ / (S(T — ) Bu(t), =) pia-y.pa-) dt
0

T
= / (B*S(T —t)*z,u(t))yr v dt
0
= (t = B*S(T = t)"2,t = u(t)) L2070y, 12 0.7:07)
and the conclusion follows. O

The following proposition, providing a dual characterization of admissibility,
is then an immediate consequence of Lemmas 6 and 7. Indeed in the admissible
case we have Ly € L(L*(0,T;U), X) and equivalently L% € L(X', L*(0,T;U)").!

INote that, in the case where the operator B € L(U,X) is bounded, we always have
Ly € L(L%(0,T;U), X) and hence L% € L(X',L2(0,T;U)’). Moreover, if U is reflexive then
L(X',L*(0,T;U)) = L(X', L*(0, T; U")).
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(charactdualadm) Proposition 11. Assume that X and U are reflexive. The control operator
B e L(U,X_1) (with X_1 ~ D(A*)") is admissible if and only if, for some
T > 0 (and equivalently, for every T > 0) there exists K > 0 such that

T
/ |B*S(T —t)*z||?, dt < Kr|z|%  Vz € D(A"). (5.4) [ineg_adn]|
0

Remark 51. The inequality (5.4) is called an admissibility inequality. Estab-
lishing such an inequality is a way to prove that a control operator is admissible.
Showing such energy-like inequalities is a classical issue in PDEs (Strichartz in-
equalities for instance).

Once again, we stress that the admissibility property means that the control
system y(t) = Ay(t) + Bu(t) is well posed in X, which means here that, for a
control w € L?(0,T;U) and an initial condition y(0) € X, the corresponding
solution y(t) stays in X indeed (that is, there is no loss of compactness).

The concept of well-posedness of a PDE is in general a difficult issue. In finite
dimension, this kind of difficulty does not exist, but in the infinite-dimensional
setting, showing the admissibility of B may already be a challenge (at least, for
an unbounded control operator). Examples are provided further.

Remark 52. The inequality (5.4) says that the operator B* € L(D(A*),U’) is
an admissible observation operator for the semigroup S*(¢) (see [66, 68]).

(rem_Lebext) Remark 53. Note that the inequality (5.4) is stated for every z € D(A*). Of
course, the norm |[|z||%, has a sense for z belonging to the larger space X', and
it is natural to ask whether the inequality (5.4) can be written for every z € X'.

The question has been studied in [68]. If z € X’ then S(T —¢)*z € X’ and
then we cannot apply B* to this element. Actually, we can replace B* with its
A-extension, defined by

Biz = lim B*A(\idx — A*) "'z
A—+oo
also called strong Yosida extension in [61, Definition 5.4.1] (note that (idx —
A*)7lz € D(A*) for every z € X') and defined on the domain D(B}) which is
the set of z for which the above limit exists. Then Proposition 11 still holds true
with B* replaced with B}, with the inequality (5.4) written for every z € X'.

Actually, in the context of Lemma 7, L} is given by (L%.z)(¢t) = B3 S(T—t)*z,

for every z € X’ and for almost every ¢ € [0, T].

rem_degree_unboundedness) Remark 54. As briefly mentioned in the introduction, so far we have focused

on control operators B € L(U, X_1). Using the general construction of the scale
of Banach spaces (X, )acr done in Section 4.1.3, we can more generally define
(unbounded) control operators such that B € L(U, X_,), for some a > 0 (for
a = 0, the control operator is bounded).

By definition, the degree of unboundedness o(B) > 0 of the control operator
B (with respect to the spaces X and U) is the infimum of the set of @ > 0
such that B € L(U, X_,) (see [56, 61, 66]), that is, such that (8idx —A)"*B €
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L(U, X), for some arbitrary 5 € p(A) such that Re(3) > w, where (fidx —A)~¢
is defined by (4.6). Equivalently, a(B) is equal to the infimum of the set of a >
for which there exists C, > 0 such that

Ca

A\—«

When X is reflexive, a(B) is the infimum of the set of & > 0 such that B* €
L(X:,U") (where X = D((Bidx — A*)®) thanks to (4.7)), or equivalently, of
the set of a > 0 for which there exists C,, > 0 such that

||B*ZHU/ < Ca||(ﬂldX — A*)QZHX/ Vz € X; (55)

Note that (5.5) may fail for o = a(B).

Throughout the chapter, as in most of the existing literature, we consider
control operators such that «(B) < 1. This covers the most usual applications.
Internal controls are bounded control operators (thus, «(B) = 0). For boundary
controls, in general we have a(B) < 1 (see [13, 66] for many examples).

[(Aidx — A)"'B|| < VA > w.

(lem_admissible) [ emma 8. 1. Assume that X and U are reflexive. If B is admissible then

B e L(U,X_y/2) (and thus a(B) <1/2).

2. Assume that X is a Hilbert space and that A is self-adjoint. If B €
L(U,X_y/3) then B is admissible.

Actually, the second point of the lemma is true under the more general
assumption that the semigroup generated by A is either analytic and normal or
invertible (see [70]).

Proof. Let us prove the first point.

First of all, by an obvious change of variable, we have L;s = S(s)L: + L,
for all s,t > 0. It follows that L, = (S(n—1)+---+ S(1) +idx)Ly, for every
n € IN*. Since (S(t))i=0 € G(M,w), we have ||S(k)|| < Me*“ for every integer
k, and therefore, we infer that ||L,| < K,||L1||, with K, = Me:wnjll if w>0,

K, = Mnif w=0, and K, = M~ if w < 0. Here, the norm | - || stands

1—
for the norm of bounded operators from L2 (0,+00;U’) to X (note that B is
assumed to be admissible).

Besides, for 0 < t; < to arbitrary, by taking controls that are equal to 0 on
(t1,t2), we easily prove that || Ly, || < || L, |-

Now, for an arbitrary 7' > 0, let n € IN be such that n < T < n+1. Writing
Ly = S(T —n)L, + Ly_p, we get that | Lz < Me*T=™)||L,| + || L1

It finally follows that ||Lr| < Ke*T if w > 0, ||Lp|| < KT if w = 0, and
|IL7|| < K if w < 0, for some constant K > 0 that does not depend on T'.

By duality, we have the same estimates on the norm of L7..

For every z € D(A*), we define (¥z)(t) = B*S(t)*z. It follows from the
above estimates (by letting T' tend to +o00) that, for every o > w, the function
t — e~ (Wz)(t) belongs to L?(0, +o00; U").

