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Abstract

In this study, an indirect method is proposed based on the Chebyshev
pseudo-spectral method for solving optimal control problems governed by
Burgers’ equation. Pseudo-spectral methods are one of the most accurate
methods for solving nonlinear continuous-time problems, specially optimal
control problems. By using optimality conditions, the original optimal control
problem is first reduced to a system of partial differential equations with
boundary conditions. Control and state functions are then approximated by
interpolating polynomials. The convergence is analyzed, and some numerical
examples are solved to show the efficiency and capability of the method.
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1 Introduction

Time-dependent partial differential equations (PDEs) play an important role
in various fields of application, such as fluid dynamics [4,28], electro magnet-
ics [17,24], or heat transfers [10]. Often, these differential equations consist of
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nonlinear terms, which are challenging to solve numerically. Furthermore, in
engineering applications, we often interest in an optimal solution of the con-
sidered PDE with a certain objective function. This leads to the mathemati-
cal field of PDE constrained optimization where a cost function is minimized
and the PDE is considered as a constraint.

Optimal control of viscous Burgers’ equation is one of the most important
PDEs constraint optimization, which is taken into consideration and several
papers have recently been presented in its numerical solution. Kobayashi [12]
has concerned with adaptive stabilization and regulator design for a viscous
Burgers’ equation by nonlinear boundary control. Yilmaz and Karasozen [29]
by using the high level modeling and simulation package COMSOL Multi-
physics solved the optimal control of unsteady Burgers’ equation without
constraints and with control constraints. Also, they applied an all-at-once
method for the optimal control of the unsteady Burgers’ equation [30]. More-
over, in other work, they [11] transformed the optimality system for boundary
controlled unsteady Burgers’ equation after linearization into a biharmonic
equation in the space-time domain. Smaoui et al. [23] have dealt with the
sliding mode control (SMC) of the forced generalized Burgers’ equation via
the Karhunen—Loeve (K-L) Galerkin method. Hashemi and Werner [8] pre-
sented a finite difference scheme for the one-dimensional viscous Burgers’
equation, which boundary conditions are taken as control inputs. Zeng and
Zhang [31] designed a new preconditioning technique along with MINRES
(minimal residual) in nonstandard inner product for the linear system of
equations arising for optimal control of the unsteady Burgers’ equation. Ku-
cuk and Sadek [13] analyzed the dynamics of the forced Burgers’ equation
subject to Dirichlet boundary conditions by using the boundary control with
the objective of minimizing the distance between the final state function and
target profile along with the energy of the control. Also, they applied a
robust technique for solving optimal control of coupled Burgers’ equation;
see [21]. Noack and Walther [16] used adjoint techniques for efficient eval-
uations of the gradient of the objective in gradient based on optimization
algorithms. Marburger and Pinnau [15] showed the convergence of method
to solve optimal control problems, where the constraints have been discretized
by a particle method. Allahverdi et al. [2] discussed the efficiency of various
numerical methods for the inverse design of the Burgers’ equation. An aug-
mented Lagrangian-SQP technique depending upon second-order sufficient
optimality condition is analyzed in [27]. In [5], a comparison of three differ-
ent numerical methods for optimal control of Burgers’ equation is carried out.
In [25], a Lagrangian-Newton-SQP method is presented for the solution of
optimal control of Burgers’ equation, where the control is restricted by point-
wise lower and upper bounds. Proper orthogonal decomposition method is
utilized in [14] to solve optimal control problems of the Burgers’ equation.
Furthermore, some controllability results for viscous Burgers’ equation with
distributed controls are presented in [6].
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In some papers, at first the problem is discretized on one of the variables
and then the Runge-Kutta method is applied to discrete the optimality con-
ditions. To achieve good results, we have to take the number of points of
discretization big enough that it can be too time consuming and has compu-
tational complexity.

