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In this paper, the linear quadratic (LQ) optimal control problem is considered for a class of linear dis-
tributed parameter systems described by first-order hyperbolic partial differential equations (PDEs).
Reinforcement learning (RL) technique is introduced for adaptive optimal control design from the design-
then-reduce (DTR) framework. Initially, a policy iteration (PI) algorithm is proposed, which learns the
solution of the space-dependent Riccati differential equation (SDRDE) online without requiring the inter-
nal system dynamics of the PDE system. To prove its convergence, the PI algorithm is shown to be
equivalent to an iterative procedure of a sequence of space-dependent Lyapunov differential equations
(SDLDEs). Then, the convergence is established by showing that the solutions of SDLDEs are a monotone
non-increasing sequence that converges to the solution of the SDRDE. For implementation purpose, an
online least-square method is developed for the approximation of the solutions of the SDLDEs. Finally, the
proposed design method is applied to the distributed control of a steam-jacketed tubular heat exchanger
to illustrate its effectiveness.
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1. Introduction

In practice, a significant number of industrial processes are
inherently distributed in space so that their behaviors depend on
spatial position as well as time, such as heat conduction, fluid flow,
and chemical reactor processes [1,2]. The mathematical models of
these processes usually take the form of partial differential equa-
tions (PDEs) and are often derived from the fundamental balances
of momentum, energy, and material. The well-known classifica-
tion of PDE systems could be hyperbolic, parabolic, elliptic, etc. [1],
according to the properties of the spatial differential operator. Due
to their infinite-dimensional nature, it is very difficult directly using
control design methods of lumped parameters systems (LPSs) for
these PDE systems.

Optimal control theory is an important tool for the controller
synthesis. The main objective of the optimal control policy is to reg-
ulate a dynamic system by minimizing a given cost criterion. Over
the past decades, the optimal control theory of PDE systems has
been well studied from mathematical point of view [3-5]. Mean-
while, the optimal control problem of PDE systems has also been
well studied from engineering point of view, where a consider-
able attention has been paid to methods that are based on the
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minimization of linear quadratic (LQ) cost criteria. Existing works
on the optimal controller design of PDE systems can be classified
into two types: reduce-then-design (RTD) [6-10] and design-then-
reduce (DTR) [1,4,5,11-21]. The former initially discretizes the PDE
system into an approximate finite-dimensional ordinary differen-
tial equation (ODE) system, which is then used for optimal control
design purposes. This approach is mostly used for parabolic PDE
systems, because their dominant dynamic behaviors are usually
characterized by a finite (typically small) number of degrees of free-
dom. In contrast to parabolic PDE systems, hyperbolic PDE systems
involve a spatial differential operator whose eigenvalues cluster
along vertical or nearly vertical asymptotes in the complex plane
and thus cannot be accurately represented by a finite number of
modes. This feature prohibits the application of modal decom-
position techniques to the hyperbolic PDE system to derive an
approximate ODE model and suggests addressing the control prob-
lem on the basis of the infinite-dimensional model itself. Following
this suggestion, some control approaches have been developed for
hyperbolic PDE systems in the past decades, including the LQ opti-
mal control method via spectral factorization [13] and operator
Riccati equation (ORE) [4,5,14], boundary control method [15-17],
the sliding mode control method [18] and model predictive control
method [19] on the basis of equivalent ODE realizations obtained
by the method of characteristics, the nonlinear control method [20]
through a combination of PDE theory and geometric control tech-
niques, and the fuzzy control method based on directly the T-S
fuzzy PDE model [21].
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However, most of the above approaches are model-based that
require the full knowledge of the mathematical system models,
which in most real cases are either unavailable or costly to obtain,
due to the high-complexity of the industrial processes. The most
prominent feature of such cases is the presence of vast volume
of data accompanied by the lack of an effective process physical
model that can support control. Moreover, the modeling and iden-
tification are also very difficult for PDE systems [22,23], even for
ODE systems [24]. Then, these model-based methods encounter
limits on the achievable performance, induced by conservatism
introduced in the process modeling step. To overcome this limita-
tion and to improve the performance beyond model-based control
design, it is significant to develop control approaches for the cases
that accurate modeling is impossible. This is a promising but chal-
lenging area for future control theory researches. Reinforcement
learning (RL) [25-28] is a kind of machine learning method, which
refers to an actor or agent that interacts with its environment and
aims to learn the optimal actions, or control policies, by observing
their responses from the environment. It affords a methodology
for learning the feedback control actions online in real time based
on system performance without necessarily knowing the system
dynamics. This also overcomes computational complexity, such
as the curse of dimensionality [29] associated with dynamic pro-
gramming. In recent years, RL techniques have been used to the
optimal control design of ODE systems [28,30-34]. For linear con-
tinuous ODE systems, policy iteration (PI) was employed to find
the optimal control law online in [31,34]. This algorithm is theoret-
ically equal to the well known iterative method developed in [35],
where the algebraic Riccati equation (ARE) was approximated by a
sequence of linear Lyapunov equations (LEs). The optimal control
for nonlinear ODE systems with the PI algorithm was also stud-
ied in [32,34,36]. In [36], an offline PI method was developed for
nonlinear systems with control constraints, while an online PI algo-
rithm was given in [32]. Later, a so-called synchronous PI method
[33] and a generalized PI version [37] were also suggested for the
optimal control problem for nonlinear ODE systems. In addition,
some important approximate dynamic programming (ADP) meth-
ods were proposed to solve the optimal tracking control problem
of discrete-time nonlinear affine systems [38] and general nonlin-
ear systems [39]. Nevertheless, to the best of our knowledge, the
RL-based adaptive optimal control problem of linear hyperbolic
PDE systems from the DTR framework has not been addressed yet,
which motivates the present study.