Let us consider the Laplace transform of Wz. On the one part, we have, by an
easy computation as in (4.4), L(¥z)(s) = 0+°° e st (Wz2)(t) dt = B*(sidx —A*)z
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for every s € p(A) such that Re(s) > w. On the other part, writing £(¥z)(s) =
f0+oo ela=)te=at(Y2)(t) dt and applying the Cauchy-Schwarz inequality, we get
1
LT (8|l € —————— ||t — e (V2)(¢t 00U’ -
1£(®2) ()l 2(Re(5)7a)|\ (U2) ()] £2(0,4 00507

The first point is proved.
Let us prove the second point. By definition, there exists C' > 0 such that

1B* 2]l < Cll(Bidx — A")Y22)% = O(z, (Bidx — A)2)x

for every z € D(A) (we have used that A = A*), where (-,-)x is the scalar
product in X. Applying this inequality to z(t) = S*(T" — )1, multiplying by
€2t and integrating over [0, 7], we get

T T
/ P B*S* (T — t)y|g, dt < C / e?Pt(2(t), (Bidx — A)z(t))x dt.
0 0
Since 2(t) = —Az(t) and 2(T) = v, we have

% (€ =@)1%) = e (Bll=®)I% — (2(1), A=(t))x)
= e?7(2(t), (Bidx — A)2(t))x

DN | =

and therefore we get

T c ("d C
[ emimst@-nula< G [ 4 @ a0k de< el
0 0

The lemma follows. O

5.1.3 Examples

Dirichlet heat equation with internal control. Let Q C IR" be a bounded
open set having a C? boundary, and let w C Q be an open subset. Consider the
heat equation with internal control and Dirichlet boundary conditions

dy=A0y+xou inQ  yoag=0,  y(0)=yo e L*Q).

We set X = L3(Q), and A = —A : D(A) — X, where D(A) = X; = H}(Q)N
H?(Q). The operator A is self-adjoint, and X _1 = D(A*) = (H}(Q)NH?(Q))’,
with respect to the pivot space L?(£2). The control operator B is defined as
follows: for every u € U = L*(w), Bu € L*(Q) is the extension of u by 0 to the
whole €. It is bounded and therefore admissible, which means that, for every
T > 0, there exists K7 > 0 such that

T
/0 / Bt 2)? dwdt < Ky [6(0)] e,

for every solution of 9;¢p = A in Q, Yj9q = 0, with ¥(0) € H2() N H(Q).
By the way, noting that 1 (t) = S(t)1(0) with S(t) € L(X), we recover as well
the fact that this inequality holds true.
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Heat equation with Dirichlet boundary control. Let  C R" be a
bounded open set having a C' boundary. Consider the heat equation with
Dirichlet boundary control

8ty = Ay in Q, Yoo = U, y(O) =Y € LQ(Q) (5.6)‘boundarycontrolheat

We set U = L?(092), X = H }(Q), and A = —A : D(A) — X, where D(A) =
X1 = H}(Q). The operator A is self-adjoint, hence D(A*) = D(A). We have
X 1 = D(A*)" with respect to the pivot space H ~1(€), and thus, if 99 is smooth
then X_; is the dual of A'(Hg(Q)) = {y € H*(Q) | yjoo = (Ay)jp0 = 0}
with respect to the pivot space L%(f2) (see Example 20).

Let us express the control operator B € L(U, D(A*)"). We proceed by
density. Taking a solution y regular enough, associated with a control u (for
instance, of class C!), and using Lemma 5, we have, on the one hand, by
integration by parts, (0y, A71¢)L2(Q) = (4, 9)r20) — fBQ u%\ag do, and on the
other handv by deﬁnitionv <atya ¢>X-1,X1 = <Aya ¢>X-1,X1 + <BU, ¢>X-1,X1 where
the duality bracket is considered with respect to the pivot space X = H~1(Q),
yielding that (Ay, ¢)x_, x, = (¥, A*¢)u—1(q) = (¥, ) L2()- Hence

* __2 -1 *
Blo=—3o (A7) Voe D).

This defines B by transposition, by (Bu,¢)x_, x, = — [5q ua%laﬂ(A_lqb) do

for every u € L2(0Q) and every ¢ € HZ ().

If 9 is C? then we can express the operator B by using the Dirichlet map
as follows (see [50] and [66, Chapters 10.6 and 10.7]). Assuming that {2 has a C?
boundary, we define the linear bounded operator D : L?(9) — H'/2(Q2) as the
adjoint of D* € L(H~/2(Q), L*(09)) given by D*g = —a%‘aQ(A_lg), for every
g € L*(Q). Equivalently, given any v € L?(92), Dv is the unique solution in the
sense of distributions of the Laplace equation A(Dv) = 0 with the boundary
condition (Dv)jpq = v. Note that Dv € C*°(Q) by hypoellipticity; in particular,
the Dirichlet map D is not surjective. Then a computation shows that B = AD
where we consider the extension A : L*(Q) — (H?(Q) N H(Q)) (dual with
respect to L?(€)). Note that X/, = L?*(2) and that X_; o = (H*(Q)NHg(2))'.
In particular, we have B € L(U,X_y/3) (and B* € L(Xy/2,U)), and thus
a(B) < 1/2 (actually, by refining the reasoning, we see that a(B) = 1/4).
It follows from Lemma 8 that B is admissible, which is, by Proposition 11,
equivalent to the fact that, for every T" > 0, there exists Kr > 0 such that

15
0

v |9
for every solution of 8;tp = Ay in Q, Pj9q = 0, with ¥(0) € H*(Q) N Hj ().
This result says that the heat equation with boundary control (5.6) is well posed
in the state space X = H~1(Q), with U = L?(09).
It is interesting to note that (5.6) is not well posed in the state space L?(£2),
meaning that, for y° € L?(Q) and u € L?(0,T;99), the solution y of (5.6)

2

o dts Kz (0)ll77 (o)
L2(69)
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may fail to belong to C°([0,T]; L?(£2)) (even in dimension one). Actually, the
2
oY ; 2

%\aﬂ<t)‘ L2(00) dt over all possible 1(0) € L*(2) such that
|4(0)||2(2) = 1 is equal to +oo (see [19, 50]). If we take X = L?() then
B*¢ = _%‘m for every ¢ € H2(Q)NH(Q) and B = AD € L(U, (D(A3/4+))))
for every € > 0 (see [13, Chapter 3.1]), but the continuity property fails for e = 0
(even in dimension one). We have then a(B) = 3/4 and B is not admissible, in
accordance with Lemma 8.

T
supremum of [; ‘

Heat equation with Neumann boundary control. We replace in (5.6)
the Dirichlet control with the Neumann control %‘ 9 = u. In this case, we
set X = L%(Q), U = L?(09Q), we consider the operator A = —/A\ defined on
D(A) = {y € H*(Q) | %laﬂ = 0}, and we obtain B*¢ = ¢jaq and B = AN,
where N is the Neumann map. We do not provide the details. Actually, we have
B € L(U, (D(AY**))) for every € > 0 (see [43, Chapter 3.3]), thus a(B) = 1/4,

and hence B is admissible by Lemma 8.