The pseudo-spectral (PS) methods are one of the most accurate methods
to solve continuous-time problems including ordinary differential equations
(ODEs) and PDEs. Using the direct Chebyshev PS(CPS) method for optimal
control problems governed by PDEs does not usually give an explicit solu-
tion. Hence, we use an indirect CPS method for solving necessary optimal
conditions in an optimal control problem of Burgers’ equation and we obtain
an approximate optimal solution. It is the first time that the CPS method is
applied by discretization of variables synchronic. By numerical examples, it
can be seen that the CPS method is more effective than other methods and
we can achieve the better results for the solution of optimal control problem
of Burgers’ equation. In fact, the error of CPS method is less than that of
other methods.

The paper is organized as follows: In Section 2, we introduce the optimal
control problem of Burgers’ equation. In Section 3, we give the optimality
conditions for optimal control problem of Burgers’ equation. In Section 4,
we utilize the CPS method to discretize optimality conditions. In Section 5,
the convergence of the method is analyzed. Finally, the numerical examples
and conclusion are given in Sections 6 and 7, respectively.

2 Optimal control problem of Burgers’ equation

The distributed optimal control problem for the Burgers’ equation can be
stated as follows:

T b T b

Minimize Jy,u] = %/ / (y(t,z) — 2(t, x))*dxdt + %/ / u?(t, x)dzdt
0 a 0 a

(1)

subject to
yt<t7 m) + y(t7 m)yw(t’x) - Vym:r(ta x) = (I><u)v (t"T) €EQ = [O’T] X [CL, b]v (2)
y(t,a) =y(t,b) =0, te€X=1]0,T], (3)

y(O,.’L‘) = yo(l’), rel= [avb]a (4)

where y(.,.) is the state variable, u(.,.) is the control variable, o > 0 is the
regularization parameter, v > 0 denotes the viscosity parameter, and @ is a
given function. An usual selection of function & is as follows:
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() = U uz-nQ, B
0 uinQ—Q,

where () is the set of active controls; see [5,25,27].

At first, optimality conditions for problem (1)—(4) are given, then we indi-
rectly develop the CPS method to achieve an approximate optimal solution.

3 Optimality conditions

Here, we summarize the process of achieving the optimality conditions for
the optimal control problem (1)—(4).

Let L}, .(2) be the set of all functions that are Lebesgue integrable on every
compact subset of 2 and let W*2(Q) be the linear space of all functions
w € L*(Q) having weak derivatives D%w in L?(2) for all multi-indices o of
length | @ |< k. Assume that C5°(2) is the space of differentiable functions
of every arbitrary order on Q. The closure of C§°(2) in W*P(Q) is denoted
by WEP(Q). Moreover, we define HY(Q) = Wi2(Q).

Definition 1. Let y € Li (Q) and let some multi-index « be given. If

a function w € L}, () satisfies

/y(z)Dav(x)dx = (=1)le / w(z)v(z)dz,  for all v € C°(Q),
Q Q

then w is called the weak derivative of y (associated with ).

Let H = L*(Q) and V = H}(Q) be Hilbert spaces. We make use of the
following Hilbert space

W(0,T) = {¢ € L*([0,T]; V) : ¢ € L*([0,T]; V*)},

where V* denotes the dual space of V. The inner product in the Hilbert
space V is given with the natural inner product in H as

(¢7’(/})V = (¢l,1/}/)H7 fO’l" ¢7¢ € ‘/a

where ¢’ and 1)’ are the derivative of ¢ and 1, respectively.

Definition 2. Every function y € W(0,7T') that satisfies

< yt(t)a ¢ >V +V(yt(t)7 ¢)V + (y(t)ym(t)a ¢)H = ((f + (p(u))(t)v ¢)H
d)e‘/a tG[O,T], (y(o)vX)H:(yOaX)7 XEHu

where
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<ye(t), ¢ >v*,v=/77-¢d33+/ n.¢'de, nev,
Q

Q
is called a weak solution for Burgers’ equation (2) and conditions (3) and (4).

In order to achieve the optimality conditions, the operator e : X — Y
is introduced by

e(y’ u) = (el(y7u)’62(y7u)) = (yt — VYgo + YYz — f - (I)(’U,),y(O) - y0)7

where y(0) = y(0,z) , X = W (V) x L*(Q), and Y = L*(V) x H is identified
with Y* = L?(V*) x H the dual of Y. We use L?(V) for L*(X;V). Now,
the optimal control problem (1)-(4) can be transformed as the following
minimization problem with equality constraints

minimize J(y,u)

subject to e(y,u) = 0.