In this paper, we try to synthesize an adaptive distributed opti-
mal control law for a class of linear hyperbolic PDE systems by using
the RL techniques and the DTR approach. To avoid directly solv-
ing the model-based space-dependent Riccati differential equation
(SDRDE) for the LQ optimal control problem of linear hyperbolic
PDE systems [14], a PI algorithm is proposed to learn the solu-
tion of the SDRDE online without requiring the knowledge of the
internal system dynamics. The convergence of the PI algorithm is
established by showing that the SDRDE can be successively approx-
imated by a sequence of space-dependent Lyapunov differential
equations (SDLDEs). For implementation purpose, we develop a
least-square method to online estimate the solutions of the SDLDEs.
Finally, the simulation study on the distributed control of a steam-
jacketed tubular heat exchanger is given to show the effectiveness
of the proposed design method.

The reminder of the paper is arranged as follows. The prob-
lem description and some preliminary results are given in Section
2. The PI algorithm is proposed and related issues are analyzed
in Section 3. A least-square based implementation method for
adaptive distributed optimal control is developed in Section 4.
Simulation studies on a steam-jacketed tubular heat exchanger
are provided in Section 5. Finally, a brief conclusion is drawn in
Section 6.

Notations: R, R" and R™™ are the set of real numbers, the
n-dimensional Euclidean space and the set of all real n x m matri-
ces, respectively. || - || and (-, -)gn denote the Euclidean norm and
inner product for vectors, respectively. Identity matrix, of appro-
priate dimensions, is denoted by I. The superscript ‘T’ is used for
the transpose of a vector or a matrix. For a symmetric matrix M,
M > (>, <, <)0 means that it is positive definite (positive semi-
definite, negative definite, negative semi-definite, respectively).
The space-varying symmetric matrix function M(z), z € [z, Z] is pos-
itive definite (positive semi-definite, negative definite, negative
semi-definite, respectively), if M(z) > (>, <, <)0 foreachz¢ |z, z].
The symbol * is used as an ellipsis in matrix expressions that are
induced by symmetry, e.g., [P(2)A(z) + *] 2 P(2)A(z) + AT (2)P(z),
zelz, z).

H" 2 “%>(lz,z]; R™") is an infinite-dimensional Hilbert space
of n-dimensional square integrable vector functions w(z)eH",
z €|z, z] c R equipped with the inner product and norm (@1, @3) =
fzz (@1(2), @2(2))gn dz and |1y = (@1, @1)'/2, where @; and @,
are any two elements of H".

2. Preliminaries and problem description

We consider the following linear first-order hyperbolic PDE sys-
tems in one spatial dimension with a state-space description of the
form:

W) _ 4 WO,

T % 2(2)y(z, t) + B(2)u(z, t) (1)
subject to the boundary condition
y(z.t)=0 (2)
and the initial condition
¥(z,0) =yo(2) (3)

where ze[z,zZ]cR and te[0,o0) denote spatial position
and time, respectively, y(z,t)=][yi(z,t) Yn(z, t) ]T eR"
is the state, yg(z)eR" is the initial state, and u(z, t)=
[uq(z, t) um(z, t) ]T eR™ is the manipulated control input.
Aq is a real known diagonal n x n matrix, A(z) and B(z) are real
continuous space-varying matrix functions of appropriate dimen-
sions. The PDE system (1)-(3) is referred to as an unforced PDE
system when u(z,t)=0, and the corresponding system dynamics,
i.e., A1(3y(z, t)/0z) + Ax(2)y(z, t), is referred to as internal system
dynamics that is unknown in this paper.

Notice that the matrix A; in (1) is assumed to be diagonal. This
isrepresentative to some extent and is widely used in the literature
[13,14,40,41]. Typical examples satisfying this assumption include
plug flow reactors, fixed-bed reactors, and steam-jacketed tubular
heat exchangers where the elements of A; are the fluid velocities
[1,42,43].

Remark 1. Due to the high-complexity of real industrial pro-
cesses, the accurate modeling and identification of which is
impossible or costly to conduct, and the most prominent feature
is the presence of vast volume of data accompanied by the lack of
an effective process physical model that can support control. Thus,
the statement that the internal system dynamics is unknown or
not completely known is true for the vast majority of processes of
practical interest. The development of control approaches for such
a case is significant, but also challenging.

We consider the following linear distributed state feedback con-
trol law:

u(z, t)=Kz)y(z,t) (4)
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where K(z) is the control gain to be determined, which is areal con-
tinuous space-varying m x n matrix function defined on the interval
z,Z].

The substitution of the control law (4) into (1) results in the
following closed-loop PDE system:

VEO _ 2 W20 oz, b %)
where
A;y(2)2Ax(2) + B(2)K(z). (6)

For convenience, we denote y(-,t)2y(zt), ze[z,z], and
u(-,t)2u(z,t), zelz,z] and denote M(-)2M(z), ze[z,z] and
M(.)£dM(z)/dz, z €|z, Z] for some space-varying matrix function
M(z), z € |z, z]. Define the following infinite-horizon LQ cost func-
tional:

+00
Vu(y(-,f))é/ (@(, 1), QC(, 1) + (-, 7), R(u(-, 7)) dt (7)
t

where Q(z)>0 and R(z)>0.