Second-order equations. Another typical example is provided by second-
order equations. The framework is the following (see [66]). Let H be a Hilbert

space, and Ag : D(Ap) — H be self-adjoint and strictly positive. Recall that

D(Aé/z) is the completion of D(Ap) with respect to the norm ||yHD(A1/2) =
0

v {(Aoy,y) g, and that D(Ag) C D(A(IJ/Q) C H, with continuous and dense

embeddings (see also Remark 45). We set X = D(A(l)/ %) x H, and we define the

skew-adjoint operator A : D(A) — X on D(A) = D(Ap) X D(Aé/Q) by

0 I
().
1/2

Let By € L(U,D(A, ")), where U is a Hilbert space, and D(Aé/z)’ is the dual

of D(A(l)/ 2) with respect to the pivot space H. We consider the second-order
control system

Ouy + Aoy = Bou, y(0) = yo, Opy(0) = y1.

It can be written in the form

9 (y\ _ Yy . (0
7 (&y) =A (&y) + Bu with B = (Bo) .

We have X_; = D(A*) = H x D(A(IJ/Q)’, with respect to the pivot space
X, where D(A(l)/Q)’ is the dual of D(Atl)/Q) with respect to the pivot space H.
Moreover we have B € L(U, H x D(A(lj/z)’)7 and B* € L(D(Ap) x D(A(l)/Q)7 U)

L « (0
is given by B _<BE§ .
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Proposition 12. The following statements are equivalent:
e B is admissible.

o There exists Kp > 0 such that every solution of

Duth + Agp =0, 9(0) € D(Ag), 9,4(0) € D(A?)

T
satisfes [ |B30u0(0 dt < K (IO, s, + 100(0)y).
0
e There exists Kr > 0 (the same constant) such that every solution of

Buty + Agh =0, (0) € H, 9(0) € D(AY?)

T
satisfies / 1B @17 dt < K (O3 + 100601 172, ) -

?(examplewave)? Example 21. As a particular case, let us consider the wave equation with

Dirichlet boundary control
Oy = Ay in Yoo = u.

We assume that © has a C? boundary. We set H = H~1(Q), and we take
Ag = —A : D(Ag) = HE(2) — H (isomorphism). We have D(A(l)/2) = L*(Q),
and the dual space (D(A(l)/z))’ (with respect to the pivot space H = H~1(1))
is equal to the dual space (H2(Q) N HE ()" (with respect to the pivot space
L?(Q)). The state space is X = D(Aé/z) x H = L?(Q) x H (), and we
have X7 = D(A) = H3(Q) x L*(Q) and X_; = H=Y(Q) x (H2(Q) N HZ(2))".
The spaces X, can be computed easily. Setting U = L?(dQ), the controlled
wave equation is written as y; = —Apy + Bou in (D(A(l)/Q))’, where B¢ =
T (Ay'¢)jaq for every ¢ € L*(Q), or, equivalently, By € L(U,D(A(l)/Q)’) is
given by Bou = A_1Du for every u € U, where D is the Dirichlet mapping.
Then we obtain that B € L(U, X_;/2), and therefore, since A is normal, it
follows from Lemma 8 that B is admissible. This is equivalent to the existence
of K7 > 0 such that

[
0

ov
for every v € C°([0,T); H2(Q)) N C1((0,T); H*(Q)) solution of

Oup =LY inQ, oo =0,  ¥(0) =vo, 9p(0) = ¥1.

2

at < K (|Iol3y ) + 1011320 )
L2(89)

This inequality is usually referred to as a hidden regularity property for the
Dirichlet wave equation (see [18, 19, 50]).

We refer to [13, 66] (and literature cited therein) for many other examples.
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5.2 Controllability

Throughout the section, we consider the linear control system (5.1) with the
framework given in the introduction of the chapter. We do not assume that B
is admissible.

5.2.1 Definitions

Let us define the concept of controllability.

A priori, the most natural concept is to require that for a given time T,
for all yo and y; in X, there exists a control v € L2(0,7T;U) such that the
corresponding solution of (5.1), with y(0) = yo, satisfies y(T) = y;. In finite
dimension, a necessary and sufficient condition is the Kalman condition. In infi-
nite dimension, new difficulties appear. Indeed, let us consider a heat equation
settled on a domain 2 of IR™, with either an internal or a boundary control. Due
to the regularizing effect (see Remark 41, see also [13]), whatever the regularity
of the initial condition and of the control may be, the solution y(t, -) is a smooth
function (of ) as soon as ¢ > 0, outside of the control domain. It is therefore
hopeless to try to reach a final target y(T) = y; € L*(£2) in general (unless y; is
smooth enough, so as to belong to the range of the heat semigroup). However,
for such a parabolic equation, it makes sense to reach either y(7') = 0, or to
"almost reach” any y; € L?(£). This motivates the following definitions.

(defnotionscont) Nyefinition 16. Let T > 0 arbitrary. The control system (5.1) is said to be:

e cxactly controllable in (the state space) X in time T if, for all (yo,y1) €
X2, there exists u € L2?(0,T;U) such that the solution (5.2) of (5.1)
satisfies y(T'; yo, u) = y1;

e approzimately controllable in X in time T if, for all (yo,y1) € X2, for
every e > 0, there exists u € L2(0,T;U) such that ||ly(T;yo,u) —y1|x < &;

e cxactly null controllable in X in time T if, for every yo € X, there exists
u(-) € L?(0,T;U) such that y(T;yo,u) = 0.
(remprelindualitycontobs) Remark 55. Using the representation of the solutions y(T) = S(T)yo + Lru
(see (5.2)), with Lz defined by (5.3), we make the following remarks:

e The control system (5.1) is exactly controllable in X in time T if and only
if Ran(Lr) = X. In particular, if this is true, then B must be admissible
and thus a(B) < 1/2.

e The control system (5.1) is approximately controllable in X in time T if
and only if Ran(Ly) N X is dense in X.

e The control system (5.1) is exactly null controllable in X in time T if and
only if Ran(S(T')) C Ran(Lr).
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Remark 56. Note that, if Ran(Ly) = X for some T > 0, then Ran(L;) = X
for every t > T. Indeed, taking (as in the proof of Lemma 6) controls such that
w=0on (0,t—T), we have Lyu = ftt,T S(t—s)u(s)ds = fOT S(T —7)u(r)dr =
Lrpu. This shows that if the control system (5.1) is exactly controllable in time
T then it is exactly controllable as well in any time t > T'.

Remark 57. We speak of approximate null controllability in time 7" when one
takes the target y; = 0 in Definition 16; equivalently, Ran(S(7")) is contained
in the closure of Ran(Ly). Approximate controllability and approximate null
controllability (in time T') coincide when S(T')* is injective, i.e., when Ran(S(T))
is dense in X.

There are other notions of controllability, depending on the context and
on the needs, for instance: spectral controllability, controllability to finite-
dimensional subspaces, controllability to trajectories (see, e.g., [17, 66] and
references therein).