Theorem 1. Let (y*,u*) be an optimal solution of (1)—(4). Then there exist
Lagrange multipliers p* : [0,T] x @ — R and \* satisfying the first-order
necessary optimality conditions

L'(y*,u*,p, ) =0, e(y*,u*) =0
with the Lagrangian

L(ya u, p, >‘) = J(yvu) - (el(yuu)vp)L2(V*),L2(V) - (62(y7u)7 >‘)H

Hence, first-order optimality conditions lead to the following optimality
system (see [9,26,27])

Yt — Vg + YYz = (D(u)v (t’x) € Q7

Pt + VPox +Ype =va—y, (t,x) € Q,

y(t,a) = y(t,b) =0, te X,

(0, ) = yo, x e Q, (5)
p(t,a) = p(t,b) =0, te X,

p(T,x) =0, x e €,

au+p=0, (t,z) € Q.

From the last equation of system (5), we have

u = —ép. (6)

By using (6), we can express (5) as follows:
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Yo = VWer + Yy = ®(—30), (L)€ Q,

Pt + VPow + YPe = Ya — Y (t,z) € Q,

y(t,a) = y(t,b) =0, te %, ™
p(t,a) = p(t,b) =0, te X,

y(0,2) = yo(z), e Q,

p(T,x) =0, e (.

Now, we utilize the CPS method to solve optimality conditions (7) and obtain
an approximate optimal solution for the optimal control problem (1)—(4).

4 CPS method to approximate the optimal solution

Chebyshev polynomials are in center of the CPS method, and hence we first
introduce these polynomials and then demonstrate the CPS method to solve
optimality conditions (7).

Chebyshev polynomials [1,18] are orthogonal polynomials, which play an
important role in the theory of approximation. These polynomials are defined
on [—1,1] as follows:

To(z) =1, Ti(z)==z, To(z)=22>—-1, Ts(x)=4z>—-3z, .... (8)

These polynomials can be generated from the following recurrence relation-
ship:

Tit1(x) =22Tj(z) = Tj—1(z), j=>1, z€[-1,1]. (9)
It is possible to give an explicit expression of Chebyshev polynomials as
T;(x) = cos(j cos ' z). (10)

It is now easy to verify that T (.) has N zeros within the interval (—1,1)
as xx = cos %, k=1,2,...,N. However, in this paper, we use the
CGL points on [—1, 1] which are as follows:

wj=—cos=L, 0<j<N, (11)
N
where they are the roots of (1 — 2?)T(z). For interpolating in the CPS
method, the following Lagrange polynomials are utilized:

N N
T — T 2 1
Li(z) = L — > —Ty(w)T; k=0,1,...,N -1,1
k(m) Hl'k-*fj Ny, &~ 1 J(‘Tk) J(x)’ Rl )4V .’L’E[ ) ]7
o =0

J
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=

Li(ty) = 0y = {

where

2
1

J=0,N,

)

)

and we have

]-7 ]:ka

0, j#k (12)

To use the CPS method, the variables of system (7) are transformed to in-
terval [—1,1] by the following linear transformations:

t=—t+—, tel0,T], tel-1,1],
2 (13)
—a b+a
x = + , x€lab], Te[-1,1].
2 2
By (13), the optimality conditions (7) can be written as follows:
Yr =11 (Y(t,2), P(t,z),Yz(t,2), Yzz (t, Z)) , (t,z) € [-1,1] x [-1,1],
Py =1, (Y (t,z),P(t,z), P:(t,Z), Psz(t,T)) , (t,z) € [-1,1] x [-1,1],
Y, -1)=Y(1) =0, te [-1,1],
P(t,—1) = P(i,1) = 0, fe [-1,1],
Y(-1,z) = Yo(2), ze [-1,1],
P(1,z) =0, fe [-1,1],
(14)
where T T b b+
_ _ —a a
Y(t,z)=y(=t+ — T
(t.2) =y(Gt+ 5, =T+ —5~),
_ T T b—a b+a
_— T T b—a_ b+a
Yd(tvx) *yd(§t+ 27T‘T 9 )7
_ b—a_  b+a
Yo(z) = ol 525 + “ )