The optimal control problem of PDE system (1)-(3) here is to
find a control law of the form (4) such that the LQ cost functional
Vu(¥o(-)) is minimized, i.e.,

u(z, t) = u*(z, t) £ argminVy (¥o(-)) (8)

We now give the following preliminary definition and result.

Definition 1. The unforced PDE system (1)-(3) is said to be expo-
nentially stable, if there exist real constants p, o > 0 such that the
following expression holds:

e 05 = oo [lyo)|[5. v £=0.

Lemma 1. [14]. Consider the system (1)-(3) with the state feedback
control law (4) and cost functional Vy(yq(-)). Suppose that A; < 0. Let
P*(z) > 0 be a diagonal real continuous space-varying n x n matrix
function defined on interval |z, z), and P*(z) = 0. If P*(z) satisfies the
SDRDE

dP*(z)
dz

A = [P*(2)A2(2) + ¥] + Q(2) — P*(2)B(z)R™ ' (2)B (2)P*(2),

P (2)=0,z¢|z, 2] (9)

then P*(z) is the unique solution of the SDRDE (9) and the solution
of the optimal control problem (8) is

u*(z,t) = —R ' (2)BT (2)P*(2)y(z, 1) (10)
and the minimum cost is

Vur (¥0(+)) = 0o (), P*(-)yo(-)).- (11)

Remark 2. Itis mentioned in [14] that the solution P’(z) of SDRDE
(9) is diagonal. The existence of such a P’(z) can provide an opti-
mal control law (10) for the PDE system (1)—(3). The reason for the
need of a diagonal matrix function P’(z) results from the condi-
tion P*(z)A; = A-{P*(Z) required for the derivation of the SDRDE (9)
[14]. This may lead to conservatism of the control design. However,
for the weakly hyperbolic PDE system (i.e., A; = a1, where a4 is a
constant) [43], the restriction of P'(z) can be removed.

It is observed from Lemma 1 that the distributed optimal con-
trol problem of the PDE system (1)-(3) hinges on the solution of the
SDRDE (9). A direct solution approach was presented in [14], but it
is a model-based method which relies on the full knowledge of the
PDE system model. Thus, it can not be used for the case that internal
dynamics of the PDE system is unknown. Furthermore, the model-
based methods encounter limits on the achievable performance,

induced by conservatism introduced in the process modeling step.
To overcome this limitation and improve the performance beyond
model-based control design, we try to develop an adaptive dis-
tributed optimal control approach when the PDE system model is
not completely known.

3. Adaptive distributed optimal control design

In this section, we propose a PI algorithm for the adaptive opti-
mal control design without requiring the knowledge of internal
dynamics of the PDE system (1)-(3). The PI algorithm can learn the
solution of the SDRDE by measuring system states online. Learn-
ing control policy from online measured data is striking because
it requires no prior knowledge of a process model (i.e., the inter-
nal system dynamics), moreover, the estimations and assumptions
introduced in the process modeling step are omitted.

We first give procedure of the PI algorithm as follows:

Algorithm 1. Step 1: Give an initial diagonal matrix func-
tion P©(z)>0, ze[z,z), PP()=0, such that u®(zt)=
—R 1 (2)B"(2)PO(2)y(z, t) is an exponentially stabilizing control
law. Leti = 0.

Step 2: Solve the following equation for P(1)(z)

(., 6), PO, 8) = W, £+ AL, PUDOy( £+ AL))
t+At
+/ E0(r)dt (12)
t

where E0(7)2 (-, 1), QLW(:, T) + @O(, T), R(JuD(, 7)),
Pit1)(z) > 0 is a diagonal real continuous space-varying n x n
matrix function defined on interval [z, Z), and PitD(z) = 0.

Step 3: Update u(+1)(z, t) by

iz, 1) = K(””(z)y(z, t) (13)
with
K (2) = R (2)B" (2)P*(2). (14)

Step 4: Seti=i+1.If & (LE(P(i)(z) - P(i*1)(z))dz> <¢(Cisa

small positive real number, and_<'7(~) denotes the maximum singular
value of a matrix), stop iteration, else, go to Step 2 and continue.

Remark 3. The PI algorithm involves two basic operations, pol-
icy evaluation (Step 2) and policy improvement (Step 3). Policy
evaluation is used for computing the cost for a control policy, and
policy improvement is used for finding a better control policy with
the corresponding cost. The two operations perform alternately
to approach the optimal control policy and minimum (optimal)
cost. Notice that it does not require the knowledge of the internal
dynamics of the PDE system (1)-(3), whose information is embed-
ded in the online measurement of the system states y(z, t) and

¥(z, t + At), and evaluation of the cost ftHAt EO(7)dr. That is to
say, the lack of knowledge about the internal system dynamics does
not have any impact on the PI algorithm to learn the solution of the
SDRDE. Thus, the resulting adaptive optimal control policy will not
be affected by any errors between the dynamics of a model of the

system and the dynamics of the real process.

Remark 4. It is noted that the information of B(z) of PDE system
(1)-(3) is needed in the PI algorithm. This is reasonable for real
industrial processes, because the spatial positions for distributing
actuators are usually given beforehand.