5.2.2 Duality controllability — observability

As for the admissibility, we are going to provide a dual characterization of the
controllability properties. To this aim, it suffices to combine Remark 55 with
the following general lemma of functional analysis (see [11] for the first part and
[16, 71] for the last part).

(lemgenanafonc) [emyma 9. Let X and Y be Banach spaces, and let F € L(X,Y). Then:

e Ran(F) is dense in Y (that is, F is "approximately surjective”) if and
only if F* € L(Y', X') is one-to-one, that is: for every z € Y/, if F*2 =0
then z = 0.

e Ran(F) =Y (that is, F is surjective) if and only if F* € L(Y', X') is
bounded below, in the sense that there exists C' > 0 such that ||F*z||x: >
C|lz|ly+ for every z € Y.

Let X, Y and Z be Banach spaces, with Y reflexive, and let F € L(X,Z) and
G € L(Y,Z). Then Ran(F) C Ran(G) if and only if there exists C > 0 such
that ||F*z||x» < C||G*z||y for every z € Z'.

It is interesting to stress the difference with the finite-dimensional setting,
in which a proper subset cannot be dense. The fact that, in infinite dimension,
a proper subset may be dense explains the fact that the notion of approximate
controllability is distinct from the notion of exact controllability.

Now, applying Lemma 9 to the operators Ly and S(T'), we get, with Remark
55, the following result.

(dualityondes) Thoorem 30. Assume that X and U are reflezive. Let T > 0 arbitrary.

e The control system (5.1) is exactly controllable in X in time T if and only
if there exists Cr > 0 such that that

T
/ IB*S*(T — t)2|3, dt > Crll2l%k V€ D(A*).  (5.7)[inegobs]
0
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e The control system (5.1) is approzimately controllable in X in time T if
and only if the following implication holds true:

Vze D(A*) Vte[0,T] B*S*(T—t)z=0 = z=0.  (5.8)[prolongunique]

e The control system (5.1) is exactly null controllable in X in time T if and
only if there exists Cp > 0 such that

T
/ |B*S*(T = t)z]}3 dt > Cr||S(T)' 2% V€ D(A").  (5.9)[obscont]
0

(rem51) Remark 58. The inequalities (5.7) and (5.9) are called observability inequali-
ties. As in Remark 53, they can be written for every z € X’ provided that B*
be replaced with its A-extension B}. The largest constant C'r > 0 such that
(5.7) (or (5.9)) holds true is called the observability constant.

Like the admissibility inequality, an observability inequality is an energy-like
inequality, but from below. Proving observability inequalities is a challenging
issue in general for PDEs. We will mention some examples further.

Remark 59. The implication (5.8) corresponds exactly, in the context of PDEs,
to a unique continuation property. A classical tool used to derive such a property
is the Holmgren theorem (see [49, 50]).

Remark 60. Setting ¢(t) = S*(T — t)z, we have

pt) =—-A"p(t),  »(T) =72
and the properties above can be interpreted in terms of ¢(¢) which is the infinite-

dimensional version of the adjoint vector of the finite-dimensional setting.
Usually, we rather consider ¢(t) = (T —t) = S*(t)z, and hence we have

Y(t) = A"Y(t),  P(0) ==
This is the adjoint equation.

In terms of this adjoint equation, the approximate controllability property is
equivalent to the unique continuation property: B*i(t) = 0 for every ¢ € [0, T
implies ¥ (-) = 0. The exact controllability is equivalent to the observability
inequality

T
/0 1B ()2 dt > Crl[e(0)3

for every solution of the adjoint equation, and the exact null controllability is
equivalent to the observability inequality

T
/0 1B @3 dt > Crll(T)|%.

Remark 61. As announced in Remark 6 in Chapter 1, the observability in-
equality (5.7) is the infinite-dimensional version of the observability inequality
(1.2) obtained in the finite-dimensional setting.

Note that, in finite dimension, the properties (5.7) and (5.8) are equivalent,
whereas, in the infinite-dimensional setting, there is a deep difference, due to
the fact that a proper subset of an infinite-dimensional space may be dense.



1000 CHAPTER 5. LINEAR CONTROL SYSTEMS IN BANACH SPACES

Gramian operator. As in Remark 6 and in Theorem 3, we can similarly de-
fine the Gramian operator in the present context of Banach spaces. Its general
definition is the following. Assume that X and U are reflexive. Recall that, in
general, we have Ly € L(L*(0,T;U), (D(A*))') and L. € L(D(A*),L*(0,T;U"))
(see the proof of Lemma 7). Identifying U ~ U’ and L?(0,T;U) ~ L*(0,T;U"),
we define the Gramian operator

Gr =Lyl = /OT S(T —)BB*S(T — t)* dt € L(D(A*),(D(A*))) (5.10)[ast_cT]

where, in the formula above, BB* is to be understood as BJB* where J : U’ —
U is the canonical isomorphism.

If B is admissible then Ly € L(L*(0,T;U), X) and L% € L(X', L*(0,T;U")),
and therefore we have that Gp € L(X’, X). The expression of G is still given
by (5.10) when applied to some element z € D(A*). Using Remark 53, it can
be noted that the expression of G on the whole space X’ is given by

T
Gr = / S(T*i)BABZS(Tft)* dt.
0

If the control system (5.1) is exactly controllable in time 7', then, using
(5.7) and Remark 58, it follows that (G172, 2) p(a+y p(a«) = Cr|z||%. for every
z € D(A*); the converse inequality is satisfied if B is admissible. In other words,
we have the following lemma.

(1enGT) | emma 10. The control operator B is admissible and the control system (5.1)

is exactly controllable in time T if and only if Gr : X' — X is an isomorphism
satisfying Cr||z||% < (Grz,2)x' x < Krl||2||%/ for every z € X'.

5.2.3 Hilbert Uniqueness Method

The Hilbert Uniqueness Method (in short, HUM; see [19]) is based on Lemma
10 by noticing that, in the context of this lemma, the norm || - ||x+ is equivalent
to the norm given by ((Grz,2)x: x)'/?. This gives a characterization of the
state space X in which we have exact controllability.

HUM can then be stated as follows. Let Y be a reflexive Banach space, let
A: D(A) = Y be an operator generating a Cy semigroup and let (Y, )aer be
the associated scale of Banach spaces. Let U be a fixed reflexive Banach space
and let B € L(U,Y_,) be a control operator. Let Z be the completion of D(A*)
for the norm ((Grz,z)p(a+y,p(a=))'/?, and let X be a Banach space such that
X' = Z. Then X is exactly the Banach space for which Lemma 10 is satisfied,
i.e., B is admissible and the control system (5.1) is exactly controllable in time
T, for this state space X.

