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Abstract

The turnpike phenomenon describes the long time behavior of optimally controlled systems
whose optimal trajectories over a sufficiently large time horizon stay for most of the time close to
a prescribed trajectory of the system. This thesis is devoted to the characterization of the turnpike
property for generalized LQ optimal control problem.

Through our research, we derive both sufficient and necessary conditions for the turnpike
property in infinite dimensional setting. It is shown that the turnpike property is closely related
to certain structural properties of the control system. In particular, we deduce an equivalent
condition of the turnpike property in terms of the exponential stabilizability and detectability
of the system for finite dimensional case and point spectrum case. We also show in our the-
sis that the turnpike property for generalized LQ optimal control problem is equivalent to the
turnpike property for LQ optimal control problem plus an algebraic condition. Next, we inves-
tigate the applications of our results to the generalized LQ optimal control problem subject to
the parabolic equations, wave equations, delay equations and in relation with model predictive
control schemes.
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Chapter 1

Introduction

1.1 Optimal control theory for infinite dimensional systems

Infinite dimensional systems are used to describe many phenomena in the real world, such as
heat conduction, control of elastic structures, chemical processes, fluid dynamics, fusion reac-
tors, metal casting processes, etc., all lie within this area. In this thesis, we focus on infinite
dimensional problems such that the state evolution is described by an abstract evolution equa-
tion. This is a very standard framework with reasonably wide range of applications. A large
amount of Partial Differential Equations (PDEs) and Functional Differential Equations (FDEs),
including Delay differential equations, can all be formulated into this framework.

It is widely recognized that the Pontryagin’s maximum principle, the Bellman’s dynamic
programming method, and the optimal linear regulator theory are three big milestones of mod-
ern optimal control theory for finite dimensional systems. Optimal control theory for infinite-
dimensional systems, on the other hand, dates back to the 1960s, with the main goal of estab-
lishing the infinite-dimensional version of the three fundamental theories. Over the past decades,
many mathematicians and control theorists have made significant contributions in this research
area. Here we refer to the book [29] by Li and Yong, and the book [15] by Fattorini for an
excellent overview of the results in this direction.

In particular, linear-quadratic (LQ) optimal control problem is one of the most (if not the
most) important problem in optimal control theory and has motivated many popular control de-
signs. Since 1960s, the works of Bellman-Glicksberg-Gross [5] and R. Kalman [27] have placed
the LQ optimal control problem at the forefront of control theory. The latter first discovered
the optimal linear state feedback control of LQ optimal control problem, and his work was soon



generalized to the infinite dimensional context. In the mid 1960s, Lions first considered the LQ
optimal control problem for partial differential equations in his book [30], which is a widely
renowned text in this field whose significance continues to be felt even today. The LQ opti-
mal control problem for general evolution equations with bounded controls was also studied by
Lukes-Russell [31] in 1969 and by Curtain-Pritchard [10] in 1976. In the 1970s, the LQ optimal
control problem with unbounded controls was investigated by Lions [30], Curtain-Pritchard [12]
and Balakrishnan [4]. Since the mid-1980s, Lasiecka and Triggiani systematically investigated
the LQ optimal control problem for parabolic, hyperbolic, and other equations with boundary
controls and point controls. Their book [28] provides a nice survey on the theory of LQ optimal
control problem for PDEs with boundary or point controls in a unified framework.

As the name suggests, generalized LQ optimal control problem is a generalized version of
LQ optimal control problem. The term ’generalized’ here refers to the fact that both quadratic
and linear terms with respect to state and control are contained in the cost functional. Compared
to LQ optimal control problem, generalized LQ optimal control problem is less often considered
in existing literature, but as a special case of generalized LQ optimal control problem, tracking
problem with point reference has received pretty much attention. A simple treatment of such
a problem is discussed in Bensoussan [6, Section 5.1, Chapter 1, Part V] in connection with
the nonhomogeneous state equation. Our thesis is fully devoted to the case for generalized LQ
optimal control problem with bounded control. In our thesis, the quadratic character of the
(generalized) LQ optimal control problem has enabled us to do a more explicit analysis of the
properties of the system and its optimal solution. This will become apparent in the following
sections.

1.2 Turnpike property

The turnpike phenomena have been reported and studied in the context of mathematical eco-
nomics in the early works by Von Neumann [33] in 1945 regarding the approximation property
of optimal growing economy to a balanced equilibrium path. In the book by Dorfman, Samuel-
son and Solow [36] in 1958, the term turnpike property was first coined. In general, the turnpike
property describes the long-time behavior of the optimally controlled systems whose optimal
trajectories and controls over a sufficiently large time horizon stay for most of the time close
to a prescribed steady state of the system. Since 1960s, the turnpike phenomena has received
continuous interest in economy because of the structural insights they allow on the structure of
the optimal solutions. See, e.g., McKenzie [32]. Following these results, turnpike phenomena
also have been widely observed and investigated in the context of mathematical biology [26] and
chemical processes [1] among other applications. In the last decade, various turnpike proper-
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ties have been defined and extensively studied by the mathematical community in the context
of optimal control, also in connection with the stability of Model Predictive Control (MPC)
schemes (see, e.g., [23]) and the qualitative properties of the control systems (see, e.g., [35]).
Roughly speaking, the turnpike property helps to extend the stability results [3] obtained by con-
structing an appropriate Lyapunov function using strict dissipativity for the MPC closed loop to
larger classes of MPC schemes, and on the other hand, the occurrence of turnpike property is
known to be closely linked to the controllability and observability of the system. The turnpike
property can also be used to synthesize long-term optimal trajectories. See, e.g., [2, 24]. The
monographs [47, 48, 49] present a complete overview on turnpike properties in various optimal
control and variational problems.

There is no united definition of the turnpike property, but the measure turnpike and the expo-
nential turnpike are two notions of particular importance since they each correspond to a major
method to the characterization of turnpike property. The kind of method suitable to prove the ex-
ponential turnpike property takes advantage of the hyperbolicity feature around the steady state of
the optimality system resulting from the Pontryagin’s maximum principle. See, e.g., [35, 39, 40].
The method suitable to deduce the measure turnpike property exploits the connection between
turnpike and dissipativity properties of the control system. In most cases, the prescribed trajec-
tory and control which is approximated by the optimal pair is the minimizer of the correspond-
ing optimal steady state problem, i.e., the optimal steady state of the system. However, turnpike
phenomena have been observed towards different target states, for example suitable periodic
orbits [38, 39, 46].

Many interesting sufficient conditions (most are based on detectability and stabilizability) for
turnpike properties have been found in both the linear and nonlinear setting. Good references are,
e.g., [13, 19] for discrete-time systems, [35, 40] for finite dimensional continuous-time systemes,
[9] for Delay differential equations, and [8, 39] for infinite dimensional systems with control
inside the domain. However, few necessary conditions for turnpike properties are found in the
past, even for finite dimensional case. In recent years, the necessary conditions for measure
turnpike property have been studied in full details in [20, 21] for finite dimensional generalized
LQ optimal control problems in discrete-time and continuous-time setting respectively. We point
out that our results in section 3.4 which eventually yield a surprising necessary and sufficient
condition for the turnpike property in finite dimensional setting are motivated by their work.

1.3 Organization

Our thesis is organized as follows. In chapter 2, we first introduce all the necessary basics about
strongly continuous semigroups of operators on Hilbert spaces in section 2.1, then we introduce
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the optimal control problem in infinite dimensional setting and formulate the generalized LQ
optimal control problem in section 2.2. The standard results of Pontryagin’s maximum principle
and Riccati equations are recalled in subsection 2.2.1 and subsection 2.2.2, respectively.

In chapter 3, we present all our results on the turnpike property for generalized LQ optimal
control problem. We start with proving the existence and uniqueness of the optimal pair for
generalized LQ optimal control problem in section 3.1. In section 3.2, we introduce two notions
of turnpike of particular interest. In section 3.3 we discuss a well-known sufficient condition
for turnpike property based on the detectability and stabilizablilty of the control system. In sec-
tion 3.4, we prove several necessary conditions of turnpike property in terms of the detectability,
stabilizablilty and the turnpike reference of the control system. Combining the previous results,
we derive a necessary and sufficient condition of the turnpike property for finite dimensional case
and point spectrum case in section 3.5. We also show that the exponential turnpike property for
the generalized LQ optimal control problem is equivalent to the exponential turnpike property
for the LQ optimal control problem plus an algebraic condition. In section 3.6, some illustrative
examples are discussed to show the potential applications of our results.

In chapter 4, we conclude our thesis and discuss several open problems.



Chapter 2

Mathematical background

In the remaining part of this thesis, we assume that the standard concepts and results of functional
analysis are known to the reader. These includes space completion, Riesz’s representation theo-
rem, uniform boundedness principle, closed range theorem and some properties of non-negative
operators, Bochner integral and Hilbert space valued L? functions and so on. Good references
are [7, 14, 25, 34, 37,45, 41]. We use || - || (resp. (-, -)) to denote the norm (resp. inner product)
on all complex Hilbert spaces. However, sometimes we write || - || 2 (resp. (-, -)z2) to emphasise
the norm (resp. inner product) is considered on the corresponding L? space. In the remaining
part of this thesis, unless otherwise stated, we assume H, U and ) are all complex Hilbert spaces.

2.1 Operator semigroups

In this subsection, we collect some standard results on operator semigroups. For more details on
this section, we refer [41, Chapter 1-3].

For A € R™™ and t € R, the matrix exponential e*“ is defined by
t? t3
e =T +tA+ §A2 + §A3 -

The absolute convergence of the above series follows easily from basic linear algebra. In finite
dimensional systems, the matrix exponentials are used to describe the evolution of the state of a
linear system in the absence of an input. Considering the following linear dynamics:

Z—atj = Az + Bu,
l’(O) =9 € R™.
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where A € R™", B € R™™ and u € L}, ((0,00), R™). The formula

loc
t
z(t) == ety +/ =94 Buy(s)ds
0

defines the unique absolute continuous function x(t) on [0, co) that verifies the above equation
almost everywhere. Strongly continuous operator semigroups are the natural generalization of
matrix exponentials to infinite dimensional systems. This section is devoted to introduce the
basics of strongly continuous operator semigroups on (complex) Hilbert spaces.

Definition 2.1.1. We call a family T = (T;)i>0 of operators in L(H) a strongly continuous
operator semigroup (or a Cy-semigroup) on H if

(a) To=1
(b) Tevs = T, Ts foreveryt,s >0
(¢) limy~g0 Trx = x for every x € H.

The growth bound wo(T ) of T is defined by

1
wo(T) := inf —log|| 7]

te(0,00) t

Clearly, wo(T) € [—00, 00).
The infinitesimal generator (or just the generator) A : D(A) — H of T is defined by

D(A) := {x eH| t>l&rtn . 'Eﬂﬂt— ’ exists} :
L=

Az = lim Tiw —x

t>0,t—0 t

, Vx e D(A).

We collect some useful facts about Cy-semigroups in the following proposition.

Proposition 2.1.2. For a Cy-semigroup T, its growth bound w (T ) and generator A, the follow-
ing statements hold:

(a) For any w > wo(T), there exists some M,, > 0 such that

|73 < Mye®, Vt>0.
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(b) The function ) : [0,00) x H — H defined by 1 (t,x) := Tyx is continuous with respect to
the induced product topology.

(c) Ais a closed operator, i.e., the graph set G(A) of A, defined by

o= {[] e}

is closed in H x H.
(d) D(A) is dense in H.
(e) Forany s € CwithRes > wy(T), s € p(A).
(f) Forany x € D(A)andt > 0, T;x € D(A) and

dT:x

i ATix = T, Ax.

Assume Ay : D(Ap) — H is a densely defined closed operator on a Hilbert space , then its
adjoint operator, denoted A is defined on the set

sup M<oo}

z€D(A),x#£0 [Ea|

D(A*) = {y eH

By Riesz’s representation theorem, for each y € D(A*), there exists a unique w € H such that
(Az,y) = (x,w) holds for any = € D(A). Then we define A*y = w, so that

(Az,y) = (z, A%y), Yo € D(A),y € D(A").

It can be shown that the adjoint operator Aj as defined above is also densely defined and closed.
Moreover, if s € p(A), then 5 € p(A*). When A is further assumed to be the generator of a
Cp-semigroup, we have the following proposition.

Proposition 2.1.3. Let T be a Cy-semigroup on H and A be its generator, then T* := (T )i>0
is also a Cy-semigroup, with generator A*. Moreover, wo(T) = wo(T™).

The semigroup 7 * is called the adjoint semigroup of 7.

We now introduce two very important spaces, named /; and H _1, as well as their dual with
respect to the pivot space H, He, and H{.



Proposition 2.1.4. Let A be the generator of a Cy-semigroup T on H and s € p(A). The space
D(A) endowed with the inner product

(x1,22) 3, = ((sI — A)xq, (sI — A)xy), V1,29 € D(A),
and the space D(A*) endowed with the inner product
(Y1, Y2)pa 1= (8] — A")yr, (ST — AM)ya), V1,92 € D(AY)

are all Hilbert spaces, denoted H, and H¢, respectively.

Let H_1 be the space completion of H with respect to the inner product
(w1, )3, = ((s] — A) tay, (sI — A)tay), Vo, a0 € H,
and H%, be the space completion of H with respect to the inner product
(Y1, y2)pa | = (5 = A") "y, (51 — A) '), Y,y € H,

then H_, and H? | are all Hilbert spaces.

In fact, the induced norm on H1, H%, H_1 or H¢, is always equivalent to the corresponding
induced norm of the same space defined with respect to a different s € p(A). So from the
topology point of view, there is no need to specific the corresponding s € p(A).

Concerning the properties of these spaces, we have following proposition.

Proposition 2.1.5. Under the assumptions of Proposition 2.1.4, the following statements hold:

(a) The space H% | is isomorphic to the space (H,)', i.e., there exists a bijective linear map
J:HE, — (Hy)' such that

lyllga, = sup  [Jy(z)].

z€H1,||z|lg, =1

(b) The space H_, is isomorphic to the space (HS)'.

(c) The identity maps from H to H, Hé to H, H to H_1 and H to H? | are all continuous.
(¢c) A€ L(Hi,H), and has a unique extension in L(H,H_1).

(d) A* € L(H{,H), and has a unique extension in L(H,H?,).
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In the sequel, we will use A and A* again to denote the extension of A and A*in L(H,H_1)
and L(H,H_,), respectively. And we will identify H?, with (#;)’ by not distinguishing 3 and
Jy as in Proposition 2.1.5. Concerning the duality relations, we define the pairing (-, -)3;, ) by
setting

(@ )y e, = Jy(x), Vo € Hiy € H,

and the pairing (-, -)ya 5, by setting

(Y, ) 3, = Jy(z), Vo € Hiy € HY,.

Similarly, we will also identify #_; with (H{)'. The pairings (-, Vg, and ()4 are
defined analogously.

Our next proposition shows that if A generates a semigroup and P € L(H), then A + P still
generates a semigroup.

Proposition 2.1.6. If A generates a Cy-semigroup T on H and P € L(H), then A+P : D(A) —
H is the generator of a Cy-semigroup T on H. Moreover, if T satisfies the estimate

|7 < Me™, vt >0
for some w € R and M > 1, then 7’ satisfies the estimate

|72l < Met+MIPIE gt > o,

From now on, we will assume that A is the generator of some Cy-semigroup 7 on H, B €
LU, H)and C € L(H,)). We now introduce the input map and output map.