Next, we establish the convergence of the PI algorithm. Let us
first consider a diagonal real continuous space-varying n x n matrix
function P(z) > 0 defined on interval [z, z), and P(z) = 0. Differ-
entiating (y(-, t), P(-)y(-, t)) with respect to time t along the state
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trajectories of the closed-loop system (5), we get

4 T
v <y(-,r>,p<.>ayg; ”> -/ (A1 YED | A, t))

y(z, t)
0z

x P(z)y(z, t)dz+/ ¥(z, t)P(2) (Al +A2( Ww(z, t)> dz

¥4 T ¥4
_ /Z (a”g"zt)> ATP(2)y(z, t)dz + /Z y'(z, P(2)A; aygzz, 0 4z

P()Az(y(-, 1)) (15)

+ (A0, ), PO ) + 0, 8),
Applying integration by parts, we find that

/ ¥z 0p@a P24, — ye ey, 0

. / &0 poraya. ndz - / V(2. 0B pyz. .

(16)
Considering the boundary condition (2) and P(z) = 0, we have
¥'(z, OP@)AY(z,1)|._ = 0. (17)

Since both P(z) and A; are diagonal matrices, the equality
P(z)A, :A{P(z) holds clearly. Then, it follows from (15) to (17)
that

300, POy, ) = - / vz 0a Py ez

+ Az ), PCY(C ) + 0, 1), PCAL (Y 1)

=—(, ), APy, ) + (., t),A£(~)P(~)y(-, 9)

+ (. 1), POA( Y, 1) = (-, 1), (A1 P(-) + [P(-)Ay(-)

+*]y(-, £)). (18)

Therefore, we have the following result:

Theorem 1. Let P“*1)(z) > 0 be a diagonal real continuous space-
varying n x n matrix function defined on interval [z, Z), and Pli+(z) =
0,i=0,1,2,....Then, PV(z) is a solution of Eq. (12) together with
(13), if and only if PY“*1)(z) is a solution of the SDLDE

(i+1) ] i ) )
P P A ) 451+ Qo)+ (KO(2) RK(2)

(19)

Aq

where
AY(2) = Ay(2) + B2)K D (2) (20)

and K9(z) is obtained by (14).

Proof. Applying the control law u()(z, t) = KO(z)y(z, t), i=
0,1,2,... to the PDE system (1)-(3), the state of the closed-loop
PDE system satisfies
VO _ g, W20 | gz, )+ Bz, 0
ot 0z
ay(z, t
- Y20 Ay, 0. (21)

From (18) and (21), we have
d
@
+IPHDOATC) + (-, ).

(i+1)

W, 0), POy 0) = @, 0, (AP ()

Integrating the above equation from ¢t to t + At yields
O, £+ AD, PUICYC E+ AL) = @, 1), PEDCy( 0)

t+At ll
=/ 0. 1) (AP0 + [PEVOAY) 4 sly( 1) d
' (22)

On the one hand, if P“+1)(z) is a solution of Eq. (19), we have

(i+1) o
A @ — @) | [pina

=)+

D2+ 4]

(K'(2)) R2K(z)). (23)

The substitution of (23) into (22) and considering (13) yield
W, t+ A, PO, E+ AD) — ¢, 0), PUDCYC, 0)

t+At ) T )
=- / W, 1), Q)+ (KD) ROKD())(-, 7)) dr
t

t+At
=—/ E0(r)dr.
t

This implies that PU*1)(z) is also a solution of Eq. (12).
On the other hand, we prove that P4t1)(z) is the unique solution
of (12) by contradiction. According to (12), we have

d 1 i
(i4+1) . _ i . . (i+1)(. .
@ V6 0PIV )= lim e (0, e+ An, PEDCYC 4+ A
t+At
~0C 0. P ) =~ Jim o [ 800y
1 t+At t
=— lim / E(i)(T)clf—/ 50(1)dt
At>0 AL 0 0
d [t . )
= _E/ E0(t)dr = -50(t) (24)
0
Assume that ﬁ(i+1)(z) is another solution of (12). Then similar to
(24), we have
d

o, 0, Py, 1) = 800, (25)

dt
Subtracting (25) from (24), we get (d/dt)y(-, t), (PUD() -
Py ( W) =0 for Vy(.t. Then, (y(- 1), (PH+()~
())y( t)) =c, where c is a real constant, c=0 when
y( £) = 0. Thus, (-, £), (P () = BV ()(., 1) = 0, for vy, 1),
This means that P IH)( )= P+ (z) for each z € |z, z]. The proof is
completed. B

Remark5. Theorem 1indicates that, given aninitial exponentially
stabilizing control policy u(®(z, t) = KO(z)y(z, t), the iteration (12)
together with (13) is equivalent to the iteration (19) together with
(14). Therefore, the convergence of PI algorithm can be established
by proving that the iteration (19) together with (14) is convergent.
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Namely, we prove that the solution of SDLDE (19) converges to the
solution of SDRDE (9) when i goes to infinity.

Lemma 2. Let u(®(z, t) = K9(z)y(z, t) be an exponentially sta-
bilizing control law. If (13) together with (12) is used to update
control policy, then, the new control policies are also exponen-
tially stabilizing, i.e., the closed-loop PDE system (5) withu()(z, t) =
K(")(z)y(z, t),i=1,2,...,is exponentially stable.