HUM may as well be restated in the other way round: the (reflexive Banach)
state space X is fixed and one wants to characterize the control Banach space
U for which admissibility and exact controllability are satisfied.
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HUM functional. In the conditions of Lemma 10, the functional J defined
by

TW) = 5(Grz x4 (5 5@o —yhxrx WX

is smooth and coercive in X', hence J has a unique minimizer z, satisfying

0=VJ(@)=Grz+S(T)yo—y1.

Defining the so-called HUM control by u(t) = B*S(T — t)*z = (L7Zz)(t), the
above equality says that S(T)yo + Lru = y1, i.e., y(T;yo,4) = y1. In other
words, the control @ steers the control system (5.1) from yo to y; in time T.
Actually, the control % is even the minimal L? norm control realizing this con-
trollability property (see [19]): this can also be seen by observing that, when
wanting to solve the overdetermined equation Lru = y; — S(T)yo, the control
of minimal L? norm is given by u = L#(yl — S(T)yo) where L# is the pseudo-
inverse of Lz (this is indeed a well known property of the pseudo-inverse); since
L¥ = L5 (LyLi)~' = LG, the claim follows.

HUM for exact null controllability. When wanting to realize an exact null
controllability result for a control system that is not exactly controllable (like
the heat equation), of course the conclusion of Lemma 10 does not hold. In
terms of the Gramian operator, the observability inequality (5.9) is written as
(Grz,2) prary peasy = OrlIS(T)*2|%, for every z € D(A*).

We can however still write the HUM functional as above (with an addi-
tional care) and determine the minimal L? norm control steering the control
system (5.1) to 0 in time 7. The HUM functional J is defined as above, for
every z € D(A*), with the duality bracket (Grz,z)p(a-y p(a-) for the first
term. The functional J is however not coercive in X’. To recover such a prop-
erty, we define the Banach space X' as the completion of D(A*) for the norm
((Grz, z}D(A*),’D(A*))l/Q. Note that the space X is in general much larger than
D(A*) and may even fail to be a space of distributions (see [19]). Anyway,
there is a unique minimizer Z € X of J, satisfying therefore 0 = V.J(¢) =
GrZz + S(T)yo, and then the HUM control u(t) = B*S(T — t)*z = (LrZ)(t)
steers the control system (5.1) to 0 in time 7', and is the control of minimal L?
norm doing so.

5.2.4 Further comments

Kalman condition in infinite dimension. It is interesting to mention that
the unique continuation property implies an infinite-dimensional version of the
Kalman condition. A simple sufficient condition is the following.

Lemma 11. We assume that X is reflexive and that B € L(U, X) is a bounded
control operator. We set

Uoo:{ueU | BueﬁOD(A")}.

n=1
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If the set Ky = Span{A™Bu | u € Us, n € IN} is dense in X then the control
system (5.1) is approzimately controllable in any time T > 0.

Note that the set K is the infinite-dimensional version of the image of the
Kalman matrix in finite dimension.

Proof. We use the equivalence between approximate controllability and (5.8).
Note that, in (5.8), it suffices to take z in any dense subspace of D(A*). Let
z € N2 D((A*)™) (which is dense in D(A*)) be such that B*S(T —t)*z = 0 for
every t € [0,7]. Then, by successive derivations with respect to ¢, and taking
t =T, we obtain B*(A™)*z = 0, hence (z, A"Bu)x: x = 0, and therefore z =0
because Kr is dense in X. O

We refer the reader to [65] for a more precise result (and an almost necessary
and sufficient condition).

Necessary conditions for exact controllability. Let us assume that X
is of infinite dimension, and let us provide general conditions under which the
control system (5.1) is never exactly controllable in finite time T, with controls
in L2(0,T;U). We have already seen that exact controllability implies that B
is admissible (and thus «a(B) < 1/2).

1. We assume that the control operator B is bounded, that is, B € L(U, X),
and that B is compact (i.e., the image by B of the unit ball of U is
relatively compact).

It is easy to see that the operator L is compact, and hence, since X
is infinite dimensional, and by the Riesz compactness lemma, the con-
trol system (5.1) cannot be exactly controllable in any time 7" > 0 (with
controls in L?(0,T;U)).

For instance, B is compact if U is finite dimensional. This means that it is
impossible to control exactly an infinite-dimensional system with a finite
number of controls (see [20, Theorem 4.1.5]).

2. We assume that the control operator B is bounded, that is, B € L(U, X),
and that the semigroup (S(t));>0 is compact for every ¢ > 0. This is the
case for instance for the heat equation with internal control.

For every ¢ > 0, we define the operator Ly : L?(0,T;U) — X by Ly .u =
T—

Jo " S(T —t)Bu(t) dt.

Clearly, Lt . converges strongly Lt as € tends to 0.

Besides, using the fact that S(T —t) = S(e)S(T — e — t), we get that

Ly, = S(e)Lr—, and hence we infer that Ly, is a compact operator, for

every € > 0.

Therefore Ly is compact as well, and hence, since X is infinite dimensional,
the control system (5.1) cannot by exactly controllable in any time T' > 0
(with controls in L?(0,T;U)).
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3. We assume that X ~ X’ and U ~ U’ are Hilbert spaces, and that A
is a self-adjoint positive operator with compact inverse. We recall that
X12 = D(AY?) is the completion of D(A) for the norm /(Az,z), and
X_12 = X{ /2 with respect to the pivot space X (see also Remark 45).
We assume that the control operator is such that B € L(U, X_y/3) (that
is, its degree of unboundedness is less than or equal to 1/2, see Remark
54, and hence in particular B is admissible).

Let (¢;);en~ an orthonormal basis of (unit) eigenvectors of A associated
with eigenvalues A\; > 0, with A\; — 400 as j — +oo. Firstly, we have

T T

/O 1B*S(T — t)* o, |3 dt = / AT B, |3 dt
1
I\

(5.11) [fnesat 00|

1B* ;113 = 1B*(=4) = ¢51I7

as j — 4o0.

Secondly, since the operator (—A)~'/2 is compact, it follows that the op-
erator B*(—A)~/2 € L(X,U) is compact as well.

Thirdly, we claim that the sequence (¢;);en~ converges to 0 for the weak
topology of X. Indeed, since ij(m,@)%( < +oo for every x € X (by
Parseval for instance), it follows that (x,¢;)x — 0 as j — +oo, for every
x € X. This is exactly the desired weak convergence property.

Since B*(—A)~Y/2 € L(X,U) is compact and since ¢; — 0, it follows that
B*(fA)’l/ngj converges strongly to 0. Then, from (5.11), we infer that
the observability inequality (5.7) does not hold true.

We conclude that the control system (5.1) cannot by exactly controllable
in any time 7 > 0 (with controls in L?(0,T;U)).

We refer to [66, Proposition 9.1.1] for such arguments.

5.2.5 Examples

Heat equation with internal control and Dirichlet boundary condi-
tions. Let O C R"™ be a bounded open set having a C? boundary, and let
w C € be an open subset. Consider the heat equation with internal control and
Dirichlet boundary conditions

dy=20y+xou inQ  yao=0,  y(0)=uyo€ L*Q).