Definition 2.1.7. For each t > 0, the input map ®; : L*((0,00),U) — H is defined by
t
ORTRES / Ti_sBu(s)ds,
0

and the output map V; : H — L*((0,00),Y) is defined by

CT.x, s€]0,t],
0, s >t.

(Wi)(s) := {

Obviously ®; € L(L?((0,00),U),H) and ¥, € L(H, L*((0,00),))) for any ¢ > 0. Now
we complement some properties of the input and output operator.
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Proposition 2.1.8. Let w € R and M > 1 be such that || T;|| < Me™, forall t > 0.

(a) Ifw > 0, there exists M > 0 such that ||®,|, |V, || < Me®, vt > 0.
(b) If w = 0, there exists M > 0 such that ||®, ||, | .|| < M(1+ t)2, Vt > 0.
(¢) Ifw < 0, there exists M > 0 such that | D[], ||| < M, vt > 0.
Proposition 2.1.9. Let the function 1 : [0, 00) x L*((0,00),U) — H be defined by
Y(t,u) = du.

Then 1) is continuous with respect to the product topology on [0, 00) x L*((0,00),U).

The next two proposition provides the regularity result of the solution of certain systems.

Proposition 2.1.10. For any xo € H and u € L3, .((0,00),U), the problem
& = Az + Bu,
x(0) = xg

admits a unique solution = € C([0,00), H) N H} ((0,00), H_1) in the sense that
t
x(t) —xo = / Az(s) + Bu(s)ds, Vt >0
0

with the integration carried out in H_,. Moreover, this solution x is given by

x(t) = Tixo + Ppu, YVt > 0.

If, in addition, u € H. ((0,00),U) and o € D(A), then the solution is in fact a strict one,

ie,z € CH[0,00),H)NC([0,0), H1).
Proposition 2.1.11. Let xg € H, F' € C([0,00), L(H)) and f € L2, .((0,00), H). The problem
o(t) = Ax(t) + F(t)x(t) + f(t), 2(0) =x0€ H

admits a unique solution x € C([0,00), H) N H} ((0,00),H_1) in the sense that

loc

x(t) —xp = /0 Ax(s) + F(s)x(s) + f(s)ds, Yt >0

with the integration carried out in H_.

If, in addition, F € C([0,00),L(H)), f € H. ((0,00),H) and vy € D(A), then the
solution is in fact a strict one, i.e., x € C*([0,00),H) N C([0, 00), H1).

10



2.2 Optimal control

Roughly speaking, the (unconstrained) optimal control problem for infinite dimensional systems
aims to find the optimal pair (z*(-), u*(-)) which minimizes a functional in a form of

Je(e(),u()) = / folt (), u(t))dt,

among all admissible pairs (z(-), u(+)).
Here x is considered to be the (mild) solution of the evolution system
@(t) = Ax(t) + f(t, z(t),u(t)), te[0,T],

{x(O) = Ip.
In this thesis, we are concerned with the following generalized LQ optimal control problem
corresponding to time horizon 7" > 0:
The generalized LQ optimal control problem (GL()). Find the optimal pair

(2" (-),u" () € L*((0,T), H) x L*((0,T),U)

which minimizes the cost functional

T
In(ao,u)i= [ tla(e) ult)dt, @.1)
0
where the running cost ¢ : H x U — R is defined by
U(x,u) := ||Cx||* + || Kul|* + 2 Re(z, ) + 2 Re(v, u), (2.2)

and the associated dynamical system is

x(t) = Az(t) + Bu(t),
{ZL‘(O) =g € H.

Here, we assume that C' € L(#H,)), K € L(U), z € H and v € U. K is further assumed to
be coercive, i.e., there exists a constant m > 0 such that (K*Ku,u) > mlul|* for any u € U.
Regarding the dynamical system, we assume that A is the generator of a strongly continuous
semigroup 7 = (7;),~, on H and B € L(U, H).

In particular, if z = 0 and v = 0, we shall call it the LQ optimal control problem, which is
abbreviated to (LQ)r.

In the following subsections, we will introduce the necessary background about Pontryagin’s
maximum principle and the Riccati equations. The maximum principle gives necessary condition
for the optimality system, and the Riccati equations help to establish the optimal linear state
feedback control of LQ optimal control problem.

(2.3)
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2.2.1 Maximum principle

Consider the general optimal control problem mentioned at the beginning of this section.

Now assume that H,U,) are all finite dimensional Hilbert spaces and A = 0. Define the
Hamiltonian H : [0,7] x H x U x H x R by

H(t,z,u,p,po) = pofolt,z,u) + (p, f(t,z,u)).

Pontryagin’s maximum principle claims that, under some regularity conditions, if (z*(-), u*())
is an optimal pair for the above optimal control problem, then there exists a nontrivial pair
(po,p(+)) € R x C([0,T],H) such that

(po <0,

() = (627 (), u' (1)), ae. te [0,T],

z*(0) = o,

p(t) = —fo(t, 2" (1), u" () p(t) — (fo)=(t, 27 (1), u*(t))po, ace. t € [0, T,
p(T) =0,

H(t,x*(t),u"(t),p(t), po) = max H(t,x*(t),u,p(t),po), ae. t €[0,T].

\

In the above, we refer to p as the adjoint state. Several generalizations of Pontryagin’s maximum
principle to infinite dimensional case are available. See, e.g., [29, 15] for more details.

In particular, Pontryagin’s maximum principle has been extensively studied in [29] for LQ
optimal control problem, considering both bounded and unbounded input. Roughly speaking,
Pontryagin’s maximum principle holds at zy € H if and only if the LQ optimal control problem
(possibily with unbounded input) is solvable at o € H, i.e., an optimal pair exists. In fact, we
will prove in section 3.1 that the optimal pair exists and is unique for our optimal control problem
(GLQ)r (thus also (LQ)7) with any initial condition xzy € H. This explains the motivation of
the Hamiltonian systems appearing in our proof.

However, to the sake of simplicity, we will directly verify these Hamiltonian systems in our
proof instead of explaining in details the statement (which is a little bit technical) of Pontrya-
gin’s maximum principle in infinite dimensional setting and deriving these Hamiltonian systems.
Based on our result, we can eventually show that if turnpike property is satisfied for (GLQ)r,
then Pontryagin’s maximum principle holds with py = —1 (by the linearity of the Hamiltonian
system, this is equivalent to py # 0).
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2.2.2 Riccati equations

In this subsection, we introduce some well-known results on differential and algebraic Riccati
equations. This material can be found in many books, of which we mention [6, Part IV, Section 1]
and [6, Part V, Section 1]. In this subsection, we assume that all the assumptions of (GLQ)r are
verified.

Consider the differential Riccati equation:

P 4p_pa + PB(K*K)'B*P - C*C =0
dt (2.4)

P(0) = Py € *(H).

Since A is unbounded, it is not clear at this moment what we mean by a solution of (2.4). We
now define the notion of mild solution and weak solution.

Definition 2.2.1. A function P € C,([0,00), X(H)) is called a mild solution of problem (2.4) if
it verifies

t t
P(t)xo =T, PyTixo + / T, C*CTsxods — / 7.5 P(s)B(K*K) ' B*P(s)T;_swods,
0 0

forany xo € Handt > 0.

A function P € C4(]0,00),3(H)) is called a weak solution of problem (2.4) if P(0) = P,
and for any x,y € D(A), (P(-)x,y) is a differentiable function such that

d(P(t)z,y)

= = (P(t)x, Ay) + (P(t) Az, y)

— ((K*K)"'B*P(t)z, B*P(t)y) + (Cz,Cy), Vt>0.
Concerning the mild and weak solution of (2.4), we have the following result.

Proposition 2.2.2. P is a mild solution of problem (2.4) if and only if P is a weak solution of
problem (2.4). For any Py € X7 (H), there exists a unique mild solution P € C;([0,00), X (H))
of the differential Riccati equation (2.4).

The following well-known transform (see, e.g., [6, Part IV, Chapter 1, Proposition 6.2]) shows
the cost functional Jr from (G LQ)r can be rewritten as:

Jr(o,u) = / VK (u(t) + (K K) B P(T — t)a(t)|dt + (P(T)zo,z0),  (2.5)
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where z is the solution of (2.3). So, the optimal control for the LQ optimal control problem can
be given in a feedback form:

u(t) = —(K*K)"\B*P(T — t)a(t), t € [0,T].

By imposing some restriction on Fj, we can ensure P to have stronger regularity. Now for any
F € ¥(#H), we introduce the bilinear map

or(z,y) = (Fx, Ay) + (Az, Fy), Vz,y € D(A).

Let D(A) := {F € X(H) | ¢r has a continuous extension to H x H}, then for any F' € D(A),
there exists a unique bounded linear operator A(F') : H — H satisfying

(A(F)x,y) = (Fx, Ay) + (Az, Fy), Vz,y € D(A).

Definition 2.2.3. A strict solution of (2.4) is a function P € C4([0, 00), X(H)) such that

(a) P(-) € C5([0,00), Z(H)).
(b) P(t) € D(A), Vt>0and P(0) = R,
(c) A(P(")) € Cy([0,00),%(H)) and P' = A(P) — PB(K*K)™'B*P + C*C.

Concerning the strict solutions of problem (2.4), we have the following result.

Proposition 2.2.4. If P is a strict solution of problem (2.4), then P is also a mild solution of
problem (2.4). Moreover, if Py € X1 (H) and Py € D(A), then there exists a unique strict
solution P € C4([0,00), X7 (H)) of the differential Riccati equation (2.4).

Notice that 0 € D(.A), so the unique solution P of problem (2.4) with initial condition Py = 0
is actually a strict one.

Now let us consider the algebraic Riccati equation:
A*P+ PA—- PB(K*K)'B*P+C*C = 0. (2.6)

Definition 2.2.5. A solution of the algebraic Riccati equation (2.6) is a function P € ¥.(H) such
that

(Px, Ay) + (PAz,y) — (K*K) 'B*Px, B*Py) + (Cx,Cy) = 0, Y,y € D(A).
The next proposition collects some facts about the solution of (2.6).
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Proposition 2.2.6. Define the cost functional J, : H x L*((0,00),U) — R by

oo (o, u) = /OOO ICz@)I* + [ K u(t)||dt,

where x is the solution of (2.3). Then the following statements hold:

(a)

(b)

(c)

(d)

A non-negative solution of the algebraic Riccati equation (2.6) exists if and only if the pair
(A, B) is C-stabilizable, i.e., for any xy € H,

inf Joo(xg,u) < 00. 2.7
uGLQ(l(%,oo),H) (on u) > ( )

Notice (2.7) does not rely on the selection of coercive K € L(U).

If (A, B) is C-stabilizable, then there exists a minimal non-negative solution of the alge-
braic Riccati equation (2.6), denoted P, i.e., Py, is a non-negative solution of (2.6),
and for any non-negative solution P of (2.6),

(Ppinx, ) < (Pzx,x), Vo € H.

If (A, B) is C-stabilizable, then for any x, € H, the optimal control to minimize J(xo, -)
is given in a feedback form

u(t) = —(K*K) ' B* Py (t), Vt > 0.

Moreover;
inf Joo ) = (PminTo, .
werrlfbmyag 700 = o, o)
If (A, B) is C-stabilizable and (A, C) is exponentially detectable, i.e., the pair (A*, C*)

is [-stabilizable, then the Cyy-semigroup generated by A — B(K*K) ™' B* Py, is exponen-
tially stable.

In the remaining part of this thesis, we will use P,,;, to denote the minimal non-negative
solution of the algebraic Riccati equation (2.6).

The next proposition concerns the convergence property of P to P;,. In section 3.3 we
will generalize the exponential convergence result to infinite dimensional setting based on our
stabilizability and detectability assumptions.
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Proposition 2.2.7. Suppose (A, B) is C-stabilizable. Let P(-) be the solution of (2.4) with
initial condition Py € X7 (H) and Py, be the minimal non-negative solution of (2.6), then P(-)
converges t0 Py, in strong operator topology.

Additionally, if H, U and Y are all finite dimensional spaces, then P(-) converges to Py,
exponentially in norm topology, i.e., there exist constants M,k > 0 such that

| P(t) — Pun|| < Me™*, ¥t > 0.

Remark 2.2.8. The initial condition Py, € X" (H) is linked to the terminal cost of the LQ op-
timal control problem. In our setting, the terminal term is 0, so in the reminder of this thesis,
unless otherwise stated, we will use P to denote the unique solution of problem (2.4) with initial
condition Fy = 0.
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Chapter 3

Turnpike property for generalized
linear-quadratic optimal control problem

3.1 Existence and uniqueness of the optimal control

In this section, we prove that for any 7' > 0, the optimal pair of the optimal control problem
(GLQ)r exists and is unique.

Theorem 3.1.1. For any T > 0, there exists a unique optimal pair

(2" (-),u*(-)) € L*((0,T), H) x L*((0,T),U)
of the optimal control problem (GLQ)r.
Proof. Fix some T' > 0 and xy € ‘H. Define

m = inf Jr(xo, u).
ueL2((0,T),H) T< 0 )

Obviously m > —oo. Now let (u,),en be a sequence of controls in L?((0,T'),U) such that

lim Jr(zg,u,) = m. 3.1

n—oo

We claim that (u,,),en is @ bounded sequence. In fact, since K is coercive, there exists myg > 0

17



such that K*K > mygI. Notice that for any u € L?((0,7T),U),
T
Jr(xo,u) = / 1Cz()||* + || Ku(t)]]* + 2Rez, z(t)) + 2 Relv, u(t))dt
0

T
> mc|ul| Lz —/0 202l @)1 + 2[vll[[ut)]|dt.

Since z(t) = T;xo + Pyu, there exists my, mo > 0 such that

T T
/ 2=l (t) e < / o+ mallul| 2dt = T(my + maljullz2).
0 0

By Holder’s inequality, there exists m3 > 0 such that

T
/ 2[vllllu(@®lldt = Tllvf[lu] e < ms|lul 2.
0

Combining the above estimates, we obtain that
Jr(u, o) > mgl|ul|7s — (moT + ma)|jullp2 — mi T, Yu € L*((0,T),U).

This, together with (3.1) implies that the sequence (u,,),en is bounded. So, there exists a subse-
quence, denoted again (u,,),en and u* € L*((0,T), H) such that u,, — u* as n — oo.

Denote by z,,, n € N the trajectory corresponding to initial condition xy and input u,, and x*
the trajectory corresponding to initial condition x( and input u*. Notice that, for any n € N,

[Ku*(|7: = 1K (u" = un)|172 + 2 Re(K* Ku*, up) 12 — [ Kupl|72.
Since u,, — u* as n — 0o, we obtain that, for any n € N,

HKu*H%Q > limsup(2 Re(K*Ku*, up,)r2 — HKunH%Z) = 2||Ku*H%2 — linl}inf ||Kun\|%2

n—o0

A simple calculation shows that for any n € N,

| Ku*||22 + 2Re(v, u*) > < liminf(||Ku,|/22 +2Re(v, up) 12). (3.2)
n—oo

Besides, since ®. € L(L*((0,T),U), L*((0,T),H)), ®. is a weak-weak continuous linear oper-
ator (this follows easily from the definition of weak convergence), which implies that

2, (") = Tag + Py, = Tag+ @u* =2*(-) in L*((0,7),H).
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Now following the same manner as the proof of (3.2), we deduce that
|Cz*||22 + 2 Re(z, o) 12 < liminf(||Cz, |22 + 2Re(z, 2,) 12). (3.3)
n—oo
This, together with (3.2) implies that

J ) < lim J n) = inf J ,U).
T($07U ) = nlg)lo T(I(),U ) ueLQ%{é’T)’H) T(xo U)

So, (z*, u*) is an optimal pair of the problem (GLQ)7-.