Proof. With the control law u®)(z, t) = KD(2)y(z, t),i=1,2, ...,
the state of the closed-loop PDE system is the solution of Eq. (21).
We take

W(, ) = (., t), PO )y(-, 1))

as aLyapunov function candidate. According to (18), differentiating
W(y(-, t)) with respect to time t along the solution of (21) yields

awy(,t)) _ d (i) _ ()

HPOOAL ) + (-, ) (26)

From (20), we have

AY(2) = Ay(2) + BKD(2) = Ax(2) + B)K'~(2) + B(2)(K'(2)

(i-1)

~K"0(2) = A" (2) + B2)(KD(z) - K D(2)

then,
a(0)

dpt ; dpt
% +[PO(2)Ay (2) + ] = —Aq dz(Z)

—A;

HP)AS ) (2)+ 4]+ [PO2BEK () - KD (2)) + 4]

dp(z) i, =(i-1)
+ [P (2)A,

— _A (2) + #] — (K% V(z) — KD(2)) R(z)

(KD (z) - KD(2)) - (K')(2)) R@2)KD(2)

+(KED2) RK1(2). (27)

Theorem 1 shows that the Eq. (12) together with (13) is equiv-
alent to Eq. (19) together with (14). Then, it follows from (19) and
(27) that

(i) - i i
-m D [PO@AS )+ 4| = - (K - KO(2) Re2)

(K¥V(z) - KD(2)) - Q(2) - (K¥(2)) R2IK D (2). (28)

From (26) and (28), we have

dw(y(, 1))
dt

== (¥ 0, (KU - K90) RO (K990 - KO() v, 0)

= (¥ 0 (@0)+ (KV0) ROKOO)) v ).
thus,

dw(y(., 1))

P+ (V0. QU ) < 0for V(- 0) #0 (29)

Considering Q(z) > Oand PY)(z) > 0,z ¢ [z, z], hence, there exist
real constants «, 8 > 0 such that

where o max { max {Aj(P(i)(z))}} and
je{1,2,-,n) | z€elz,2]

represents the jth
je(1,2,-,n} | zelz,Z]

eigenvalue of a matrix. It follows from (30) and (31) that
From (29) and (32), we can get

W—i—aqﬁww(‘,t)) < OforVy(., t) £0. (33)

Thus, by using Lemma 1in [21], we can conclude that the closed-
loop PDE system (5) is exponentially stable.l

B2  min {min {)\-j(Q(Z))}}' Aj(+)

Remark 6. Lemma 3 reveals that, given an initial exponentially
stabilizing control law, all control policies (in the PI algorithm)
obtained using iteration (12) and (13) are exponentially stabilizing.

Theorem 2. Let P*(z) be the solution of the SDRDE (9), P©)(z) >
0 be a diagonal real continuous space-varying n x n matrix func-
tion defined on interval [z,z) and P(9(z) = 0, such that u®(z, t) =
—R'(2)BT(2)PO(2)y(z, t) is an exponentially stabilizing control law.
IfPU(2),i=0,1,2, ... are the solutions of SDLDE (19), then,

(1) P*(z) < P 0(z) < PO(z),i=1,2,.. ., for Vz e[z, Z];
(2) PY(z) converges uniformly to P*(z) when i — co.

Proof. (1)Fori=1,2,...,it follows from (20) that

A(ZFU(Z) = Ay(2) + B(2)K“V(z2) = Ay(2) + B(z2)K(2)

+B(2)KV(2) - KO(2)) = Ay (2) + B)(K V(@) - KO(2).
(34)

From (19), we have

dap9(z)
dz

1)

(2) +*] + Q(2) + (Ki"D(2)) K 2).
(35)

A = [PO(2)AS

Substituting (34) into (35) yields

dpP9(z)
A dz

HICV@) RRK() = PO () + ]+ Q(2)

= [PO(2)(AS(2) + B@(K(2) - KO(2)) 4 ] + Q(2)

HKF(2) REKD(2) + [PD(2)BE)KD(2) - KD(2)) + 4.
(36)

Let APW(z) 2 PO)(z) — Piit1)(z), where P#*+1)(z) is the solution of
(19). Subtracting (19) from (36) yields

(0
a, 48PY@)

o = [APY2)AY (2) + 5] + (K@) REK(2)

~ (KD2) R2KD(z) + [PD(2)Bz)KD(z) — KD(2)) + %]. (37)
Adding and subtracting the term

[(KD(2)) R2)(KD(z) - Ki)(2)) + ] = (KI-D(2)) R@Z)K)

+(KD(2)) RZK(z) - 2(K)(2)) REZ)K(z)
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from the right side of (37) and rearranging terms yield

dAPY(z
w480 (2)

— [APD2AV () + #]

HPO@)BZ)Y K D(z) - KD (2)) + #] + (KI-D(2)) R@2)K1(z)
~(KO(2)) RDK(2) + (K@) RYIC(2) ~ KO(2) + 5]
~(KEDz2) RZKD — (KD(2)) RZ)KI(z)

+2(KD(2)) R2KD(z) = [APD(2)AL(2) + #]

KD — KOY RZ) (KD — kD)

HR'(2)B"(2)PD(2) + KD(2)) RZ)K D (2) - KD(2)) + 5]

(38)
Using (14), we obtain
(i) g
AlM — [AP(I)(Z)A(ZI)(Z)
dz
]+ (KU-D KO Rz) (KD — g0y,
ie.,
(i) I

~A w +[APY(2)AY(2) + 4]