***% Reprise de ’exemple précédent: réf... *** We set X = L?(Q), and
A=-A:D(A) = X, where D(A) = X; = H}(Q) N H?(Q). The operator A is
self-adjoint, and X _; = D(A*)" = (H () N H%(Q))’, with respect to the pivot
space L?(Q). The control operator B is bounded, defined as follows: for every
u € U = L?*(w), Bu is the extension of u by 0 to the whole €.
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*** Note that it follows from Holmgren’s theorem that the heat
equation is approximately controllable in L2. Voir Li Yong page 282.
*okok

Since B is bounded, we already know that it is admissible. Note however
that B is an admissible control operator if and only if, for every T° > 0, there
exists K7 > 0 such that every solution of

Op=2»01% inQ,  Paa=0,  P(0)e H}(Q)NHHQ)

satisfies .
| [ vter e i< Krlw ),
0 w

which is indeed true. *** déja dit !l ***

*** Donner ’inegalité d’obs, et dire qu’elle est toujours vraie par
Carleman, cf Coron page 80 ou Tucsnak Weiss. ***

*** heat equation with Dirichlet control: Li Yong page 361. Le
pb de regularite est explique page 366, ainsi que dans Lions (vieux
bouquin) page 217.

wave equation: voir Li Yong page 284 ***

*** Pour rappel:

- Equation chaleur avec controle Dirichlet: bien posée dans H~!,
mais pas dans L?. Ce qui veut dire que, pour une donnée initiale L? et
un contrdle L?, la solution vit dans I’espace H~!, mais pas forcément
dans ’espace L2.

- Pourtant, elle est exactement controlable a zero dans L?
*ok ok

One-dimensional wave equation with Dirichlet boundary control. Let
T > 0 and L > 0 be fixed. We consider the 1D wave equation with Dirichlet
boundary control at the right-boundary:

04y = 022y, te (0,T), z € (0,L),
y(t,0) =0, y(t, L) = u(t), te(0,7), (5.12) [ondes]
y(ovx) = yO(x)’ aty(oax) = yl(x)v T e (OvL)v

where the state at time ¢ € [0,7] is (y(¢, ), y:(¢,)) and the control is u(t) € R.
Let us establish that this equation is exactly controllable in time T in the space
L?(0,L) x H=1(0, L) with controls u € L?(0,T) if and only if T' > 2L.

By Theorem 30, this is equivalent to establishing the following observability
inequality: there exists Cr > 0 such that, for all (¢, 1) € H}(0,L) x L*(0, L),
the solution of

1/Jtt = Qﬁma

¥(t,0) =9(t, L) =0, (5.13)[ondesadjoint|
w(07 ) = 1/10('), atd)(ov ) = 11’1()
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satisfies
T
| e npacc /(wo( )2+ 1 (@) o, (5.14) [negobeiet]

Given any T > 2L, let us establish (5.14) by using spectral expansions (Fourier
series). Setting

oo
kmx

. = . kmz
o(z) = 2 ap sin —— and  Py(x) = Z by, sin -

the solution of (5.13) is

> knt byl . kmt\ . knx
Y(t,x) = Z <ak cos —— + —r S DL) sin ——.

Then

T 2L
/ 0,068, L) dt > / 00 (t, I)|? dt
0 0

2

— km kmt kmt
1)k 22 g

E (-1) (Lakcos T + by, sin L)

2L
-/ dt
0 k=1
00 ‘ 2L
= Z (—1)7+F /0 (aj cos(jmt) + b; sin(jnt))(ax cos(knt) + by sin(knt)) dt
k=1

X / sin(jnx) sin(krz) dx

Z (a; —l—b /51n2(j7mc)dx

*** A REPRENDRE........ *kk
1. En déduire I'inégalité (5.14) pour T' = 2L, puis pour T > 2L.

2. En déduire que, pour tout T > 2L, le systéme (5.12) est exactement
contrélable en temps T dans L2(0, L) x H~1(0, L), avec des controles u €
L%(0,T).

3. Démontrer que le systéme (5.12) n’est pas controlable en temps T < 2L.

Indication : pour T < 2L — 2§, ou é§ > 0, considérer la solution
de Yy = Ypy,, ¥(t,0) = Y(t,L) = 0, ayant en t = T/2 des
données & support contenu dans l'intervalle 0, d], et montrer
que 'inégalité d’observabilité (5.7) n’a pas lieu, en utilisant le
fait que la vitesse de propagation de I’équation des ondes est
égale a 1.

4. Décrire rapidement la méthode HUM pour T = 2.
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One-dimensional semilinear heat equation. Let L > 0 be fixed and let
f:R — R be a function of class C? such that f(0) = 0. We consider the 1D
semilinear heat equation

Yt = Yue + f(y),  y(t,0) =0, y(t, L) =u(?), (5.15)[ eqcont0]

where the state is y(¢,-) : [0, L] = IR and the control is u(¢t) € R.

We want to design a feedback control locally stabilizing (5.15) asymptotically
to 0. Note that this cannot be global, because we can have other steady-states
(a steady-state is a function y € C?(0,L) such that y”(z) + f(y(z)) = 0 on
(0,L) and y(0) = 0). By the way, here, without loss of generality we consider
the steady-state 0.

Let us first note that, for every T > 0, (5.15) is well posed in the Banach
space Yy = L2(0,T; H%(0,L)) N H'(0,T; L*(0, L)), which is continuously em-
bedded in L>((0,T) x (0, L)).2

First of all, in order to end up with a Dirichlet problem, we set z(¢,z) =
y(t,x) — Fu(t). Assuming (for the moment) that u is differentiable, we set
v(t) = v/(t), and we consider in the sequel v as a control. We also assume that
u(0) = 0. Then we have

2t = zgz + [1(0)2 + %f’(())u - %v +r(t,x), 2(t,0) = z(t,L) = 0, (5.16)[reducedproblen?]

with z(0,2) = y(0,z) and

r(t,z) = (z(t,ac) + %u(t))2 /01(1 —s)f" (sz(s,a:) + s%u(s)) ds.

Note that, given B > 0 arbitrary, there exist positive constants C; and Cs such
that, if |U(t)| < B and ||Z(t7 ')”L‘X’(O,L) < B, then

Ir(t, = o.2) < Cr(u(®)® + 2(t, MG 0,.0)) < Ca(u(®)? + [t )1 0,1))-

In the sequel, (¢, z) will be considered as a remainder.
We define the operator A = A + f/(0)id on D(A) = H?(0, L) N H}(0, L), so
that (5.16) is written as

, 2t = Az +au+bv + z(t,0) = z(t,L) = 0, (5.17) [reducedproblen3|

2Indeed, considering v € L2(0,T; H*(0,L)) with v, € H'(0,T;L?(0,L)), writing v =
>,k Cike e, we have

U="v

1/2 1/2
1 .
Dolewl < (D —5—7 Do+ K legl?
- — 1+j°+k -
J,k J)k i,k
and these series converge, whence the embedding, allowing to give a sense to f(y).
Now, if y1 and y2 are solutions of (5.15) on [0,T], then y1 = y2. Indeed, v = y1 — y2 is
solution of vy = vzz + av, v(t,0) = v(¢t,L) = 0, v(0,z) = 0, with a(t,z) = g(y1 (¢, z),y2(¢t, z))
where g is a function of class C'. We infer that v = 0.
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with a(z) = £ f'(0) and b(z) = —%.