It only remains to prove the uniqueness of the optimal pair. Assume that (x7, u}) and (5, u3)
are two distinct optimal pairs of the problem (G L(Q))r. Simple calculations show that

J(zg, ut) —ZF J (o, u3) g <x0, uj ‘5“5) _ i/o 1C () — 25 () )P+ || K (wh () —us(2)) || dt.

Since obiviously u} # w4 in L*((0,T),U) and K is coercive, we obtain that

g4 i uQ,xo < (u, 20) + T3, 20) = inf Jr(u, xg),
2 2 uw€L2((0,T),H)
which gives a contradiction. ]

3.2 Some notions of turnpike

In the remaining part of this thesis, we denote by z7.(+, zo) and w}.(-, z), or simply by x* and u*
when z( and 7' are clear from the context, the optimal trajectory and optimal control of problem
(GLQ)r (or (LQ)r) corresponding to initial condition zy € H and time horizon 7" > 0.

Now, we are well-prepared to define the measure turnpike property and the exponential turn-
pike property at some steady state (., u.). We recall that a steady state of system (2.3) is a pair
(2, ue) € H x U such that Az, + Bu, = 0.

Remark 3.2.1. Since B is bounded, if (z.,u.) is a steady state, then Ax, = —Bu, € H. This
implies x. must be an element of D(A).

Definition 3.2.2. We say that the optimal control problem (G LQ)r satisfies the measure turnpike
property at some steady state (x.,u.) if, for any bounded neighborhood N of x. and ¢ > 0,
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there exists a constant My . > 0 such that for all zq € N and time horizon T > 0, the optimal
trajectory xi.(-, xo) and optimal control u.(-, xo) of problem (G LQ)r satisfy that

At € 10, T] [ [l (t, o) — well + [lup(t, 20) — wel| > e} < My,

where | denotes the Lebesgue measure on R.

We say that the optimal control problem (GLQ)r satisfies the exponential turnpike property
at some steady state (x., u) if, for any bounded neighborhood N of x., there exists some positive
constants My and k such that for all xo € N and time horizon T > 0, the optimal trajectory
xh (-, xo) and optimal control u% (-, xy) of problem (G LQ)r satisfy that

7 (t, 20) = well + [l (t, 20) — uel| < Mar(e™™ + e 079), vt € [0,77.

Remark 3.2.3. It is clear that exponential turnpike property is stronger than the measure turn-
pike property. So, any sufficient condition for exponential turnpike property is automatically a
sufficient condition for measure turnpike property, and conversely, any necessary condition for
measure turnpike property is also a necessary condition for exponential turnpike property.

To study the turnpike property, it is useful to analyse the optimal steady state corresponding
to the running cost . The optimal steady state problem is defined as:

inf  l(z,u) st Az + Bu=0. (3.4)
z€D(A), ueld

If (2., u.) is a minimizer of equation (3.4), we say (., u.) is an optimal steady state.

We will also need several structural-theoretical properties of the control system under con-
sideration, which we introduce in the following.

Definition 3.2.4. The pair (A, B) is called exponentially stabilizable if (A, B) is I-stabilizable.
The pair (A, C) is called exponentially detectable if (A*, C*) is I-stabilizable.

Remark 3.2.5. It can be proved that (A, B) is exponentially stabilizable if and only if there exists
some ' € L(Y,H) such that A + BF generates an exponentially stable semigroup. Similarly,
(A, C) is exponentially detectable if and only if there exists some L € L(H,U) such that A+ LC
generates an exponentially stable semigroup. See, e.g., [6, Part V, Chapter 1, Remark 3.2].

Let the operator [A B] : D(A) x U — H be defined by
[A B] m .= Az + Bu.
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Notice that, since A and B are both closed operators, ker[A B] is closed in H x U.

*

We denote by [é*} the adjoint operator of [A B]. It’s easy to check that the domain of {é*}
is D(A*) and we have

A* A*w .
[B*}w: [B*w}e”;‘-[xu, Yw € D(A").

3.3 Sufficient condition for the turnpike property

Our main result of this section is the following one:

Theorem 3.3.1. If the pair (A, B) is exponentially stabilizable and the pair (A, C') is exponen-
tially detectable, then problem (G LQ)r shows exponential turnpike property (thus also measure
turnpike property) at some steady state (x., u.).

The proof is lengthy and thus divided into several steps.
Step 1: Exponential convergence of P to Ppy,.

As the first step, we will show that P(-) converges exponentially to P, in norm based on our
stabilizability and detectability assumption.

Step 2: Range condition and existence of the optimal adjoint state

In this step, we will prove that ran[A B] = H, which helps us to establish the existence and
uniqueness of the optimal steady state and the corresponding optimal adjoint state.

Step 3: Several estimates

In this step, we will make some simplifications to (GLQ)r and prove two crucial estimates
regarding the optimally controlled system of (LQ)7-.

Step 4: Explicit solution of the optimal control

We will derive the optimal control of (GLQ)7 in a closed form. The optimal trajectory can then
be solved as the solution of a corresponding evolution problem.

Step 5: Main proof

Finally, we will complete the proof of Theorem 3.3.1 by means of a comparison between the cost
corresponding to the optimal control and a perturbed control.

Each of the subsections that follow corresponds to one step in the proof. Until the end of
this section, we assume that the pair (A, B) is exponentially stabilizable and the pair (A, C) is
exponentially detectable.
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3.3.1 Exponential convergence of P to F,;,

The proof of our main result crucially relies on the exponential convergence in norm of P(-)
to Pnin. Different from the finite dimensional case, this convergence result turns out to be a
consequence of both the stabilizability and detectability of the system. This section is devoted to
the proof of this result, preceded by two preliminaries lemmas.

Lemma 3.3.2. There exists a constant M > 0 such that for every T > 0, u € L*((0,T),U) and
To € H, we have

T
l=(T)|* < M (/0 ICz(@)]1* + llu(t)|*dt + ||xo||2) : (3.5)
where x is the solution of system (2.3).

Proof. Since the pair (A, C') is exponentially detectable, there exists some F' € £(),H) such
that A + F'C' is exponentially stable. Let ¢y € D(A*) and ¢ be the solution of problem

d¢ * * *
o= (A g,
¢(0) = @o-

Owing to the exponential stability of A* + C*F™, there exists some constant M, > 0 such that
for any 7" > 0, we have

(T < Mollo|
and

()N 20,1720 < Mollol-
Notice that

d <17(t)7 f;t(T - t)> _ <$(t>, —(A* + C*F*>¢(T _ t)> + <Ax(t) + Bu(t), ¢(T — t>>7—l71,7‘l[1j

= —(Cx(1), F*o(T — 1)) + (Bu(t), o(T = 1)).
Applying Holder’s inequality, we obtain

(2(T), o) =(0, (T)) + / —(Ca(t), F*O(T — 1)) + (Bu(t), o(T — 1)) dt

<[|zo|l |lo(T)|| + |Cx| 12 [[F* @ 2 + || Bul| 2] | 2
<M ||zol[l|@oll + Ma||Cz|[ 2|0l + Mis]ul L2 || ¢ol|

<VM|igo|l (IIC[IZ2 + l[ullZ> + lloll*)?
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for some constants M, My, M3 and M > 0.
Now, by letting ¢pg — x(7T') in ‘H, we get the estimate (3.5). O

Lemma 3.3.3. There exists a constant M > 0 such that for every T > 0, f € L*((0,T),Y) and
Po € H, we have

T
Ip(T)I]* < M </0 IB*p(O)1* + [1f ()l dt + Hpo|!2) , (3.6)
where p is the solution of
dp
it A* *
0 p+Cf,
p(0) = po.

This is just the dual version of Lemma 3.3.2, so we skip the proof.

Lemma 3.3.4 (Exponential convergence rate of P). There exist constants M, 3 > 0 such that

| Puoin — P(t)|| < Me™P*, vt >0. (3.7)

Proof. Fix some I' > 0 and zy € H. We denote by z the solution of

d_x = (A — BB*Pyy)z in [0,T],
o (3.8)
x(0) = xo.

Define p(t) := Puinz(T — t) on [0, T]. We claim that p coincides with the solution of

dy(t) . ) o
— = A*y(t) + C*Cx(T —t) in [0,T], (3.9)

y(0) = Puinz(T).
In fact, suppose xy € D(A), then for any w € D(A), we have

d{p(t), w)

dt = — <PminAl'(T — t), w) + <PminBB*Pmin£C(T — t), w>

<A*Pminx(T — t) + C*C.T(T — t), w>7'l'i177{1
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This implies that
t
(0(6) = PO), s, = [ (A°D() + CC(T = ) whya s
0

_ </Ot Ap(s) + C*Ca(T — s)ds, w>

HilaHI

holds for any ¢ € [0, 7] and w € H;. So,
t
p(t) —p(0) = / A*p(s) + C*Cx(T — s)ds in HL,, Vte[0,T].
0

By the continuity of A*p(-) + C*Cx(T — -) in H¢,, we have

d];(:) _ A*p(t) + C*C’x(T — Zf) in ,Hil, Vt € [O7T]

Since p(0) = y(0), we conclude that p = y on [0, T'].

Now, for any z¢ € H, we let (2,,)nen C D(A) be a sequence such that lim,, ,, 2, = xg in
‘H. Let x,, and y,, denote the solution of (3.8) and (3.9) with z( replaced by z,, then x,, — x in
L? norm and PuinZ,(T) — Puinz(T) as n — 0o. So, y,(+) converges to y(-) pointwisely on
[0, 7. Ttis also clear that y,,(-) = Popin@n(T — -) = Pamx(T — -) = p(-) pointwisely on [0, 7).
So, we must have that p = y on [0, 7.

Consider the following evolution problem

@) _ (A~ BB P(T - 1)) in
— = (A= BB'P(T —1))i(t) in [0, (3.10)
z(0) = w.

Notice that P(T" — -) € Cs([0, 7], L(#)). Thanks to Proposition 2.1.11, problem (3.10) admits
a unique solution 7 € H'((0,T),H~1) N C([0,T],H). Define p(t) := P(t)z(T —t) on [0, T].
Similarly, we claim that p coincides with the solution of

W) _ g0+ C*CHT = 1) in 0,7,

dt (3.11)
y(0) = 0.

In fact, if zo € D(A), then by Proposition 2.1.11 and Proposition 2.2.4, we have
7€ CY[0,T),H) N C([0,T], D(A)). (3.12)
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Lett € [0,7] and h € R be sufficiently small. Observe that

PRI ey (D=0 - i p(r - g - 1)

P(t+h) — P(t)
h

_P(t+ h)(A— BB*P(T — t))#(T —t) + T —t).

By uniform boundedness principle applied to P, (3.10), (3.12) and Proposition 2.2.4, taking
h — 0, we then obtain that

wlt) _

P2 = —P()(A— BB P()FT — 1)

+ (A(P(t)) — P(t)BB*P(t) + C*C)2(T — t)
= (A(P(t)) — P()A)Z(T —t) + C*CZ(T — t)
=A'Pt)x(T —t) + C*CZ(T — t)
= A*p(t) + C*CZ(T — t)

holds in ;. Since p(0) = 0, this proves our claim for the case 2y € D(A).

Now, for any =y € H, we let (2,)nen C D(A) be a sequence such that z, — z( in H as
n — oo. We use 7, and y, to denote the solution of (3.10) and (3.11) with x( replaced by
Zn. By [6, Proposition 3.6], Z,, — Z both uniformly and in L? norm, so %, (-) converges to y(-)
pointwisely on [0, 7']. On the other hand, it is also clear that y,,(-) converges to p(-) pointwisely
on [0, 7. So we conclude that y = p on [0, 7).

Now we claim that the following inequality holds with any zy € H.:

/O 1B (p(t) = PO + C(x(t) = ZE)Pdt < [[pO)[[IF(T) — =(T)]I (3.13)

where x, p, r and p is the solution of (3.8), (3.9), (3.10) and (3.11), respectively. To prove this,
we first assume that zo € D(A). Since z, T € C*([0,T],H) N C([0,T], D(A)), we have

dp(t) — p(t), 2(T —t) — 2(T' - 1))
dt
= ={p(t) = p(t), A(T(T = t) = (T = 1)) + (p(t) = p(t), BB"(p(t) — p(1)))

+{A(P() — (), 2(T =) = (T = 1))y, 31,
+(C*OE(T —t) — (T — ), &(T — t) — 2(T — 1))
= IC@(T =) = HT = ) + | B*(p(t) = pO)I*, vt e[0,T].
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So, we deduce that

/OII “(p(t) = PP + 1O (x(t) — Z(2)) |t

= (p(T) = p(T),%(0) = =(0)) = (p(0) = p(0),2(T) — 2(T)) (3.14)
= (p(0), Z(T) — x(T))
< [lp(O)[[Z(T) = =(T)]| -

Since for any xy € H, there exists a sequence (z,)neny C D(A) such that z, — zo in H as
n — oo, and the resulting trajectories x,, p,, T, and p, will converge to x,p,x and p both
pointwisely and in L? norm, we conclude that equation (3.13) holds for any z € H.

Notice that

d(z(t) —=(t))
dt
By Lemma 3.3.2, there exists some constant M; > 0 such that

IF(T) — =(T)I* < M1/0 13" (p(t) = PO)I* + 1C (x(t) — Z(1))*dt.

Combining this with (3.14), we obtain

/0 1B*(p(t) = PIO)® + IC (x(t) — Z(1)) [t < M|[p(0)]. (3.15)

Similarly, notice that

= A(x(t) —x(t)) — BB*(p(T —t) — p(T —t)) Vt € [0,T].

w — A" (F(t) — p(t)) = C*CFT — t) — a(T — 1)), ¥t € [0,T].

By Lemma 3.3.3 there exists some Ms > 0 such that
T
IP(T) = p(T)|* < Mo (/0 1B*(p(t) = PO + 11C (x(t) — Z(t))|*dt + !Ip(0)|\2) . (3.16)

Since (A, C) is exponentially detectable, A — BB*P,,;, generates an exponentially stable
semigroup. So, there exists M3, 3 > 0 such that

lp(O)| = [l Puine (T)I| < Mse™ 0] (3.17)

Substituting (3.15) and (3.17) into (3.16), it follows that there exists some M > 0 (independent
of T') such that
IP(T) = p(T)||* < Me™T|la||*, Vo € H, T > 0.

Finally, since ||p(7") — p(T)|| = || (Puin — P(T")) x0||, this lemma then follows. O

26



3.3.2 Range condition and existence of the optimal adjoint state

In this subsection, we introduce a closed range condition to show the existence and uniqueness
of the optimal steady state and its corresponding optimal adjoint state.