= (KD _ KO Rz)(KkU-1) — D), (39)

With the control law u()(z, t) = K®(2)y(z, t) and using (18), we
can obtain that the state of the resulting closed-loop PDE system
satisfies

d
ar
HAPDOAL () + 5y (-, ). (40)

W, £, APOCY(, 1) = 0, £), (~A APV

From (39) and (40), we have

d .
V060, APDCYy(-, 1))
= (. 1), (KD — KOY RCYKED — KDy, 1)) <0

which means that (y(-, t), APD()y(-, t)) is a non-increasing func-

tion with respect to time t. Since u®(z, t) = KO(z)y(z, t) is an

exponentially stabilizing control policy according to Lemma 2,

then we have tlim (-, 1), APD()y(-, t)) = 0.1t further implies that
— 00

(-, 1), APDO)y(-, 1)) > 0, t > 0 for Vy(-, t). Thus, we get APY(z) >
0forvze(z z] ie, PV (z) < PV(z),i=1,2,...,Vze|z, 2]

Now, we prove PO(z)>P*(z2), Vze[z,Z], i=1,2,.... With
arbitrary state y(-, t) and control law u®(z, t) = KD(2)y(z, t), i =
0,1, 2, ..., the cost functional (7) can be written as

+oo
Vuo')(.)’(-,f)):/ EO(rydrt
t
+o0 ) r ‘
= / W, 0, (Q() + (KD() ROKD)W(-, 7)) d. (41)
t

According to (18), (19) and (41), we have

. (i41)

+00
Vu(i)(.y("t))z—/ o0, (AP ()
t

HPEDOAT ) + (-, 7)) de

+00 d ( )
=- —@(, ), POy, T) de

= (0. PO T

Because ul)(z, t) = K(z)y(z, t) is an exponentially stabilizing
control policy, we obtain
VoG, 0) = . £), PPy, 1), (42)

Since P*(z) is the solution of the SDRDE (8), the associated cost
Vi (¥(-, £)) = 0, £), P*(-)y(-, t)) is the minimum. Thus, we have
V@, 1)) = Vi=(y(-, 1)) for Vy(., t), which means that Pi(z) >
P*(z),Vze|z,z],i=1,2,... This completes the proof of the first
part of Theorem 2.

(2) To show that the sequence P)(z) has a limit as i—
oo, we choose an arbitrary ecE (E c 9" is a set of orthogo-
nal basis). Then, from the first part of Theorem 2, (e, PO(2)e)
is non-increasing as i — oo and is uniformly bounded below
by (e, P*(z)e). Hence, lim (e, P")(z)e) exists for all ecE, since

1—00
a bounded monotone sequence always has a limit, denoted as
lim (e, P{(2)e) £ (e, P‘™)(z)e). This means that the limit of P{)(z)
1—00

exists for Vz € [z, 7], and lim P(z) = P(*)(z).
1—00
Now, we will show that P(>)(z) satisfies the SDRDE (9), i.e.,

P)(z) = P*(2). It follows from (14) and (19) that P(*1)(z) satisfies
the equation

(i+1) , i
AP0 @A) 141+ Q)

+PY(2)B(2)R(2)B (2)PD(2). (43)

_Integrating both sides of Eq. (43) from z to Z and considering
Pit1)(z) = 0, we get

AP () = - / (P (OAL () + 4]
+Q(5)+PY(5)B()R()BT(5)PY()) ds.

Taking the limit of both sides of the above expression and using
the bounded convergence theorem [44], yield

A P™)(z) = _/ (IPAAT(6) + 4]

z

+Q(<) + PS)B()R(S)B (6)P™)(s) ds.

This implies that P{®)(z) is continuous, then, differentiating
yields

apL>) (oo

1P L P 4 )

+Q(2) + P*)(2)B(2)R(z)BT (2)P')(2).

This means that P(*°)(z) is a solution of the SDRDE (9). By unique-
ness of the solution, P{®)(z) = P*(z). The proof is complete. B

Remark 7. Observe that the SDLDE plays a critical role for con-
vergence analysis of the PI algorithm in this paper. (1) Theorem 1



B. Luo, H.-N. Wu / Journal of Process Control 22 (2012) 1161-1170 1167

shows that the PI algorithm is theoretically equivalent to an itera-
tive procedure of a sequence of SDLDEs. (2) The solution of SDLDE
gives a compact representation (42) of the cost of an arbitrary expo-
nentially stabilizing control policy. (3) Theorem 2 implies that the
solution of SDLDE allows us to improve the cost of the original
control. By using the PI algorithm to iteratively solve a sequence
of SDLDEs online, we can obtain the approximate solution of the
SDRDE without the knowledge of the internal system dynamics. In
fact, the SDLDE can be viewed as a generalization of the SDRDE for
an arbitrary exponentially stabilizing control policy. The SDLDE is
a linear differential equation, while the SDRDE is nonlinear. Thus,
The SDLDE is theoretically easier to solve than the SDRDE.

Remark 8. Itis worth mentioning that the proposed PI algorithm
(i.e. Algorithm 1) may not be directly applied to linear parabolic
PDE systems. The reason is that the optimal control problem of lin-
ear parabolic PDE systems requires solving another SDRDE which
is completely different than (9). Thus, a new PI algorithm for linear
parabolic PDE systems is needed, which is left for future investi-
gation. Moreover, we notice that the proposed PI algorithm can
be used for nonlinear hyperbolic PDE systems in the vicinity of the
operating point. However, it cannot predict the “nonlocal” behavior
far from the operating point and certainly not the “global” behav-
ior throughout the state space. To overcome this difficulty, a new
PI algorithm should be developed for nonlinear hyperbolic PDE
systems. We also leave this issue for future study.