Since A is self-adjoint and has a compact resolvent, there exists a Hilbert
basis (e;);>1 of L?(0, L), consisting of eigenfunctions e; € H} (0, L) N C*([0, L])
of A, associated with eigenvalues (A;);>1 such that —co < -+ < A, < -+ < Mg
and A\, — —o0 as n — +o0.

Any solution 2(¢,-) € H?(0,L) N H}(0,L)

) (5 16), as long as it is well
defined, can be expanded as a series z(t,-)
1,

of
E ( Je;(+) (converging in
H}(0,L)), and then we have, for every j >

2i(t) = \jzi(t) + aju(t) + bjv(t) + r;(¢), (5.18) 7sysdiag?
with

/ L L L
a; = fg))/o zej(z)dx, b; :—%/0 zej(z) de, rj(t):/o r(t,x)ej(x) d.

Setting, for every n € IN*,

u(t) 0 0 - 0 1

z1 (t) aq )\1 0 b1 71 (t)
X, (t) Ay = . .| Ba= , Ra(t) = ;

Zn (1) a, O An b, 7 (t)

we have, then, .
Xn(t) = A X0 (t) + Bpo(t) + Ru(t).

Lemma 12. The pair (A,, B,) satisfies the Kalman condition.

Proof. We compute
det (Bn, AnBy, .. ., H a; 4+ \ib;) VAM(AL, ..., Ap) (5.19) [deter]

where VAM(A1,..., ;) is a Van der Monde determinant, and thus is never
equal to zero since the \;, i = 1...n, are pairwise distinct. On the other part,
using the fact that each e; is an eigenfunction of A and belongs to Hg (0, L), we
compute

1 [E 1 [
a; + \jb; = z/o z(f(0) = \))e;(z) dx = _z/o xelj (x) de = —ej(L),

and this quantity is never equal to zero since e;(L) = 0 and e; is a nontriv-
ial solution of a linear second-order scalar differential equation. Therefore the
determinant (5.19) is never equal to zero. O

By the pole-shifting theorem (Theorem 18), there exists K,, = (ko,...,kn)
such that the matrix A,, + B, K,, has —1 as an eigenvalue of multiplicity n + 1.
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Moreover, by the Lyapunov lemma (see Example 8), there exists a symmetric
positive definite matrix P, of size n 4+ 1 such that

P, (An + BoKy) + (An + BoKy) ' Py = — Iy

Therefore, as shown in Example 8, the function defined by V,(X) = X P, X
for any X € R™ is a Lyapunov function for the closed-loop system X, (t) =
(A, + B, K,,) X, (t).

Let v > 0 and n € IN* to be chosen later. For every u € R and every
z € H%(0,L)N HY(0, L), we set

1 1
Vi, 2) =7 X PuXn — 5 {2 A2)120,0) = 7 X PaXn — 5 Z} Az (5.20)

where X, € R""" is defined by X,, = (u, 21, ...,2,) " and z; = (2(-), & (-)) r2(0,1.)
for every j.

Using that A, — —oo as n — +o00, it is clear that, choosing v > 0 and
n € IN* large enough, we have V(u,z) > 0 for all (u,z) € R x (H?(0,L) N
HL(0,L)) \ {(0,0)}. More precisely, there exist positive constants C3, Cy, Cs
and Cg such that

Cs (42 + 2l 0,0)) < Viw2) < Ci(w?+ 230 ) -
V(w2) < O (Xl + 142130, ) ColXal} < Viw,2),

for all (u,2) € R x (H?(0,L) N H}(0,L)). Here, || ||2 designates the Euclidean
norm of R™ ™.

Our objective is now to prove that V' is a Lyapunov function for the system
(5.17) in closed-loop with the control v = K, X,,.

In what follows, we thus take v = K,X, and u defined by &« = v and
u(0) = 0. We compute

%V(U(t)»Z(t)) = 7| X (I3 = [ A2(t, )72 — (A2(t, ), a() reu(t)
- <Az(t7 ')7 b(')>L2Kan(t) - <A2(tv ')7 T(t, ')>L2
5 (Ra() T PuXa(t) + X, (8)T PRy (1)) . (5.21) [avuzat)

Let us estimate the terms at the right-hand side of (5.21). Under the a priori
estimates |u(t)| < B and ||2(t,-)||L(0,z) < B, there exist positive constants C7,
Cs and Cy such that

1
|(Az, @) 2l + (A2, b) 2 Kn Xa| < 7] 4272 + Orl1 X3,
1 C
(Az,7)12] < Z||A2]22 + CsV2, |[Ralle < A2V,
4 Cs

C
Iy (R} P, X, + X,) PuR,) | < ﬁﬁvw?
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We infer that, if v > 0 is large enough, then there exist positive constants
C10 and C71 such that %V < =0V + C11 V32, We easily conclude the
local asymptotic stability of the system (5.17) in closed-loop with the control
v=K,X,.

Remark 62. Of course, the above local asymptotic stability may be achieved
with other procedures, for instance, by using the Riccati theory (see [71] for
Riccati operators in the parabolic case). However, the procedure developed
here is much more efficient because it consists of stabilizing a finite-dimensional
part of the system, mainly, the part that is not naturally stable. We refer to [18]
for examples and for more details. Actually, we have proved in that reference
that, thanks to such a strategy, we can pass from any steady-state to any other
one, provided that the two steady-states belong to a same connected component
of the set of steady-states: this is a partially global exact controllability result.

The main idea used above is the following fact, already used in the remark-
able early paper [59]. Considering the linearized system with no control, we
have an infinite-dimensional linear system that can be split, through a spectral
decomposition, in two parts: the first part is finite-dimensional, and consists
of all spectral modes that are unstable (meaning that the corresponding eigen-
values have nonnegative real part); the second part is infinite-dimensional, and
consists of all spectral modes that are asymptotically stable (meaning that the
corresponding eigenvalues have negative real part). The idea used here then
consists of focusing on the finite-dimensional unstable part of the system, and
to design a feedback control in order to stabilize that part. Then, we plug this
control in the infinite-dimensional system, and we have to check that this feed-
back indeed stabilizes the whole system (in the sense that it does not destabilize
the other infinite-dimensional part). This is the role of the Lyapunov function
V defined by (5.20).