Lemma 3.3.5 (Range condition). ran[A B| = H.
Proof. Since the pair (A, B) is exponentially stabilizable, there exists /' € L(H,U) such that

A+ BF generates an exponentially stabilizable semigroup 7 with D(A+ BF) = D(A). Notice
that for any z, € H and t € [0, 00),

t
Tixg — 9 = (A+ BF)/ T.xods.
0
Taking ¢ — oo, we obtain

—x9=(A+ BF)/ 7N;x0ds = A/ 7~;x0d8 + B/ F’ixods.
0 0 0

Notice that since 7 is exponentially stable, the term fooo T.zods is well defined. From the above
equation, we easily deduce that —z, € ran[A B]. Now, since xy, € H can be chosen arbitrarily,
we conclude that ran[A B] = H. O

Lemma 3.3.6 (Existence of the optimal steady state and adjoint state). The optimal steady state
problem (3.4) admits a unique minimizer (x., u.). Moreover, there exists a w € D(A*) such that

A +C*C,
{B*] w= [j+ K*Kﬂ ' (3.18)

Proof. Let V = ker|A, B]. Since A and B are both closed operator, V' is a closed subspace of
cC 0 ]

H x U. Observe that if (x,u) € V, then
T z i
= (e [ sl | L o BB

We claim that the non-negative operator P € L(V') defined by

0 K'K

v
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is strictly positive. In fact, if P is not strictly positive, then there exists a sequence

(], e

such that ||z, ||* + ||u,||* = 1 forall n € N and

<P [x"] 7 {xn]> = [|Cz,||* + | Kun||* — 0 as n — oo.

Unp Unp

This implies that C'z,, — 0 and Ku,, — 0. Since K is coercive, we obtain u,, — 0, and thus
Az, = —Bu,, — 0.

Recall that if (A, C) is exponentially detectable, then there exists F' € L£(Y,U) such that
A + FC generates an exponentially stable semigroup. By [11, Theorem 5.1.3], there exists a
P € X" (H) such that

2Re((A + FC)x, Pz) < —||z||?, Vo € D(A).
Substituting x,, into the above estimate, simple calculation shows
lznll < 2[PI[[(A+ FC)zal|, Vn € N.

Letting n — oo, since (A + F'C)x, — 0, we obtain that z,, — 0. However, this contradicts the
fact that u,, — 0 and ||z,,||* + |lu.|* = 1.

On the other hand, since P is strictly positive, it follows that for any (z,u) € V,

tin = (e [Jrme [ L1 - (Ll LD - [ome ]

So, the unique minimizer (z., u.) of the optimal steady state problem (3.4) is characterized by
Te 2| c*C 0 Te 2] B
Pl el =2 (157 el ] E]) -0

This is further equivalent to
[z—%C’C’xe}_{CC’ 0 {me}—l—[z}e‘/L:m[A*].
1y Lte v B

v+ K*Ku.| | 0 K*'K

2

Finally, by Lemma 3.3.5 and closed range theorem,

2+ C*Cx, AT [ A* A L
[U + K*KUJ € ran {B*] =ran _B*l , ker {B*] =ran[A B]- = {0}.
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Hence we conclude that there exists a unique w € D(A*) such that

A* |2+ C*Cx,
B | YT v+ K*Ku, |

]

Remark 3.3.7. The vector w defined in the above lemma is called the optimal adjoint state
of problem (GLQ)r since it can be seen as the infinite dimensional analogy of the Lagrange
multiplier of the optimal steady state problem (3.4). This vector can be utilized to obtain the
following transform: Recall if x is the solution of (2.3) corresponding to input u € L*((0,T),U)
and initial condition xy € H, then

/0 (2, 2(t)) + (v, u(t))dt
= /0 (w, Az(t) + B u(t))ga 3, — (Cxe, C(l)) — (Kue, Ku(t))dt
= (w, z(T) — xo) +/0 —(Cxe, Cx(t)) — (Kue, Ku)dt.
Now combining this with (2.5) gives that

T (o, u) = / VK {(u(t) — ue) + (K K) 7 B P(T — t)(a(t) — )} |t

— Jr(xe,ue) + (P(T)(xg — xe), (w0 — x0)) + 2Re(w, x(T) — x).

(3.19)

3.3.3 Several estimates

This subsection is mainly devoted to the proof of two crucial estimates. However, before we
introduce the estimates, we will first make some simplifications to problem (G LQ))r, and these
simplifications will be adopted in the remaining part of section 3.3.

First, observe that, without loss of generality, we can assume that K = [. Otherwise, we
may define a new inner product (-, -)yew On U by

(w1, Un)new = (K*K)2uy, (K*K)2us), Yuy, us € U.

We now endow U with the new inner product (-, -)ney. Since the norm induced by this inner
product is equivalent to the standard norm in U, we still have that B € L(U,#) and the pair
(A, B) is exponentially stabilizable. The running cost ¢ : H x U — R shall now be recast as

l(x,u) = HCJ:H2 + HuHﬁeW + 2Re(z,x) + 2Re<(K*K)’1v,u>new
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where || + ||new 1S the norm on ¢/ induced by (-, -} pew-

We will also assume that the unique optimal steady state (x.,u.) = (0,0) in the following
subsections, thanks to the next result.

Proposition 3.3.8. (z.,u.) € D(A) x U is the unique optimal steady state of the optimal steady
state problem (3.4) if and only if (0,0) is the unique optimal steady state of the modified optimal
steady state problem

min  l(x,u) s.t. Ax+ Bu=0, (3.20)
z€D(A), ueld

where 0. H x U — Ris defined by
U(z,u) == ||Cz|]* + | Kul]®> + 2Re(z + C*Cae, ) + 2Re(v + K*Kue, u) .

In this case, problem (G LQ)r satisfies the (measure or exponential) turnpike property at (z., u.)
if and only if the problem

T
min)u)/ O(x(t),u(t))dt st.&=Ax+ Bu, x(0)=xz0€H
) Jo

ueL2((0,T

satisfies the (measure or exponential) turnpike property at (0, 0).

Proof. Forany x € Handu € U, setT := & — x, and U := u — ue. If (2., u.) is the unique
minimizer of the optimal steady state problem (3.4), we easily see that (0, 0) is the minimizer of

min (T + x., 0+ u.) st. Ar + Bu =0
FeD(A), uel

and vice versa. Besides, it’s not hard to see that {(z + ., u + u.) only differs from ¢(z, u) by a
constant term. So, (0, 0) is the unique minimizer of problem (3.20).

Now, let (z*, u*) denote the optimal pair for problem (G LQ)r. Observe that
dr  d(z —z.)
. dt
So, (z*,u*) := (x* — ., u* — u,) is the unique optimal pair of problem

= Ax + Bu = A7 + Bu.

T
ﬂeL;aé%),u)/o 0Z(t) + xe,u(t) + ue) dt s.8.2 = AT + Bu, z(0) =2y := 9 — T (3.21)

As mentioned before, {(z + x.,u + u.) only differs from ¢(z,u) by a constant term. So, if
(x*,u*) is the optimal pair for problem (GLQ)r, then (z* — z.,u* — u,) is the optimal pair
for problem (3.21) and vice versa. Therefore, we deduce that problem (GLQ)r satisfies the
(measure or exponential) turnpike property at (z., u.) if and only if problem (3.21) satisfies the
(measure or exponential) turnpike property at (0, 0). [
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We now introduce a class of evolution operators that is of particular interest.

Assume that 7 and 7" satisfies 0 < 7 < T'. Let Ur (-, 7) : [7,T| — L(H) denote the evolution
operator of the following problem:

©(t)=(A— BB*P(T —t))z(t), x(r)=x0€H, te|r,T].
That is, Ur (-, 7) is defined by setting
Ur(t,m)z :=x(t), Vaoe€ H,telr,T],
where z is the solution of the above evolution problem.
Next, we prove two crucial properties of the evolution operator Uy.

Lemma 3.3.9 (Exponential convergence of Ur). There exist some positive constants M and k
such that
|Uz(t, )| < Me™ =7 Vit € [1,T] (3.22)

holds for any T and T’ satisfying 0 < 7 < T.

Proof. Suppose 7,1 € R satisfies that 0 < 7 < T. By Proposition 2.2.7, there exist some
positive constants M and kg such that

|P(t) — P < Moe ™, V¥t € [0, 00).
Fix some zo € H. Lety : [1,00) — H be defined by
y(t) = DU (t, 7)o, € [1,00)

with some sufficiently small k; > 0 so that A — BB* Py, + k11 still generates an exponentially
stable semigroup, denoted 7.

For any ¢ € |1, T, a straightforward computation leads to
y(t) = (A= BB Pin + k11 )y(t) + (BB Pouin — BB"P(T — t))y(t)
t
y(t) =Ty(T)+ / Ti—s(BB*Pyin — BB*P(T — s))y(s)ds.

So, there exist constants M; and My > 0 such that,

t
Iy < Mully(r)]l +/ Mae "0 |ly(s) | ds
v (3.23)

t
< Myao]] + Mpe 0T / ly(s)llds.
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Now fix some constant S > 0 such that Mye %05 < k.

We first discuss the case 7 > T — S. Referring to (3.23), we obtain that

t
Iy (O < Mol +Mz/ ly(s)llds.

Since t — 7 < S, applying Gronwall’s inequality to the above equation, we get
ly(®)]] < Mulzolle™=* < Mye=5|o .

It follows that
|Ur(t, 7)zo|| < |ly(t)]| < MyeM2H8e= 1),

which proves condition (3.22) with suitable coefficients.

We now consider the case 7 < T'— S and ¢t € [r,T — S]. From (3.23) we obtain

t
L@l < Millaoll + Mae™S / ly(s)llds.

Applying Gronwall’s inequality to the above equation, we get
ly@I < Myfoje™ee ¢,

Thus )
—k
|Ur(t, 7)zo|| = e D ||y(2)|| < My ||a||eM2e" 0=

where Mye %5 — k; < 0. Hence we conclude (3.22) is satisfied with suitable coefficients also
in this case.

It remains to prove (3.22) for the case 7 < T'— S and t € (T — S, T']. From the definition of
Ur, we have

Ur(t,7) =Ur_(t —7,0) =Us(S — T + t,0)Ur_(T — S — 7,0). (3.24)
Notice that Ug(S — T + t, 0) satisfies the estimate for the first case, so we have
|Us(S — T +t,0)|| < MyePMetDSe=(5=T50)) 0011 < MyeM2AD5] 1]
It is also clear Up_. (T — S — 7, 0) satisfies the estimate for the second case, so
HUT77-<T 9 T, 0) H < Mle(MZe_k057k1)(T757T) HmOH < Mle(MQQ—kosfkl)(tfsf‘r) on”

Combining the above two estimates with (3.24), we deduce that (3.22) is satisfied also in this
case with suitable coefficients M and £ (independent of 7).

Since t € [, T] is arbitrary, this lemma follows by choosing the largest M/ and the smallest
k among all the three cases. ]
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Let the operator (T)tT : L*((0,t),U) — H be defined by
t
ol = / Ur(t,s)Bu(s)ds, YT > 0,0 <t <T.
0

It is clear ®7 € L(L2((0,1),U), H).

Lemma 3.3.10 (Uniform boundedness of ®7). The operator ®T is uniformly bounded in norm
for all any t and T satisfying 0 <t <T.

Proof. By Lemma 3.3.9 and Holder’s inequality, we obtain

. t
1377 < / \Ur(t, )] | Bia(s)|| ds

¢ 3/ gt 3
< ([ areera) " ([rspia k)
0 0

1

1_672’% % _ ]_ 2 ~
< anl (S5 ) Wl < Ml (57) 1)

where M and k are the coefficients in Lemma 3.3.9. Simple considerations to this equation show
that ®7 is uniformly bounded in norm for any ¢ and 7T satisfying 0 < t < T.. [l

3.3.4 Explicit solution of the optimal control

In this subsection, the optimal control of problem (G'LQ)r is solved in a closed form.

Lemma 3.3.11. Forany T' > 0 and xy € H, the optimal pair (x%.(-, x0), wy(-, xo)) of problem
(GLQ)r satisfies

wh(t, z0) — e = —(K*K) " 'B*P(T — t)(2(t, 29) — )

— (K*K)'B*(Ur_(T — t,0))*w, Vt€[0,T), (3:25)

where w is the optimal adjoint state.

Proof. For any T" > 0, we claim that (Ur(7,0))* is the evolution operator at time 7 of the
following evolution system:

dz;_it) = (A" = P(t)B(K"K)™'B")p(t),
p(0) =po € H.
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In other words, we have (Ur(T',0))*py = p(T).

The proof is through Yosida approximation. Let A, := nA(nl — A)~' € L(H) denote the
Yosida approximation of A for sufficiently large n € N. Assume that x4, py € H. For each n,
we let x,, denote the solution of problem

dxgt(t) — (A, — B(K*K)"'B*P(T — ))zn(t), € [0, ]
2, (0) = o,

and p,, denote the solution of problem

dp;f(t) — (A" — PO)B(KK) " B )pa(t), te[0,T]
pn(O) = Do-

Since A,, is bounded, we can easily verify (by showing the derivative is 0) that

(20, pn(T)) = (@n(T), po)-

By [6, Part II, Chapter 1, Proposition 3.4], p,(T) — p(T) and z,(T") — Up(T,0)xy as n — oo.
This further implies

(20, p(T')) = (Ur(T, 0)x0,po) = (0, (Ur(T,0))"po)-

Since xq, pg € H can be chosen arbitrarily, our claim then follows.

Now fix some 7" > 0 and define p(-) = (U.(+,0))*w on [0, T']. Notice that w € D(A*), so by
Proposition 2.1.11,

We then deduce that

dp(T —t)

7 = —(A* = P(T —t)B(K*K)™ 'B")p(T —t) in H, Vtc[0,T].

Let x be the solution of problem (2.3) corresponding to input u € L?((0,7),U) and initial
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condition zg € H, then

2Re(x(T), w) — 2Re (xo, p(T))

~ Re /0 2 (A (t) + Bu(t), p(T — )y, s
+2(z(t),—(A* = P(T = t)B(K*K)"'B*)p(T — t)) dt

= Re/o 2 (u(t), B*p(T —t))
+2((K*K)™'B*P(T — t)x(t), B*p(T — t)) dt.

Combining the above equation with (3.19), we obtain

Jr(z0, u) = /O I (u(t) = ue) + (K*K) "' B*P(T — t)(x(t) — ) }|*dt

+ 2Re(w, z(T)) + My

- / VK {(u(t) — ug) + () B P(T — t)(a(t) — 20)} |

+2Re ((K*K)™'B*P(T — t)(x(t) — z.), B'p(T — 1))
+ 2Re ((u(t) —ue), B'p(T —t)) dt + M,

— /0 1K {(u(t) —ue) + (K*K) ' B* [P(T — t)(x(t) — @) + p(T — )] }||” dt
+ M,

where M, M; and M, € R are constants independent of u.
This implies that, if the feedback law
u(t) —u, = —(K*K) 'B*P(T — t)(x(t) — z.)
— (K*K) ' B*(Ur_(T — t,0))*w, Vt € [0,T],

admits a solution in L*((0,T'), H), then this solution is optimal.

By Proposition 2.1.11, this problem does admit such a solution z € L?((0,7),H). So, the
optimal pair verifies equation (3.25). [

Remark 3.3.12. If K = [ and the optimal steady state (z.,u.) = (0,0), then equation (3.25)
can be simplified to

uwi(t,xg) = —B*P(T — t)x}(t, x0) — B*(Ur—(T —t,0)) w, Vt € [0,T].
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3.3.5 Main proof
We are now in position to prove Theorem 3.3.1.