4. Implementation of adaptive distributed optimal control

Notice that in each iterative step of the PI algorithm, we need to
solve Eq. (12). To this end, we derive a least-square approximation
methodonasetD c H" suchthaty(., t) e D, to estimate the solution

of Eq. (12). Denoting P(2) = diag(p"(z), ..., p{(2)} i=1,2, ...,
then (12) can be rewritten as

n ¥4
> / P20z, 1) - vz, t+ Ab))dz
j=1"%

/t+At
t

T .
Let ¥;(z) =[¢1,i(2) N, J=1,2,...,
function vectors for approximating p(’)( z), where N; is the number

69|

(7)dr, i=0,1,2,... (44)

n be basis

of basis functions in ¥;(z). Then, p](')(z) is approximated by

N N T .

@) = W) ¥(2) = ¥ (2w, (45)
. . NOT

where W](.l) = Wj(li WJ(II)VJ | is the weight vector. Thus, the left

side of Eq. (44) can be written as

Z / V@2, 0) -y (.t + An)dz
=y / WY Y202z €) ~ Y2z, t + A dz

—Z(w““)) / V(@ (2 1)~ YAz, t + Ab)dz

j=1
— (WY o(E £+ AL)

where

T

T
wii+1) — [(wgiﬂ)) (W%iﬂ))T} and

/ ¥1(2)i(z, ) - yi(z, t+ At)) dz

ot t+ At) =
z
/ Va2 Va2, t) - ya(z, t + Ab))dz
4
Then, we rewrite (44) as

. . t+AL
(WD) (e, ¢ + At):/ E0(r)dr, i=0,1,2,...  (46)
t

where £0(7) 2 (-, 1), QU (, ) + @"(, 1), ROB(, 7)),
Accordingly, the control law (13) can be approximately updated
by

A0z 0 = (i+1)

where ﬁ(i

~R'(2)BT(2)P"" (2)y(z, 1) (47)

(2) = diag(p"V(2), ..., P (2)).

Remark 9. Observe that the iteration from (12) to (13) in the PI
algorithm is converted to the weight iteration from (46) to (47). The
evaluation of the right side of Eq. (46) requires the online measured
system states. After the weight vector w(*1) is computed via (46),
the control policy is approximately updated by (47) accordingly.

To compute spatial integrals 0(t, t + At), (y(-, T), Q(-)y(-, 7)) and
ﬁ(i)(~, 7), R(-)ﬁ(i)(~, 7)) in (46), we discretize the spatial domain
[z, z] into space instances {zy,z0 =2,2zny, =2,k =0,1, 2, ..., N;} of
the same distance d, where d £ 2, ; — z; = (Z — z)/N;. Then, the jth
component of f(t, t + At) can be evaluated with

/ V@02 £~ Yz t+ At dz

) Nz-1
= @0z ) -y an t+ AD)d, j=1,2,....n

k=0
Similarly, (y(-, )y and @Y, ), ROV, T
be evaluated.

Note that w(*) has N unknown elements, where N = > | N;.

7), Q(y(-,

7)) canalso

Thus, in order to solve for w(i*1)_ at least N equations are required.
Here, we construct N(N > N) equations. In each time interval [t, t +
At], we collect N sample state sets (each set contains N, state data)
along state trajectories, and construct the least-square solution of
the weights as follows:

wii+) @@T g(l) (48)
where

O=[0(t,t+6t) 0t + (N —1)8t, t + N6t) |

E(l) [g (O g(_i) ]T

N

with 8t = At/N and &P = f:(’,j“n& EO)(r)dr k=1,

It is worth mentioning that the least-square method (48) should
satisfy the persistence of excitation (PE) condition, which can be
obtained by injecting probing noises into states.

Based on the above least-square method for estimating weights,
the specific implementation of the adaptive distributed optimal
control for the PDE system (1)-(3) can be represented as follows:



1168 B. Luo, H.-N. Wu / Journal of Process Control 22 (2012) 1161-1170

Algorithm 2.
1,2,...,n. Give an initial weight vector w(® such that #'%(z, t) =
(0

“R(2)B"(2)P"”
law, where each element of ﬁ(o)(z) is computed via (45). Let i = 0.

Step 2: With control policy ﬁm, collect N sample data sets along
state trajectories of the closed-loop PDE system, and evaluate the
associated matrices @ and &0 during time interval [i- At, (i+1)-
At]. Compute wii*1) via (48) at time instant t = (i + 1) - At.

Step 3: Update the control policy with (47) at time instant t =
(i+1)At. ' '

Step4: Seti=i+1.If ||w(® — w(i-1 H < £(eis a small positive real
number), stop iteration and the weights remains invariable, else, go
to Step 2 and continue.