This idea has been used as well to treat other parabolic problems. But it is
interesting to note that it does not work only for parabolic systems: this idea
has been as well used in [19] for the 1D semilinear equation

Ytt = Yax + f(y), y(tv 0) = 07 yz(t7 L) = U(t)v

with the same assumptions on f as before. We first note that, if f(y) = cy is
linear (with ¢ € L>°(0, L)), then, setting u(t) = —ay:(t, L) with a > 0 yields an
exponentially decrease of the energy fOL (y¢(t, )2 + y.(t,x)?) dt, and moreover,
the eigenvalues of the corresponding operator have a real part tending to —oo
as « tends to 1. Therefore, in the general case, if « is sufficiently close to 1
then at most a finite number of eigenvalues may have a nonnegative real part.
Using a Riesz spectral expansion, the same kind of method as the one developed
above can therefore be applied, and yields a feedback based on a finite number
of modes, that stabilizes locally the semilinear wave equation, asymptotically
to equilibrium.

Equivalence between observability and exponential stability. The fol-
lowing result is a generalization of the main result of [28].
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Theorem 31. Let X be a Hilbert space, let A: D(A) — X be a densely defined
skew-adjoint operator, let B be a bounded self-adjoint nonnegative operator on
X. We have equivalence of:

1. There exist T > 0 and C > 0 such that every solution of the conservative
equation ¢(t) + Ap(t) = 0 satisfies the observability inequality

T
o)1 < C [ 1B 2600 dt.
2. There exist C1 > 0 and § > 0 such that every solution of the damped
equation §(t) + Ay(t) + By(t) = 0 satisfies
BEy(t) < ClEy(O)e_6t7
where B, (t) = 5 [ly(t)[I%-

Proof. Let us first prove that the first property implies the second one: we want
to prove that every solution of ¢ + Ay + By = 0 satisfies

1 _ 1 _
Ey(t) = 5 ly®)I < By(0)e " = S y(0)Fe

Consider ¢ solution of ¢ + A¢ = 0, #(0) = y(0). Setting 8 = y — ¢, we have

0+ A6 + By = 0, 6(0) = 0. Then, taking the scalar product with 6, since A is

skew-adjoint, we get (0 + By, ) x = 0. But, setting Eg(t) = 1(/6(¢)|%, we have

Ey = —(By,6)x. Then, integrating a first time over [0,], and then a second
time over [0, T, since Ey(0) = 0, we get

T T
/0 Ey(t) dt:f/o /O<By(s),0(s))x ds dt
T
__ / (T — 1) (BY2y(t), BY20(t)) x dt,
0

where we have used the Fubini theorem. Hence, thanks to the Young inequality
ab < 2a* 4+ 5b? with a = 2, we infer that

1 T T
fAIWM&ﬁ<ﬂBWWAHBWMMMWMMﬁ

2
T 1 T
<Tﬂﬁﬂw/|wwmm@w+1/|wm&ﬁ
0 0

and therefore,

T T
A|wm&ﬁ<ﬂwyﬂ&4\wwmwiﬁ
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Now, since ¢ = y — 0, it follows that
T T T
[ 1B o de < [ 1B Ayl 2 [ 1B 00 d
0 0 0

T
< @sT B [ B0 R ar
0

Finally, since

1 c [r
B,0) = Bo(0) = 5101 < 5 [ 1200 at
it follows that E,(0) < C(1 + 4T2\|Bl/2||4)f0T | BY/2y(t)||% dt. Besides, one
T
has B(t) = —|BY2y(0)l%, and then [ BY2y()|3dt = E,(0) — B,(T).
Therefore

E,(0) < C(1+4T?|BY2|")(E,(0) - By(T)) = C1(E,(0) — E,(T))

and hence
i —1
< = -

E,(T) < =5—E,(0) = G, 0),

with Cy < 1.
Actually this can be done on every interval [KT,(k + 1)T], and it yields
E,((k+1)T) < CoE,(kT) for every k € N, and hence E,(kT) < E,(0)C5.
For every t € [kT, (k+1)T), noting that k = [%] > %71, and that In C% > 0,
it follows that

1
C} = exp(kIn Cy) = exp(—kIn 6) < — exp( 2 1)
2
and hence E,(t) < E,(kT) < 0E,(0) exp(—dt) for some § > 0.
Let us now prove the converse: assume the exponential decrease, and let us
prove the observability property.
From the exponential decrease inequality, one has

T
/HF%@@ﬁ=%@—%@nﬂhcmﬂﬁﬂm:@%@wmmnmm
0
and for T' > 0 large enough there holds Cy = 1 — C1e™97 > 0.
Then we make the same proof as before, starting from b+ Ap = 0, that
we write in the form ¢ + A¢ + B = B¢, and considering the solution of
g+ Ay + By = 0, y(0) = ¢(0). Setting § = ¢ — y, we have § + A0 + Bl =
B¢, 6(0) = 0. Taking the scalar product with 6, since A is skew-adjoint, we
get (8 + BO,0)x = (B¢, 0)x, and therefore Ey + (B6,0)x = (B¢, 0)x. Since
(B,0)x = ||B?0||x >0, it follows that Ey < (B,0)x. As before we apply
fOT fg and hence, since Ey(0) = 0,

T T rt T
s s))x dsdt = — 1/2 1/2 x dt.
/O Ee(t)dt</0 /O<B¢>( ),0(s))x ds dt /O (T—t)(B"=o(t), B/70(t)) x dt
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Thanks to the Young inequality, we get, exactly as before,

1

T T
3 | I ar<iE ) [ B o o)

T T
1
<TBI [ 1B o e+ g [ 100l

and finally,

T T
/0 10012 dt < AT2|[BY2|% / 1BY26(1) % dt.

Now, since y = ¢ — 0, it follows that

T T T
[ 1Bk <z [ B o0 a2 [ 1B 0] d
0 0 0
T
<+ sTB Y [ 1B el dr
0
Now, using (5.22) and noting that E,(0) = E4(0), we infer that

T
CoE,4(0) < (2 + 8T2|BY2|1Y) / 1BY2(1) |3 dt.
0

This is the desired observability inequality. O

Remark 63. This result says that the observability property for a linear con-
servative equation is equivalent to the exponential stability property for the
same equation in which a linear damping has been added. This result has been
written in [28] for second-order equations, but the proof works exactly in the
same way for more general first-order systems, as shown here. However, this
proof uses in a crucial way the fact that the operator B is bounded. We refer to
[2] for a generalization for unbounded operators with degree of unboudedness
< 1/2, and only for second-order equations, with a proof using Laplace trans-
forms, and under a condition on the unboundedness of B that is not easy to
check (related to “hidden regularity” results). For instance this works for waves
with a nonlocal operator B corresponding to a Dirichlet condition, in the state
space L? x H~1, but not for the usual Neumann one, in the state space H' x L?
(except in 1D).

*** Moment method? ***
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