Proof. Without loss of generality, we assume that ' = [ and the unique optimal steady state
(xe,ue) = (0,0). By Lemma 3.3.6, there exists some w € D(A) such that

A* |z
BT ol
Fix V' C H to be some bounded neighborhood of z, = 0, xy € N and T' > 0.
For any Tj € [0,7"), consider the input function defined by:

y e { BRI =5, (0) t € [0,Ty),
uny(f) = —B*P(T — t)aq,(t) — (B*Up_(T — t,0))*w, t € [Ty, T],

where x7, is the solution of problem (2.3) corresponding to input w7, and initial condition x.
Clearly the above definition gives a unique ug, € L*((0,T),U).

Define that p(-) = (U.(-,0))*w on [0,7T]. By equation (3.19) and Remark 3.3.12, the cost
functional is given by

In(aosum) = [l (0) + B PT = an(O)lFdt + (P(T)ao, 7o) + 2 Reluw, o, (T) = o)
- / IB*p(T — )|[2dt + (P(T)zy, o) + 2 Re(w, w3, (T) — z0).

To

Let (z*, u*) be the optimal pair of (GLQ)r. Observe that
T
Jr (o, ") = / IB*p(T — t)|2dt + (P(T)zo, 20) + 2 Re(w, 2" (T) — z0).
0
Since Jp(xo, ur,) > Jr(zo, u*), the difference of the two equations gives
To
1B*P(T = ) Z2(0.m020) = /0 1B*p(T — t)|*dt < 2Re(w, 2, (T) — 2*(T)).
Simple considerations about the corresponding evolution systems of z7;, and z* show that
v, (To) — 2™ (To) = Ur(To, 0)xo — [Ur(To, 0)xo + 5%(—3*2?(71 —))] = CT’%(B*Z?(T —)),
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and thus

o1,(T) = *(T) = Up (T To) (wr(Ty) — 2 (T0)) = Up (T, To) 8% (B'p(T — ).

Following from Lemma 3.3.9 and Lemma 3.3.10, we deduce that there exist some positive
constants M, and k such that

IB*p(T = )20y < 2Re <w, Ur(T, Ty) 1, (B*p(T — '))>

< Moe T B*p(T = )| z2(0.10) -
That is, ||B*p(T_')||L2((O,TO),Z/{) < Mo@fk(T*TO). Since ZE*(T()) = UT(T(), 0)$0—&)%0(B*p(T—')),
applying Lemma 3.3.9 and Lemma 3.3.10 again, we deduce that there exists some M; > 0 such

that
|2*(To)|| < Mi(e™0|zo|| + e HT=T0)). (3.26)

Finally, recall from Remark 3.3.12 that
u(Ty) = —B"P(T — To)x"(t) — B*p(T — T).
Now Lemma 3.3.9 implies there exists My > 0 such that
p(T — Ty) = (Ur,(Tp, 0)) w < Mae ™0,
By uniform boundedness principle and (3.26), a straightforward calculation shows
[l (To) || < Ms(e™ flag| + e~ 10)). (3.27)

holds for some M3 > 0 independent of the selection of 71", 1.

Since N is bounded and Tj can be arbitrarily chosen in [0, T'], now equation (3.26) and (3.27)
together implies the exponential (and also the measure) turnpike property at (0, 0).

O
3.4 Necessary condition for the turnpike property

In this section, we deduce several necessary conditions for turnpike property. The following
subsections are devoted to the proof of these results.
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Definition 3.4.1. The unobservable subspace U™ of a Cy-semigroup T is defined as
U*:={xeH|CTix =0 forany t € [0,00)}.

Remark 3.4.2. Obviously U™ is a closed subspace of H and is invariant under T, so the restric-
tion of T to U is a Cy-semigroup on U, and the corresponding generator is just A|p(aynuo=-
See, e.g., [41, Proposition 2.4.3].

Our first result provides several necessary conditions for the turnpike property in terms of the
turnpike reference, stabilizability and detecability of the system.

Theorem 3.4.3. If the problem (GLQ)r satisfies the measure or exponential turnpike property
at some steady state (x.,u.), then following statements hold:

(a) T is exponentially stable on U°.
(b) (x.,u.) is the unique optimal steady state of problem (3.4).

(¢) The pair (A, B) is exponentially stabilizable.

The next result shows that when the turnpike property holds, the optimal control can be
explicitly solved as in subsection 3.3.4.

Corollary 3.4.4. If problem (GLQ)r satisfies the measure or exponential turnpike property at
some controlled equilibrium (., u.), then there exists a unique w € D(A*) such that

A [z4CCa,
B | YT v+ K*Ku, |

Moreover, the optimal control of problem (GLQ)r is given in a feedback law form by

wh(t,20) — ue = —(K*K) 'B*P(T — t)(2%(t, 20) — x)
(K K) B (Ur_o(T — 1,0))"w, ¥t e [0,T].

3.4.1 Proof of Theorem 3.4.3 (a)

Lemma 3.4.5. For any time horizon T' > 0 and (o € U™,
U;(-,Qfo) = u;(W’}/xO)a V’)/ e C.
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Proof. Suppose that 7' > 0 and 2y € U*. For any v € C, let x., be the solution of system (2.3)
on [0, T'] corresponding to initial condition vy and input u € L*((0,T),U), then

x4 (t) = Tiyxo + Po(u), Yt € [0,T].
Since xy € U, notice that for any ¢ € [0, 7],
|C, ()] = 1CTvzol|* + 2Re{CTeyao, CPu(w)) + [CP(u)||* = [[CP:(w)|,

and
2Re(z, z(t)) = 2Re(z, Tiyzo) + 2 Re(z, O4(u)).

So, we have
Jr (v, u) :/0 Cz, (O)|* + || Ku(t)]|* + 2 Re(z, () + 2 Re(v, u(t))dt
—/0 |C®(u)|* + 2 Re(z, Tiyao + @y (u)) + || Ku(t)|* + 2 Re{v, u(t))dt.

Clearly for any v € C, the terms concerning u in Jr (7o, u) are all the same. Hence we conclude
that uh.(-, vzo) = wh(-, o) for any v € C. O

Proof of Theorem 3.4.3 (a). Without loss of generality, assume that the measure turnpike prop-
erty is satisfied at (x.,u.) = (0,0). Let N be the closed unit ball with center 0 in H.

The proof is by contradiction. Observe that there exists a sufficiently large constant M > 0
such that, if 2o € H and ty > 2M )y, . + 1 where My . is defined as in Definition 3.2.2, then

||7;0I0|| Z M — ||7;IOH > 25, \V/t S [to - 2M/\/75 - ]_,tg].
In fact, by Proposition 2.1.2, there exist positive constants &£ and M}, such that
M < || Tyoll < | Tao—e| [ Tezoll < Mie™ | Tyoll, ¥t € [to — 2Myr,- — 1,1to].

Now it is clear if M > 2e MM~ .= then || T;xo|| > 2¢.

On the other hand, if 7 is not exponentially stable on U, then according to Proposition V1.2
in [14], the restriction of 7 on U> does not converge to 0 in operator norm as ¢ — oo. In other
words, there exists some € > 0 such that

lim sup || T¢|p=|| > €.
>0
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As a consequence, we are able to find some ¢, > 2M N, = T 2My, . + 2 and xy € H satisfying
||zo|| < 1 such that || T;, x| > e.

By measure turnpike property, there exists a point ; € [0,2My, = + 1] such that

| i (3 >H < o7

Since xg € U, following from Lemma 3.4.5, we obtain that

7ol _|
2

<m and ‘

.CC; (tb .’13'0)

{Et tl, :1:0

s, (02 <|

This implies that || 27, z|| < 1. Thus 27, 2, € V.

|

. (t“ >H = 2M

Also notice

M M
ﬁrftl?ﬁlxo > ?8 > M and t, —t; > 2M'/\/’75 + 1,

M
= ‘ 7;370

SO

M
7;?7;1 Zo

> 2, Vtet, —t — 2My, s — 1,t, —t].

From Lemma 3.4.5, we obtain that

(M /1M
xtr (t7 ?7;1'170) - wtr (ta 5?7;lx0>

holds for any ¢ € [t, — t; — 2M, NE— 1,t. — t;]. However, this gives a contradiction since the
length of this interval is greater than 2M = + 1, and by the measure turnpike property, there
must existat € [t, —r — 2My e — 1,6, — t;] so that

1__M
N

. M € . 1M €
Ty, (757 ?7;@0) H < B and ||z} (t, 5?7;%0) ’ < >
which further implies
N M . 1M e €
:L't,r <t7 ?7;1'170) - xtr (t7 5?721'170) ‘ S 5 + 5 S €
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3.4.2 Proof of Theorem 3.4.3 (b)

We first prove two preliminary lemmas.

Lemma 3.4.6 (Characterization of the optimal steady state). (x.,u.) € D(A) x U is an optimal
steady state of the optimal steady state problem (3.4) if and only if

z+C*Cz, J— A*
v+ K Ku, | ™ B

Moreover, the optimal steady state is unique if and only if

ker A Nker C = {0}.
Proof. Let V = ker|A, B]. Recall that

o= (e [0 ]| [+ ][]

Let the non-negative operator P : V' — V' be defined by

0 K'K

o
Notice that P € L(V') and Py {j € V. So, by [22, Lemma 4], (z.,u.) € V is a minimizer of

problem (3.4) if and only if

cC 0
PV{ 0 K*K}

Te| z
y [Ue] =Py L}} . (3.28)

L] = Bl eve =)

On the other hand, simple considerations show that the uniqueness of (x., u.) € V verifying
equation (3.28) is equivalent to ker P = {(0,0)}. Now let us show that ker P = {(0,0)} is
further equivalent to ker A Nker C' = {0}.

Equivalently, (z., u.) € V satisfies

z+C*Cz.| _[C*C 0
v+ K*Ku,| | 0 K*'K

This proves our first claim.
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Suppose that ker A Nker C' = {0}. If (29, uy) € ker P, then we have

<P [UO] 7 [u0}> N <{K*Ku0} ’ [u0]> = [|Cxol|” + [| Kuol]” = 0.
Since K is coercive, we deduce that uy = 0 and C'zy = 0. Besides, since (g, ug) € V, we have

Axg = 0 — Bug = 0. This implies o € ker A Nker C. Thus xy = 0 and ker P = {(0,0)}.

Conversely, if there exists some xg € ker A N ker C' and xy # 0, we can easily verify that
(20,0) € ker’ P C V. So, ker P # {(0,0)}.

]

The following technical lemma provides a very conservative estimate for the lower bound of
the cost functional.

Lemma 3.4.7. Suppose N is a bounded subset of H. Then for any T € (0,00) and xq € N,

. J > —M 2kT o 1
wepihin (w0, u) = =M™ —1)

for some constants M, k > 0.
Proof. Since K is coercive, K* K is bounded below and thus invertible. Let ug := —(K*K ) 'v,
then there exists My > 0 such that

| Kul®* +2Re(v,u) = || K(u—up)||* — || Kuo|* > Mg ||u—uo|* — || Kuol|?, VYueU. (3.29)

Besides, by Proposition 2.1.2 and Proposition 2.1.8, there exist positive constants %k, M, and M>
such that
@] < Mie®, and ||Ty|| < Mae®, Vt >0

Assume that T > 0, w € L*((0,T),U) and x is the solution of (2.3) corresponding to initial
condition o € N and input u, then for any ¢ € [0, T,

2Re(z,2(t)) = =2||z[| ([[Texoll + [[®e(u — o) || + (| euol)

(3.30)
> =2\ 2| (Mae®[|zo|| + Mie™ |lu — uol| 2 + || Pyuol))-
Concerning the term ®;u, we have
t
| Deol] = / Ti_ Buods
0
t
< / Mae*®=)|| Bug||ds (3.31)
0
okt

42



Now (3.29), (3.30) and (3.31) together implies there exist some positive constants M3 and
M, such that

0(2(t), u(t)) > —Mse™ — MyeF||u — uo|| 12 + Mg ||u(t) — uol|® — || Kuol/?, V¥t € [0,T].
Integrating ¢ over [0, T'], a straightforward calculation gives

M. M.
Jr(wo,u) > === (e = Dl —ugll 2 — = = 1) + Mc[lu — ul|z2 — | Kuo|[*T.

Also notice, as a quadratic function with respect to ||u — ug|| .2,

M.
f(ekT — Dl —uollze = —

M ” H2 MZ(ekT — 1)2

uU—u — —_——
K ol AMk?
Simple considerations about the above two inequalities show that

JT(ZEQ,U) Z —M5(62kT - ].) - M6(6kT - 1) - M7T

holds for some positive constants M5, Mg and M. Since the dominant term of the above estimate
is e2*T — 1, there exists some M > 0 (independent of T) such that

Jr(zg,u) > —M(e*T —1).

The lemma then follows from the fact that u € L*((0,T'),U) can be arbitrarily chosen.

Now we are in the position to prove Theorem 3.4.3 (b).

Proof of Theorem 3.4.3 (b). We first show that if the measure turnpike property holds at some
steady state (., u.), then (., u.) is necessarily an optimal steady state.

Otherwise, there exists some steady state (7., @) such that ¢(Z.,u.) < ¢(z.,u.). Define
(dx,de) := (Te,Ue) — (xe, ue). Fix some bounded neighborhood N of z., and some sufficiently
small A € (0, 1] such that z. + A\dx € N/, then by the convexity of /,

U(xe + Mz, ue + Adu) < U(xe, ue).

Let us denote the equilibrium point (z. + Adz, u. + Adu) by (7., u.) again.
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Since ¢ is continuous, there exist some sufficiently small € and 6 > 0 so that, for any

(l’o,UO) e H x Z/{,

|lzo — || + [|uo — wel]| <6 = U(Te, ue) + € < (g, up).

Now fix some 1" > 0. Then we know that the set

A= {t € [0,T] | [Jup(t, Te) — wel| + [|l27:(t, Te) — x| > 3}

is open, and its Lebesgue measure is smaller than My, 5 where My s is defined as in Defini-

tion 3.2.2.

Without loss of generality, assume that A = (72, (;,, ;) where ((£;1,t;.))jen are disjoint
open intervals (the number of such intervals may be finite, and there may be at most two intervals

that contain an endpoint 0 or 7', but the proof is basically the same).

Observe that at each left endpoint ¢;;, j € N, of these intervals, we must have
|27 (05 Te) — Tell < Mg (tin, Te) — Tell + ([up (i, Te) — te|| = 6.

From Lemma 3.4.7, there exist some M, k > 0 such that

tir
_M(ek(tj,r*tj,z) -1 < / Uz (t, @), up(t, z.))dt.

i1

Owning to the countable additivity of Lebesgue integral, we have
S (M) — 1) < / (4, 5.), w(t, 5. d.
j=1 A

Now simple calculation shows for any ¢; and ¢, > 0,
—M(ek(t1+t2) — 1) < =Mkt — 1) — M(eF2 —1).

Combining the two inequalities, we obtain that

—M (M — 1) < —M (e — 1) < / Uy (t, T ), up(t, Zc))dt.

A

(3.32)

Meanwhile, for any ¢ € [0, 7]\ A4, since |2k (t, T.) — T|| + ||uk(t, T.) — .|| < 0, we have

UZe,Ue) +€ < L(xp(t, Te), up(t, Ze)),
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SO

(T — My ) ((Fo, i) + ) < / AR A (3.33)
[0,71\A

Finally, since (7., u.) is a steady state,

T
/ st F) (8 )t < T (e, u0) = TG, ). (3.34)
0

Combining (3.32), (3.33) and (3.34), simple calculation shows
Te < M("MNs — 1) + My 5(0(Te, Ue) + €).
This leads to a contradiction when 7" is taken sufficiently large.
Recall from Lemma 3.4.6 that the uniqueness of the optimal steady state is characterized by

ker ANker C = {0}.