Step 1: Select basis function vectors ¥;(z), j =

(2)y(z, t) is an exponentially stabilizing control

Remark 10. Note that in [45], a computational efficient model
predictive control (MPC) approach was proposed to solve the opti-
mal control problem of hyperbolic PDE systems, and good results
were achieved. However, there are two main differences between
the developed PI algorithm and the MPC in [45]. Firstly, the MPC
needs appropriate analytical model [45-47] and computes open-
loop policies offline (as mentioned in [45]) which are then used for
real time control purpose, while the PI algorithm does not require
the internal system dynamics and computes optimal control policy
online by conducting closed-loop simulations. Secondly, the MPC
optimization problems require extra solvers (such as interior-point
method in [47]), while the proposed Pl algorithm is a direct optimal
control method based on dynamic programming [26] in which the
optimization is merged into the online learning process. Moreover,
it has been shown in [47] via a comparative study for discrete-time
ODE systems that RL method may certainly be competitive with
MPC even in contexts where a good deterministic system model is
available.

5. Simulation studies

To illustrate the effectiveness of the developed adaptive dis-
tributed optimal control approach, we conduct simulation studies
on a steam-jacket tubular heat exchanger [1]. The dynamic model
of which has the form:

aT aT  hA
o9 —V& - TCP(T —Tw) (49)

subject to the boundary condition
T(0,t) =Ty, t [0, +00)

and initial condition

T(z,0) = To(z),z €0, L].

In the above model, T denotes the temperature in the tubular
heat exchanger, Ty, Ty and Ty denote steam-jacket temperature,
heat exchanger inlet constant temperature and initial temperature,
respectively. In addition, t, zand L denote the independent time and
space variables, and the length of the exchanger, respectively.

By taking change of variables as

hA

Yo£To—T; anda(z) = (50)

VAT - Ty, =—,
! PCp

us TW — Tf’
the equivalent representation of the model (49) is obtained as fol-

lows:

dy _ oy
i —v& —a(z)y +a(z)u (51)

subject to the boundary condition

¥(0,t)=0,tel0, +00)

0.15

0.1

0.05

10 11

Fig. 1. The weights w;,w, and ws in each iteration.

and initial condition

¥(z,0) =yo(2),z€[0, L].

The control objective is to determine the adjustment in the
steam-jacket temperature T, (through a steam inlet valve), such
that the exchanger temperature T approaches the desired temper-
ature profile Ty(z). Here, we are interested in the constant profile
Ty. Since Ty(0) =Ty, then Ty(z) =Ty for all ze[0,L]. Thus, the desired
profile for system (51) is yq £ T4 — Ty = 0. According to (9), the dis-
tributed optimal control of system (51) is to solve the following
SDRDE for p*(z):

ap*(2)

—v=5 = = —a(2)p*(2) - p(2)al2) + 4(2)

—p*(2)a(z)r~Y(2)a(z2)p*(2), p*(z) > 0,z€[0, L], p*(L) = 0. (52)

Now, we apply the developed adaptive distributed optimal
control method (i.e., Algorithm 2) to online learn the solu-
tion of SDRDE (52). The system parameters are assumed to be:
v=1, a(z) =8 —9exp(—2z/L), L=1 and Ty=340 (then, T;=340).
Let yo(z) = 0.5Tf sin(47z/L) (i.e., the initial temperature profile is
assumed to be To(z) = Ty + 0.5T; sin(47z/L)). Choose Q(z) and R(2)
in cost functional (7) as Q(z)=q(z)=1 and R(z)=1(z)=1, z€|z, z].
We select 5 (i.e., N=N; =5) basis functions as ¢(z) = sin(kwz/L),
k=1, ...,5 for approximating p*(z). Let w, be the weights and
set initial values as W;{O) =0, k=1, ...,5. In Algorithm 2, select
the value of stop criterion £=10", the sampling step size in
space d=0.02 (i.e., N;=50) and in time &t = 0.02(s). In each iter-
ative step, after collecting 10 (i.e., N = 10) system state sets, the
least-square method (48) is used to update weights, that is, the
weights is updated every 0.2(s) (i.e., At = 0.2(s)). In order to sat-
isfy the PE condition, we reset the system state as initial state
after each update. Figs. 1 and 2 show the weights in each iter-
ative step, where we observe that the weight vector converges
to [0.1247 0.0353 —0.0030 —0.0129 0.0300 | with accu-
racy € at i = 11 iteration (i.e., at time instant t = 2.2(s)). That is,
the p(z) is convergent at time t = 2.2(s), then, the PI algorithm is
terminated and the p(z) remains invariable from this instant on.

0.04

0.02

-0.02 >
0 10 11

2 4 6 8

Fig. 2. The weights w4 and ws in each iteration.
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Fig. 3. The profile of p’(z).
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Fig. 5. The evolution of jacket’s temperature profile.

It can be seen from the figures that the PI algorithm converges
very fast. Fig. 3 gives the final profile of p(z) (denoted as p*(z)).
Figs. 4 and 5 show the actual exchanger’s and jacket’s temperature
profile, respectively.

6. Conclusions

This paper has addressed the adaptive optimal control problem
of linear hyperbolic PDE systems from the DTR framework, where
the internal system dynamics is unknown. The thought of RL tech-
nique is introduced to solve this problem. An adaptive distributed
optimal control method based on PI and least-square function
approximation is developed. The PI algorithm was proposed to
learn the solution of SDRDE by measuring system state online.
The convergence of the algorithm is established by showing that

its equivalent sequence of SDLDEs is convergent. For implementa-
tion purpose, the PI algorithm is realized by using a least-square
method to approximate the solutions of the SDLDEs. Finally, by
implementing the developed control method on a steam-jacketed
tubular heat exchanger, the achieved simulation results illustrate
its effectiveness.
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