In fact, if z € ker A Nker C, then CT;x = Cx = 0 for any t > 0. So, x belongs to the unob-
servable subspace U of 7. Since we have prove in Theorem 3.4.3 (a) that 7 is exponentially
stable on U, we know that ||7;z| = ||z|| — 0 as ¢ — oo. Thus x = 0. O

3.4.3 Proof of Theorem 3.4.3 (¢)

The following lemma provides a conservative estimate on the upper bound of the L2-norm of the
optimal control when the initial point lies in a bounded set.

Lemma 3.4.8. Assume that N is a bounded set in H. Then for any T > 0, there exists some
M,, > 0 (dependent on T') such that

sup [uz(-; zo)||2 < M.

ToE

Proof. Fix some T' > (0. We first prove there exists some M, > 0 such that
T
sup / U x(t, xo), wp(t, zo))dt < M. (3.35)
zoeN Jo

To see this, consider the case for input © = 0, then we obtain

T

T
/ (ki (t, 20), uin(t, xg))dt < / |CTixoll® + 2 Re(z, Tixo)dt, Vao € N.
0 0
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Since T;xq is bounded in norm on [0, 7] for any z, € N/, simple considerations show that the
positive constant M exists.

Now notice, for any zo € N and ¢ € [0, T,
2Re(z, x7(t, w0)) = =2|[2[[[Tewo + Prur (-, wo) | 2 =My = Myjuz (-, 20| 2,

holds with some M;, M5 > 0, and thus

T T
|ttt o) upttzod = [ -0y = Mol o)
0 0
+ M o) P = 2ol o)
> —MT — MyT || (-, o)l| 2 + Mic[[wi (-, w0) |22
= 2l o)l

holds with some My, M3 > 0, where || - ||+ denotes the L'-norm on L*((0,7'),U/). By Holder’s
inequality, the L!-norm is dominated by the L?-norm, so there exists My > 0 such that

T
/ (2 (t, o), up(t, @o))dt > —MT — Myl|uip (-, o)l|z2 + Micllup (-, o) [ Z2-
0

Now simple considerations about equation (3.35) and the above two inequalities show that
the L2-norm of uX (-, zo) is uniformly bounded above for all z, € N, i.e., there exists some
positive constant M, (dependent on 7") such that

sup [lup(-, 2o)|[r2 < M.

xo eN

]

Proof of Theorem 3.4.3 (c). Assume the measure turnpike property is satisfied at (., u.). With-
out loss of generality, let /' be the closed unit ball in H with center x..

We claim that, for any zy € H, there exists some u € L*((0,00),U) such that the corre-
sponding trajectory z with input u and initial condition x is L?-integrable (on (0, cc)). The case
for zy = 0 is trivial, so let us assume that zy # 0.

Fix some T" > MN,% + 2. Define ty := 0 and 7 := Hi—gﬂ + 2. € N. Notice

pft € [0, T] | [l (8, To) — well + llup(t, Zo) — uell > 1/2} < My 1.
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Since T' > M N T 2, there exists a t; > 1 satisfying

|27 (t1, To) — @e|| <

N | —

We define u(t) on [to, t1) by setting
u(t) == |lzoll (w(t, To) — ue), t € [to, ).
We claim that the solution of system (2.3) on [t¢, ;] corresponding to initial condition x4 and
input u, denoted z, is given by
x(t) = ||wol| (7 (t, o) — xe), YVt E [to,t1].
In fact, we can verify this by noticing that z(0) = xy and

(t) = |[xol|(Azp(t, Zo) + Burp(t, Zo))
= Az(t) + Allzollze + Bu(t) + Bl|zol[ue
= Az(t) + Bu(t).

So, we have |
lz )l < Sllzoll-

On the other hand, notice

t1
/ @)1 + @) |*dt < [lzol(Tl27 (-, To) 7o + 2T Jzell |27 (-, To) | oo + T

to

+ [l (- Zo)l[Ze + 2lluellllur (-, Fo) o + Tllugl),

where the L', L? and L>°-norms here are considered on the domain [to, t1]. Recall from Lemma 3.4.8
that there exists some M; > 0 such that

[up (-, Zo)l[r2 < M, Vig € N.

By Holder’s inequality, the L?-norm dominates the L'-norm, so there exists some My > 0 such
that
* ~ ~
[ui (-, Zo)|| 1 < Ma Vo € N

Finally, since
[z (2, o) [| < [[Teoll + [ @elllluz (- Zo)ll 2,

47



x(t, o) is uniformly bounded in norm for any Z, € AN and ¢ € [to, 1], i.e., there exists some
positive constant M3 such that

|27 (t, To) || < M3, Vo € Nt € [to, t].
Combining all these, we deduce that there exists M > 0 such that

t1
/ ()] + lu(®)]*dt < [lzol|*M, YT, € N.

to

Now we can repeat the above argument with x(¢;) in place of z(tg) = xo. By induction, we can
find a sequence (t;);cn satisfying t;41 — t; > 1, and let u be defined inductively on each interval
[ti,ti11) by setting
Ul i) (8) = () || (up(t, Zi) — ue)
z(ti)

where z; := Ta T Leo i=20,1,2,.... In particular, our construction of t; gives
1\’ _
lz@)ll < (5 ) laoll, ¥ieN.

Finally, since for each i € N, Z; belongs to \/, we have

tit1 1 i
[ Il + lutoar < ote21 < (5) olPar
t;

So,
o 4
| a0l + ol < 3ol

Theorem 3.4.3 (c) now follows easily from Definition 3.2.4. [

3.4.4 Proof of Corollary 3.4.4

Proof. Assume that problem (GLQ)r satisfies the measure turnpike property at some steady
state (z., u.), then by Lemma 3.4.6 and Theorem 3.4.3 (b), we have

z+C*Cz, | A*
v+ K*Ku,| = | B
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Besides, by Theorem 3.4.3 (c) and Lemma 3.3.5, ran {A

B*} is closed and

ker {;‘1] — (ran[A B))* = H* = {0}.

So, there exists a unique w € D(A*) satisfying

A* |2+ C*Cx,
B | YT v+ K*Ku, |

Following line by line the proof of Lemma 3.3.11, we can show that the optimal control of
problem (GLQ)7 is given in a feedback law form by

wi(t, 20) — ue = —(K*K) ' B*P(T — t)(2%(t, 70) — x)
— (K*K) ' B*(Ur_(T — t,0))*w, Vt € [0,T].

3.5 If and only if characterization

Based on our previous results, we can further obtain some necessary and sufficient conditions for
the turnpike property. This part includes:

1. The if and only if characterization of both notions of the turnpike property in terms of the
stabilizability and detectability for finite dimensional case and point spectrum case.

2. The equivalence between the exponential turnpike property of problem (G LQ))r and the
exponential turnpike property of problem (LQ))r plus an algebraic condition.

Following subsections are devoted to the proof of these results.

Now let us denote by o~ (A), 0°(A) and o7 (A) the set of all the elements in o(A) with
negative, zero and positive real part, respectively. In the same manner as [6], we assume

(a) the set o™ (A) consists of a finite set of

eigenvalues of finite algebraic multiplicity,

(b) there exists € > 0, N4 > 0 such that (PS)
sup Res < —¢, | TiPL]| < Nae ', Vt > 0.
s€o(A)
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Here P, represents the projector on o~ (A) defined by

1
Pyi=— [ (sI—A)'ds

21 o

where v~ is a simple Jordan curve around o~ (A). The projectors P% and P} are defined analo-
gously. Then P (H), P%(#H) and P}, (H) are invariant subspace for 7.

Remark 3.5.1. By [6, Part V, Chapter 1, Remark 3.5], assumptions (PS) are verified in each of
the following cases:

(a) H is finite dimensional.

(b) Ty is compact for any t > 0.

Our first result provides a complete characterization of the turnpike property in terms of the
stabilizability and detectability of the system in a special case (point spectrum case).

Theorem 3.5.2. If A fulfills assumptions (PS), then the following statements are equivalent:

(a) Problem (GLQ)r satisfies the exponential turnpike property at some steady state.
(b) Problem (GLQ)r satisfies the measure turnpike property at some steady state.

(¢) The pair (A, B) is exponentially stabilizable and the pair (A, C) is exponentially de-
tectable.

The following corollary for the finite dimensional case is a direct consequence of the above
theorem.

Corollary 3.5.3. If H, U and Y are all finite dimensional spaces, then the following statements
are equivalent:

(a) Problem (GLQ)r satisfies the exponential turnpike property at some steady state.
(b) Problem (GLQ)r satisfies the measure turnpike property at some steady state.
(¢) The pair (A, B) is stabilizable and the pair (A, C) is detectable.
Our last result shows the exponential turnpike property of the generalized LQ optimal control

problem is equivalent to the exponential turnpike property of the LQ optimal control problem
plus an algebraic condition.
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Theorem 3.5.4. Problem (GLQ)r satisfies the exponential turnpike property at some steady
state (e, u.) if and only if problem (LQ)r satisfies the exponential turnpike property at (0,0)
and there exists a vector w € D(A*) such that

A* |2+ C*Cx,
B YT v+ K*Ku, |

3.5.1 Proof of Theorem 3.5.2

The following lemma provides a Hautus type condition for detectability.

Lemma 3.5.5. If A fulfills assumptions (PS), then the following conditions are equivalent:

(a) The pair (A, C) is exponentially detectable.
(b) ker(sI — A)Nker C = {0}, Vs € 6°(A) Uot(A).

We refer to [6, Part V, Chapter 1, Proposition 3.3] for a proof of this lemma. Next, let us
provide a proof of Theorem 3.5.2.

Proof of Theorem 3.5.2. (a) = (b): This is trivial.
(¢) = (a): This has been proved in Theorem 3.3.1.

So, we only need to verify that (b) = (c). Suppose now problem (GLQ))r satisfies the
measure turnpike property at some steady state, then it follows from Theorem 3.4.3 (a) that 7 is
exponentially stable on U°.

Assume that s € 07 (A) U 6%(A) and = € ker(sI — A) Nker C, then CTyx = ' Cx = 0 for
any t € [0, 00). This implies z € U* and Ty — 0 as t — oo. Moreover, since Re s > 0,

Tzl = e[zl = llll, V¥t € [0, 00).
Thus @ = 0. This further implies that for any s € 0~ (A) U 6°(A), we have
ker(sI — A) Nker C' = {0}.

Now (b) = (c) follows easily from Lemma 3.5.5. O
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3.5.2 Proof of Theorem 3.5.4

Proof of Theorem 3.5.4. Suppose problem (G LQ)r satisfies the exponential turnpike property
at some steady state (., u.) and N is some bounded neighborhood of 0 in H.

By the exponential turnpike property, there exists some positive constants M, and k£ > 0 such
that for any y € 2N and ¢ € [0, T,

|2 (t, e +y) — 2o|| + |un(t, e +y) — ue|| < My(e ™™ 4 e HT=D), (3.36)
Observe that for any 7" > 0 and xy € H, the trajectory
Tr(+, @0) = ap(+, Te + 220) — 27(+, Te + 20)
defined on [0, T satisfies x%.(0, z9) = x¢ and

d%}(t, 33'0)

7 =AT(t, o) + B(up(t, xe + 220) — uh(t, x. + x0))

=(A— B(K*K) 'B*P(T — t))Z(t, z0)

for any ¢t € [0, 7] (see Corollary 3.4.4). So, (-, xo) is the optimal trajectory of problem (LQ)r
corresponding to time horizon 7" and initical condition zy. Similarly, define

wp(-, o) = wp(-, e + 220) — wp(-, Te + o)
on [0, 7. Since for any ¢ € [0, 7],
wp(t, ve + 2x0) — up(t, xe + o) = —(K*K)_lB*P(T — )7 (t, xo),

we deduce that wh(-, x¢) is the optimal control of problem (LQ)7-.

Now, notice that for any ¢ € [0, 77,

[27(E, 2o) || = o7 (¢, xe + 220) — 27:(t, xe + 20) |

< |27 (t, we + 220) — we|| + |27 (E, T + 20) — T,
and

[@7(t, o) || = [|uf(t, ze + 220) — up(t, ze + @0) |

< |wp(t, ze + 220) — uel| + [|up(t, xe + o) — el
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Combining these two estimates with equation (3.36), we obtain
17 (ts o) + T3 (t, o) || < 2My(e7™ 4 e7*T7Y), vt € [0, 7.

Since NV, T and z can all be arbitrarily chosen, the exponential turnpike property is satisfied for
problem (LQ)r at (0,0). Now by Corollary 3.4.4, there exists a vector w € D(A*) satisfying

the algebraic condition
A* |2+ C*Cx,
B* |7 v+ K*Ku, |

Conversely, assume that problem (LQ)) satisfies the exponential turnpike property at (0, 0)
and there exists a vector w € D(A*) satisfying the above algebraic condition. Recall the optimal
trajectory z* of problem (LQ))r corresponding to time horizon 7" > 0 and initial condition
xo € H 1s given by

z*(t) = Up(t,0)xy, Vt € [0,T].

Let V be the closed unit ball in H with center 0, then the exponential turnpike property implies
there exist some positive constants M, and kg such that

HUT(t?0)$OH < MO(e_kOt + e_kO(T_t))> Vﬂ?g S N7T > Oat < [OvT]

Equivalently,
U7 (t,0)| < My(eFot 4+ e~RT=9) vT > 0,t € [0,T). (3.37)

Also notice, for any 7" > 0

T T T T
Ur(T,0) = Ur (T7 5) Ur (57()) =Ur <§,0> Ur (570) )

|UR(T,0)|| < Mo(e™ 0% + 1)2Mpe™ 0% < 4M2e= 37, (3.38)

SO

*

On the other hand, Theorem 3.4.3 (c) and Lemma 3.3.5 implies ker [g*

} = {0}, so w is the
unique vector in D(A*) satisfying

A* |z +C*Ca,

B " T o+ K*Ku,

Following line by line the proof of Lemma 3.3.11, we deduce that the optimal control of problem
(GLQ)r is given in a feedback law form by

wh(t, 20) — ue = —(K*K) 'B*P(T — t)(2%(t, 20) — x)
— (K*K) ' B*(Ur_(T — t,0))*w, Vt € [0,T].
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Then it follows for any ¢t € [0, T,
xp(t, xo) — xe =Up(t,0)(zo — x¢)

t
— / Ur_s(t — 5,0)B(K*K) ' B*(Ur_4(T — 5,0))*wds.
0

Simple considerations to (3.37), (3.38) and the above equation show that there exists some posi-
tive constant M, such that for any ¢ € [0, T,

|2 (t, 20) — zo|| < My(e™F 0t 4+ e R0 T=DY 120 — a2 ||

t
+/ Ml(e—ko(t—s) + e—ko(T—t))e_%O(T_s)dS‘
0
A straightforward computation shows

|2 (t, o) — xe|| < M(e™®0t 4 e R T=DY |20 — 2 || + MQe*%”T*t), vt € [0,7] (3.39)

holds with some constant M5 > 0 (independent of 7T").

Finally, recall

wh(t, 20) — ue = —(K*K) ' B*P(T — t)(2%(t, 70) — x)
— (K*K) ' B*(Ur_(T — t,0))*w, Vt € [0,T).

By uniform boundedness principle, (3.38) and (3.39), there exist some M3, M, > 0 (independent
of T') such that

(£, 20) — ]| < My(e™" 4 e T |zg — || + Mye™ 2T, Ve e [0,T].  (3.40)

Now it is trivial to see from (3.39) and (3.40) that problem (G LQ)r satisfies the exponential
turnpike property at (., u). O

3.6 Examples

In this section, we will discuss some applications of our results.
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3.6.1 Parabolic equations

Let €2 be a bounded domain in R with a boundary 99 of C%. Let H = U = Y = L*(Q), and
B, C and K be arbitrary operators in £(L*(©2)). We define A : D(A) — H by

D(A) = H*(Q) N Hy(Q),

Ah = (A +cl)h, Vh e D(A).
where ¢ € R. By [6, Paty IV, Chapter 1, Section 8.1], A generates a strongly continuous (in fact,

analytic) semigroup on H. Now the above functional framework is well suited to describe the
distributed control of the following parabolic equation with Dirichlet boundary conditions:

Z}Z(m t) = (A + o)h(z,t) + B(u(-,t))(x), in Q x [0,T],

h(-,0) = hy € L*(Q),
h(t,z) =0, on 0 x [0,T].

Let z,v € L?*(2). Consider the optimal control problem: To minimize

(o ) / /\ (Ch(- — @)+ |(Ku(- ) (@) — v(@)|2dedt

overall u € L?((0,T), L?(Q2)). Obviously this cost functional only differs from the one given in
(GLQ)r by a constant, so our results on turnpike property is valid for this system.

By [41, Remark 3.6.4], —A is a strictly positive operator with compact resolvents, so by
spectral theorem, A is diagonalizable with a orthonormal basis (1 )xen of eigenvectors such that
the corresponding sequence of eigenvalues (A\y)ren C R is decreasing and satisfies A\, — —o0
as k — oo. Since (see [41, Section 2.6])

Tix = Ze)"“tzﬁk, Vo € H,t € [0,00),

k=0
T; is compact for any ¢ > 0. So by Remark 3.5.1, this problem fulfills assumptions (PS).

If \y < 0, then 7T is exponentially stable, so the pair (A, B) and (A, C') are exponentially
stabilizable and exponentially detectable for any B, C' € L(L?*(Q2)), respectively. If there exists
m € N such that \,,, > 0 and A1 < 0, then by Lemma 3.5.5, the pair (A, C) (resp. (A, B)) is
exponentially detectable (resp. exponentially stabilizable) if and only if

ker(\;] — A) Nker C = {0} (resp. ker(N\;] — A*) Nker B* ={0}), Vi=0,1,...,m

As a consequence, the exponential turnpike property is equivalent to the measure turnpike
property in this case, and it holds if and only if the above Hautus type conditions hold.
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3.6.2 Wave equations

Let ) be as in last example. Let H = H}(Q) x L*() and U = Y = L*(Q2). Then H is a Hilbert
space endowed with the inner product

112D = [ 200+ asiteias, «[2] . [2] en

We define A: D(A) — H and B € L(U,H) by

D(A) := (H*(Q) N Hy(Q)) x Hy(Q),

Aol =L vl

Bu = { } Vu € L*(Q).

By [41, Proposition 3.7.6] and Stone’s theorem, A generates a unitary semigroup, that is, A
generates a Cy-semigroup 7 satisfying

| Tex|| = [|z||, VzeMH,t>0.

By [41, Example 11.2.2], the pair (A, B) is exactly controllable, thus also exponentially stabiliz-
able. Next, we let X = I € L£(U) and denote

i = i) €

Then the above functional framework is well suited to describe the distributed control of the
following wave equation:

%(w,t) = Ayh(z,t) + u(z,t), in Qx[0,T],
h(,0) = hoa(-) € Hy(Q), hu(-,0) = hoa(-) € L*(9),
h(z,t) =0, on 09 x [0,T].

(3.41)

Now, We denote

2() = {28} eH, v=uv()elU.
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and define C' € L(H,)) by
cmzﬁvme%
g g

Consider the optimal control problem (G LQ)r: To minimize

Jr(ho(-),u) = Re/0 /Q\ht@:,t)\? + 2V, h(z,t) - Vz (2) + 2hy (0, 1) 25(x)
+ |u(z, t))? + 2u(x, t)v(x)ddt.

Thanks to [41, Theorem 7.4.1], the pair (A, C') is exactly observable, thus also exponentially
detectable, so by Theorem 3.3.1, the turnpike property is satisfied for problem (GLQ)7-.

Notice for any [ﬂ € D(A)and u € U,
AB} +Bu=0<=g¢g=0and Af+u=0.
and if ( { } ,u) is a steady state, g = 0 implies

( m ) Re [ 294(a)- Tale) + Af(0)f - 20 (2)0(o

Since 21 € H} (), Dz1(+) = 0 on 052, where Dz, (-) is the Dirichlet trace of z;. So,

/QVf( ) - Vzl( Ydx = QNf( x)Dz (x )dx—/QAf(x)Md:r

- [ Arwa

where N f(-) is the Neumann trace of f on 0f).

Combining the two equations, we easily see that the optimal steady state <[f e} ,u6> is

uniquely characterized by
go=0 and Af. =u, =z +v.

Let u* denote the optimal control and /#* denote the solution of PDE (3.41) corresponding to
control w*. In this case, the turnpike property ensures that for sufficiently large 7' > 0, h*(-,t),
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V.h*(-,t) hi(-,t) and u*(+, t) will stay, for most of the time horizon, close to f.(-), V f.(-), 0 and
(21 + v)(-) in L?-sense respectively (the argument with respect to A*(-,¢) and f.(-) is a straight
consequence of Poincare’s inequality).

From the definition of exponential turnpike property, it is trivial to show that (under the

setting of Definition 3.2.2) there exist some constants M, w > 0 such that for any ¢ € [0, 77,

IV ) = £+ 1B+ [0 1) = (1 0) () € M(e™ 4 e T),

3.6.3 Delay equations
Consider the retarded differential equations of the following type:

N
ili—il(t) = Aoh(t) + 2 A;h(t —t;) + Bou, t >0
h(0) = hy
h(0) = f(0), ae., 0 € [—ty,0]
where 0 < t; < to < --- < ty represent the point delays, A; € £L(C"), 7 = 0,1,- -+ N,
By € L(C™,C"), hg € C"and f € L*((—tn,0),C").
We are interested in the following optimal control problem: To minimize

T

Jr((ho, (), u) = / ICoh(t) — 2ol + | Ku(t) - vol|dt (3.42)

over all u € L?((0,T),C™), where Cy € L(C",C") and K € L(U).

We refer to [11, Section 3.3] for the following semigroup framework used to analyse the
above system: Let H = C" x L*((—ty,0),C") and U/ = C™. Define A : D(A) — H by

D(A) = { m € C" x H'((—ty,0),C") | g(0) = x} ,
=[] e
Bu = {Bgul  Yu e l.

58



Let Y = C",and C € L(H,)) be defined by
C m — Cox, ¥ m €.
g g

If we denote

z= {_C(;OZO] . v = —K"vy,
then it is easy to verify that problem (G'LQ)r is equivalent to problem (3.42).

By [11, Theorem 8.2.5], the pair (A, B) is exponentially stabilizable if and only if

N
ran(sl — Ay — Z Aje™% By) = C", Vs € CH,

i=1

where C* is the set of complex numbers with non-negative real part. Similarly, the pair (A, C)
is exponentially stabilizable if and only if

o B N —st; —_—
ker {Sl g }Z{O}, vs € CF.
0

So, we have some simple conditions to determine the (exponential) stabilizability and detectabil-
ity, thus also the turnpike property. For this problem, if the (exponential) stabilizability and
detectability are verified, then the turnpike property will be satisfied for problem (OC'P)r. In
particular, (under the setting of Definition 3.2.2) the following estimate can be easily derived:

[ () = el + [u* () = ue| < M(e™" + 7)€ [0, 7],
where u* is the optimal control, 4" is the corresponding solution and ( [?] , ue) is the unique

optimal steady state.

3.6.4 Model predictive control (MPC)

MPC is a controller used for infinite time horizon (or very large finite time horizon) optimal
control problems. The idea of MPC is to repeatedly solve the optimal control problem on a
shorter time horizon and then apply the optimal control to a small time slot. Compared to LQR,
the advantage of MPC is that it is more flexible when the system varies with time (e.g. automated
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driving system) since MPC optimizes the current time slot, while also taking future time slots
into account.

In this subsection, we prove that the turnpike property for problem (L())r implies the effec-
tiveness of the continuous-time MPC. So if the turnpike property is observed in some real-world
implementation, it is reasonable to consider MPC as a controller which balances the flexibility
of the time varying system and the long-term operating cost. Notice that in practical applica-
tions, the term "MPC’ is usually referred to the discrete-time MPC because the optimal control
of a continuous-time system is usually not available, especially for nonlinear systems. For a
continuous-time system, people often first discretize the system to a discrete-time one, then use
the optimal control of the corresponding finite time horizon discrete-time problem (which can be
more easily solved) to approximate the optimal control in continuous-time setting.

Theorem 3.6.1. Suppose that all the assumptions of (LQ)r are verified. If the exponential
turnpike property holds, then for any € > 0 and bounded subset N of H, there exist some T > 0
and 7 € (0,T) such that the trajectory x, with arbitrary initial condition vo € N, defined
recursively by

t=20
x(t) =" | (3.43)
zh(t —nr,x(nt)), te€ (nr,(n+1)7], n €N,
and the corresponding control u, x given by
u(t) = uwp(t — nr,z(nt)), t€nr,(n+1)1), neN (3.44)
satisfies that
/ (x(t), u(t))dt < (PpinTo, o) + €. (3.45)
0

If the measure turnpike property holds, then for any ¢ > 0 and xy € N and bounded subset N
of H, there exist T > 0 and a sequence (T, )nen satisfying 7o = 0and 0 < 7,1 — 7, < T,n € N
such that the trajectory x, with arbitrary initial condition xo € N, defined recursively by

(t) = {xo’ t=0, (3.46)

‘%;’(t - me(Tn))? te (Tnu Tn+1]7 n e N7
and the corresponding control u, given by
u(t) = up(t — 7, 2(1)), t € [Ty Tnr1), N €N

satisfies equation (3.45).
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Notice that x in the first (resp. second) case is the trajectory generated by applying the MPC
controller which optimizes the system over a time horizon I’ at each step and applies the optimal
control to a time slot T (resp. T,11 — Tn, 1 € N). Also recall that the term (Pyinxo, o) is the
minimum cost of the infinite time horizon LQ optimal control problem. See Proposition 2.2.6 (c).

Proof. Assume the exponential turnpike property is satisfied. Since for problem (LQ)r,
o (t, Axg) = Aep(t, zo), Voo € H, A€ C, 0 <t <T, (3.47)
simple consideration shows that there exist constants M, w > 0 such that
@i (t, z0)|| < M||zo||(e7t + e T, Vage H, 0 <t <T.
Fix some xy € H and 0 < 7 < T'. Let z and u be defined as (3.43) and (3.44). By induction,

lz(n7)|| < M"||zol|(e™" + )", Wn € N.

Notice that for any n € N,

(n+1)T
/ ((x(t), u(t)) = (P(T)a(nt), x(n7)) = (P(T = 7)x((n + 1)7), 2((n + 1)7)),

T

soif M(e ™™ + e T < 1,
/OOO 0 (1), u(t)) = (P(T)wo. o) + Y _((P(T)x(nr), w(n7)) — (P(T = m)a(n7), z(n7)))

< (PpinTo, To) + Z | P(T)|| M2 || 0|2 (7" + e~ (T=7)2n

n=1

M2(e—w7 +e—w(T—T))2
— MQ(efwT + efw(Tff))2 ’

= (Pasuo, 20) + | P(T)| o]~

Now it is trivial to see that (3.45) holds for some suitable 0 < 7 < 7.

Now assume the measure turnpike property is satisfied. Similar to the first case, simple
consideration shows that for any J > 0, there exists some M > 0 such that for any 7" > 0,

pf{t € 10,T] | [|a5(t, zo)|| + lwh(t, mo)|| > dllaol|} < Ms, Vag e H, 0< ¢t <T.
So, if we set 7o = 0 and T' > M, then there exists a point 7 € [0, T'] such that

27 (71, 20)[| < 6|0
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By repeating this step recursively, we can define = and wu as (3.46) and (3.47) on [0, c0) and
obtain a sequence (7, )nen sSuch that 0 < 7,11 — 7, < T and ||z (7,51) || < d]|z(7)]], n € N.

Similar to the first case, we have
/OOO ((a(t), u(t)) = (P(T)ao, x0) + Y_((P(T)x(n7),x(n7)) — (P(T — 7)a(n7), x(n7)))

S <Pminx07'x0> + Z HP(T)H52HH'CCOH2

n=1

52
< (Puinzo, 20) + [|P(T)[l|z0]*

1—6%

Now the theorem follows easily by choosing a sufficiently small .
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Chapter 4

Conclusions and open problems

In this thesis, we worked on the characterization of turnpike property for infinite dimensional
generalized linear quadratic optimal control problem. Chapter 1 is devoted to the introduction
of this problem. In section 1.1, we presented the history and important results of the optimal
control theory for infinite dimensional systems. The LQ optimal control problem is of particular
interest since it admits a closed form solution of the optimal control, so we briefly discussed the
existing results on LQ optimal control problem in various infinite dimensional settings. Finally,
we introduced the framework of the generalized LQ optimal control problem. In section 1.2, we
recalled the development of the theory of turnpike property. We also gave a list of references
on the existing results of turnpike property in different settings. Section 1.3 is devoted to the
organization of this paper.

In chapter 2, we aimed to introduce all the necessary background on infinite dimensional
generalized LQ optimal control problem. In section 2.1, we recalled the definition and prop-
erties of operator semigroups, which is the basis of infinite dimensional evolution problem. In
section 2.2.1, some results concerning Pontryagin’s Maximum principle for infinite dimensional
systems were given in order to help understand the Hamiltonian systems, optimal adjoint state
and algebraic condition appearing in later literature. In section 2.2.2, we introduced the standard
results on the solution of the differential and algebraic Riccati equation. Riccati equation is a
basic tool in our analysis. It has allowed us to solve the explicit formula for the optimal control
and establish the double-sided exponential estimate of the optimally controlled system.

We presented our main results in chapter 3. In section 3.1, we first proved the existence and
uniqueness of the optimal pair for infinite dimensional generalized LQ optimal control problem.
Then in section 3.2, two important notions of turnpike property, the measure and the exponen-
tial turnpike property, together with the methodologies to deduce them were discussed. In sec-
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tion 3.3, it was proved that the (exponential) stabilizability and detectability of the system is a
sufficient condition for the exponential turnpike property. While the necessary condition for the
turnpike property seems to be multifold. In section 3.4, we proved several necessary conditions
of turnpike property in terms of the detectability, stabilizablilty and the turnpike reference of
the control system. Based on these results, we showed in section 3.5 that the turnpike prop-
erty can be completely characterized by the exponential stabilizability and detectability for the
finite dimensional case and point spectrum case. We also provided an equivalence result on the
turnpike property for generalized LQ optimal control problem and the turnpike property for the
LQ optimal control problem plus an algebraic condition. After this, we discussed several ap-
plications of our theoretical results. The parabolic equations, wave equations, delay equations
and model predictive control (MPC) were investigated in subsection 3.6.1, 3.6.2, 3.6.3 and 3.6.4
respectively.

In the following subsections, we take a glance at some open problems for future research.

4.1 Regarding unbounded input

The motivation behind unbounded input mainly comes from various boundary control systems.
The term “boundary” here refers to that the actuation and sensing are through the boundary
conditions of the system. This feature is very practical and important in real applications.

Roughly speaking, the systems described by PDEs with non-homogeneous boundary condi-
tions appear in the following form:

dz
() =La(t),  Gz(t) = u(t),

where L is some differential operator and G is some boundary trace operator. With some basic
assumptions, the above equation can be reformulated into an abstract evolution problem de-
scribed by # = Az + Bu. Though in this thesis we have considered this standard form of infinite
dimensional control systems, the control operator B is always assumed to be bounded. It can be
seen from our PDE examples in section 3.6.1 and 3.6.2 that, as our B is bounded, the control
is distributed and inside the domain. However, the control on the boundary is more realistic in
physical world, and that will often lead us to some unbounded control operator. Here we refer
to [41, Chapter 10] and the references therein for the definition of well-posed boundary control
systems and how to translate such a system into our familiar form & = Ax + Bu.

Unfortunately, systems with an unbounded control operator are often far more technical than
those with a bounded control operator. In fact, unless additional assumptions are introduced,
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the mild solution may not necessarily take value in H, but perhaps in {~!, which sometimes
is not even a real function space, but a space of distributions, or perhaps can only be defined in
L?-sense, and is not continuous in ..

The most popular setting which retains a broad level of generality is to assume B is an
admissible control operator. Unfortunately, to the best of our knowledge, it is not possible to
perfectly extend the theory for LQ optimal control problem with bounded input to unbounded
setting. As noted in [42]: ’In the formula linking the optimal feedback operator to the optimal
cost operator, as well as in the Riccati equation, the weighting operator of the input has to be
replaced by another operator, which can be derived from the spectral factorization of the Popov
function’, *Despite its simplicity, this is a "nasty”” problem when we want to reconcile it with the
existing LQ optimal control theory: various unbounded operators pop up and their domains do
not match’. Relevant work can be found in, e.g., [16, 42].

The unbounded input case is also studied under another class of assumptions that have re-
ceived wide attention. More precisely, A is assumed to be the generator of some analytic semi-
group, and the unboundedness of B is restricted by the condition

D= (sl —A)'B, DeLU,DA")).

Since the same formulas relating Riccati equations to state feedback operator still hold in this
case, it is conceivable that similar results as in our thesis can also be proved in this setting, but
perhaps with suitable extensions or changes. Due to the technical difficulty of this problem, we
have not attempted to provide complete explanation to all the details in this thesis. Instead, we
refer to [6, Part IV and Part V, Chapter 2] and [29, Chapter 9] for further discussions.

4.2 Regarding constrained case

Similar to the unbounded input case, systems with state and input constraints are also more prac-
tical in real applications, especially for finite dimensional systems. However, it is very difficult
from both the mathematics and engineering point of view to seek a closed form solution for a
constrained optimal control problem. To the best of our knowledge, there is no perfect extension
of the Riccati theory for the feedback controls in the constrained case.

However, the method which exploits the connection between turnpike and dissipativity prop-
erties of the control system can be utilized to find the sufficient condition for turnpike property
even with the presence of state and input constraints. As first introduced by Willems in [43, 44],
dissipativity describes the abstract energy balance of a dynamical system in terms of the stored
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and the supplied energy. This kind of method has motivated the definition of measure turnpike
property.

Since the dissipativity-based method does not rely on the structure of the optimality system,
instead of providing a certain quantitative estimate, the measure turnpike property only guaran-

tees that when 7' is large enough, the distance between the optimal pair and optimal steady state
can be arbitrarily small for all time horizon but on a set with measure no more than a constant.

Strict dissipativity and strict pre-dissipativity are two notions useful in the characterization
of turnpike properties for generalized LQ optimal control problem. The following definition of
strict dissipativity and strict pre-dissipativity is cited from [22].

Definition 4.2.1. Let K denote the set of dissipation rates:

K :={a:[0,00) = [0,00) | is continuous

and strictly increasing with «(0) = ()}.

A storage function on H is a continuously (Fréchet) differentiable function V : H — R.

We say that problem (GLQ)r is strictly pre-dissipative at some steady state (x., u.) if there
exists a storage function V on H and a dissipation rate o € K such that for all x € D(A) and
all w € U we have

V'(z)(Az + Bu) < l(z,u) — l(xe, ue) — ||z — z|]).

If the storage function V' is bounded from below, we say problem (GLQ)r is strictly dissipative
at (xe, ue).

Their connection between dissipativity notions and the measure turnpike property has been
studied with full details in [17, 18] for finite dimensional generalized LQ optimal control prob-
lems in discrete and continuous time respectively, even in the presence of state and control con-
straints. In particular, in [17, 18], the necessary condition of the measure turnpike property is
first deduced for problem (G LQ)r, which has motivated our results in section 3.4.

Now let us discuss the setting for unconstrained case. We use X and U to denote the set of
state and input constraints, i.e., we require z(¢) € X and u(t) € U almost everywhere on [0, 7.
We assume X and U are both closed convex sets. The measure turnpike property for constrained
generalized LQ optimal control problem is still defined in the same way, but now with bounded
N C X. We illustrate the results in [18] for constrained case by the following block diagram:
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every eigenvalue of A|y« has nonzero real part,
and the unique optimal steady state (which
does exist) (., u.) € int (X x U)

I

strict dissipativity at (z¢, u¢) € int (X x U)

(A, B) stabilizableﬂ

measure turnpike property at (¢, u¢) € int (X x U)

Figure 4.1: Block diagram for unconstrained case

Note that even for finite dimensional case, one does not know if the measure turnpike property
for constrained case implies the real part of any unobservable eigenvalue of A is nonzero (but it
can be verified that the pair (A, B) is stabilizable since (z¢, u¢) is a steady state in the interior of
X x U). We believe that this statement is true, but currently cannot prove it.

Another interesting question is that: Suppose (A, B) is stabilizable and the real part of any
unobservable eigenvalue of A is nonzero, but the global optimal steady state is not in the interior
of X x U, then if turnpike property will be satisfied at the constrained optimal steady state on
the boundary of X x U, i.e., the unique minimizer of the following problem

inf l(x,u) st Az + Bu=0.

zeX,uclU

In fact, it is not hard to verify that ¢ is bounded below and tends to o0 as ||z|| + ||u| — oo,
so such a minimizer does exist. Moreover, suppose that (x, u;) and (x5, us) are two minimizers,
then we can prove ¢ admits a strictly smaller value at the middle point of the two points. This
implies the uniqueness of the minimizer. Besides, the constrained optimal steady state must
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occur at the boundary since if it is an interior point, by the convexity of this problem, it is an
global minimizer, which contradicts to our assumption.

The author believes that if (A, B) is stabilizable and there exists a unique constrained optimal
steady state, then the following alternative for long time behavior of optimally controlled system
will hold: the optimal pair either stays close to the unique constrained optimal steady state, or
a periodic orbit which is nonobservable for most of the time horizon. If we further assume the
real part of any unobservable eigenvalue of A is nonzero, then such orbit does not exist. The
following illustrative example shows the existence of such a periodic orbit.

Example 4.2.2. Let

01 0 10
A=|-10 of, B=1|01
0 0 -1 00

It is easy to verify (A, B) is stabilizable. Let C =0, K = I, z = 0 and v = 0, then the unique
global optimal steady state is obviously (0,0). If we let X and U be the closed unit ball in R® and
R? respectively, then obviously for any o € X and T > 0, the corresponding optimal control is
u = 0, so the optimal trajectory xr(-, zo) will be

cos(t)(xo)1 + sin(t)(xo)2
xp(t,xg) = Tiwg = —sin(t)(x())tl(+)cos(t)(:ro)g , Vtel0,T].

Now it is clear that the optimal pair will stay close to the orbit

COS(?g?O); + Sm(?g?());
—sin(t)(zg)1 + cos(t)(xo)2
Fp(t)] = 0 , V>0
0
0

Jfor most of the time horizon.

However, instead of letting C' = 0, if we assume that

10
clo 1| #£0
00

(equivalently, every nonobservable eigenvalue has a nonzero real part), then by Theorem 8.4
in [18], the measure turnpike property is satisfied at (0,0), so the optimal pair will stay close to
(0,0) for most of the time horizon.
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For the case that the global optimal steady state does not belong to the interior of H x U, we
recall [ 18, Example 8.9] in the following:

Example 4.2.3. Set ©(t) = —2x(t) + u(t), {(z,u) = v*, X = [a,b], where 0 < a < b and
U = R. Observe that the unique constrained optimal steady state is (a,2a), and the optimal
control is made up of two stage: 1. uw = 0 and x decreases to a. 2. uw = 2a and v = a. So, the
measure turnpike property is satisfied at (a, 2a).

Notice that the turnpike reference of this problem is the constrained optimal steady state.

It is still an open question whether these problems can be addressed by dissipativity-based
method. These questions will be investigated in future research.

4.3 Regarding unbounded observation and terminal cost

In this subsection, we discuss the possibility to extend our results to the case that C' is an admis-
sible observation operator and there is some terminal cost Py € X (H).

Definition 4.3.1. We say that C' : D(A) — Y is an admissible observation operator for T if
there exists some T > 0 such that the map U : D(A) — L*((0,T),)) defined by

(Vrz)(-) = CTx, Yr e D(A) 4.1)

admits a (unique) bounded extension to H. Equivalently, C'is an admissible observation opera-
tor if and only if there exists a'l' > 0 and My > 0 such that

[Wrz| < Mrllz|, Vo e D(A).

The admissibility is a very standard assumption which restricts the unboundedness of obser-
vation. The following proposition owns to [41, Proposition 4.3.2].

Proposition 4.3.2. If C' is an admissible observation operator for T, then there exists a function
M : [0,00) — R* such that

[We|| < M(t)[|lz]l, vt €[0,00),2 € D(A).

If C is admissible, then we denote the extension of V;, V¢ > 0 to H by the same symbol.
In the following proposition, we let ' > 0 and L?((0,7'), D(A)) be endowed with the inner
product of L2((0,T),H). Then D(A) x L?((0,T), D(A)) is dense in H x L*((0,T),H). The
density follows easily from the definition of Bochner integrability. We refer to [41, Section 12.5]
for further details.
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Proposition 4.3.3. Suppose C' is an admissible observation operator and T > 0. Let the opera-
tor F : D(A) x L*((0,T),D(A)) — L*((0,T),Y) be defined by

Flao, f)(t) = Wy + / CTi_of(s)ds, Vt € [0, (w0, ) € D(A) x L*((0,T), D(A)).

Then F has a continuous extension to H x L*((0,T),H). In other words, there exists M > 0
such that

1F (o, F)llz < M([lzoll + (£ 2)-

We will still use F to denote the extension of F to H x L?((0,7),H). Let = denote the
solution of problem (2.3) corresponding to initial condition 2y € H and input v € L*((0,7T),U),
then F(zy, Bu) is the generalization of Cx in L?((0,T'), H). For a proof of this proposition, we
refer to [6, Part IV, Chapter 1, Lemma 6.1].

At this moment, the cost functional J7 is not a-priori defined for admissible C' since the
term fOT |Cx(t)||*dt requires z(t) € D(A) for any ¢, which is generally not true. However, the
above proposition shows that F (zg, Bu) is well-defined for any zy € H and w € L*((0,7T),U).
So, now we are able to consider the optimal control problem of minimizing the following cost
functional Jr defined by

Jr(u, 7o) := || F(z0, Bu)|7: +/0 [ Ku(t)||* +2Re(z, x(t))
+ 2Re(v,u(t))dt + (Pox(T) + r,x(T)),

where x( € H is the initial condition and P, € ¥*(H),r € H is the quadratic and linear term
of the terminal cost, respectively. In particular, when C' is bounded, F;;, = 0 and r = 0, this
definition of J coincides with (2.1).

We believe that all the results in this thesis can be generalized to the case of admissible
observation and terminal cost. In fact, we have already sketched a proof for Theorem 3.3.1
(the sufficient condition for the turnpike property) in this new setting, but since it would be too
lengthy to write a detailed proof here, we will only sketch the idea of some difficult steps.

Basically, to prove Theorem 3.3.1, we only need to generalize the results in each subsection
of section 3.3 to the new case. Most of the steps are pretty straightforward and can be easily
justified. For instance, since the proof of Lemma 3.3.2, Lemma 3.3.3 and Lemma 3.3.5 does
not rely on the boundedness of C' and the choice of P(0), we only need to substitute C'z with
F(zo, Bu) and set P(0) = .
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The major difficulty is from the proof of Lemma 3.3.4. First, we need to extend the related
notions of the solution of differential and algebraic Riccati equation to the admissible observa-
tion and terminal cost case. Then, we need to prove the convergence of P(t) to P, in operator
norm. In this thesis, this convergence is proved by utilizing the property of the strong solution
of differential Riccati equation to verify the Hamiltonian system arising from Pontryagin’s max-
imum principle. More precisely, we need to prove that p(t) := Ppinz (7T — t) coincides with the
solution of

(

d_l‘ = (A — BB*Pmin)x iIl [07 T]’

dt

2(0) =z € H,

dl;i_t) — A*p(t) + C*Cx(T — 1) in [0,T],
\p(O) - Pminx(T)>

and p(t) := P(t)x(T — t) coincides with the solution of

( diit) — (A— BB*P(T —))#(t) in [0,7],
(0) = a0,
%t) = A*(t) + C*CHT — ) in [0, T,

| 5(0) = R (T),

To show p(-) = P(-)x(T — -), we need to use the property of strict solution (which says z
is differentiable if 2o € D(A)). This is no longer possible since for admissible C, C'z is only
defined in L? sense, so the differential should be understood as distributional derivative.

To resolve this problem, we first assume P, = 0 and show that the cost functional .J(B*-,-)
as a function of p € L?((0,T),H) and xy € H can be written as
Jr(B*p, x0) = (S1p, p) + 2Re(p, Sawo) + (Ss20, o)

where S; is a strictly positive operator in L£(L?((0,7),H)), So € L(H,L*((0,T),H)) and
S; € XT(H). So, when zyp € H is fixed, p = —(S;) 'Sazg is the unique minimizer of
Jr(B*-, xg). Since Sy, Ss, S3 are known, after some calculation, we can verify that p coincides
with the solution of the second Hamiltonian system.
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On the other hand, we know that P(-)z (7" — -) is also the minimizer of Jr(B*:, x,), by the
uniqueness of the minimizer, p(-) = P(-)z(T — -). Now we can follow the same steps to show
that P(t), with initial condition Py = 0, converges to P,;, in norm. Then by the monotonicity
and attractivity properties of P (see [6, Part V, Chapter 1, Section 4.2]), P(t) with arbitrary

Py € ¥ (H) will also converge to P,;, in norm.

An alternative way to prove this is to show the convergence relation as in our Lemma 3.3.4
through Yosida approximation and contraction mapping theorem. The steps will be basically
similar to [6, Part I, Chapter 1, Proposition 3.4].

In general, although the proof for the sufficient condition of the turnpike property will be
more technical and lengthy if C' is unbounded and P, # 0, the idea remains almost the same. The
generalization of the necessary conditions for turnpike property in this setting will be investigated
in our future research.
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