T 2 2 1
Tpl ()/a Pyyiayii) = 5 ((b_a)2l/yxx — EYYQ — (I)(—ap)> s
2 b—a b—a

We assume that i, and s have bounded and continuous derivatives with
respect to their arguments. Hence, there exist constants M; and My such

T 2 2
7/12(KP,P95,PM)_<—( )QVsz—YPm—l—Yd—Y),
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that

[6r (Y, P Yz, Yaa) = v (¥, P, Ve, Vas ) | < M (IY =¥ |+ [P = P),
(15)
62 (Y, P, Ps, Paz) = s (¥, P, Pr, Pz ) | < Mo (|Y = V| +|P = P).

Now, to approximate the optimal solution, we utilize the following polyno-
mials interpolating:

YN(E2) = Tito Yo al LiDLy (@), 16)
PN(taf) = Zi:o Zj:o bgLi(ﬂLj(f)y
where @ and b)Y, for i,j = 0,1,..., N, are the unknown coefficients. By
(12), we have
YN, z,) =al
N(_ ’%’]) Eljl\',]’ (17)
P (ti7l‘j) = bij7

where ) )

- i j

t; = —COS(N), z; = —COS(W).
To express the derivatives YV (.,.), Y2 (.,.), YA(,.), PN(,.)PY(.,.), and
PX(.,.), we can use the matrix multiplication D = (Dy;) and get

o= N _
YfN(tpvzk) =2 i%0 @y Dpi,
T o= N
chN(fpaxk) = Zg\f:o ap]PkJ’
Yij\il(fpa Ty) = Z_}V—O_ELP]D]W’ (18)
Pt’N(tpa fk) = 211\70 ?%DP“
P iy, ) = o By iy
Pl (tp, @) = 32520 by Dy
where
Mk k+j 1
- 1 7= T J 7é k?
" ( - ) -
__ 0<j=k<N-1
_ — o2’ =J=r= )
Dij = LiB) =1 502k (19)
_Ta .] = k = 07
2N2 +1
T_'_a J = k= Na

and D =D -D = (ﬁ;w) where ﬁkj = Zl]\;ODlelj7 k,j=0,1,...,N. In
fact, multiplying by the matrix D transforms a vector of the state variables
at the CGL points to the vector of approximate derivatives at these points.
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Now, by relations (16), (17), and (18), conditions (7) can be written as the
following discrete form:

N
Zz 0 m - < Apk> pk’ZJ =0 p]Dkavzj 0 kaJ) =0,
Ei:o bz]'\liDm V2 ( Apk> pk’Z] Oszi\;Dk]’E] ob;];\;DkJ) =0,
I%fapN 0, bN =Y oy =0, ady. = Yo(z), bN, =0,k,p=0,1,...,N.
(20)
By solving the system of algebraic equations (20), we can obtain pointwise

and continuous approximate optimal solutions as (16) and (17), respectively.
Also, by (6), the approximate optimal control can be given as

UN(t,z) ZZZ (BLi(z), (£7)€[~1,1] x [-1,1].

i=0 j=0

Moreover, the optimal value of functional (1) can be approximated as follows:

N N
r a Tz b—a_  bta ~
—S;ﬂgwkwp[a%—Z(Q(tp—kl), 5 $k+2>+acﬁ€2] (21)

where EIIXC = bﬁg, and ws,s =0,1,..., N, are the quadrature weights of the

numerical approxmlation (21). For even N, the weights are

1
Wy = WN = Nz—
N 41 g 2mjs N (22)
— i 2 —
Ws = WN—s = 3 D70 1= 4jgcos( ¥, s=1,2,...,5,
and for odd N,
wo—wN——l
- - 2
N4 MRy 2mjs N_1 (23)
— — 2 a — _
ws—'UJN_S—NZj:O WCOS( N ), 8—172,...,T.

The double prime in the weights formula denotes the first and the last ele-
ments have to be halved.

Remark 1. Notice that the approximation solutions (16) can be written
as the following Kronecker (tensor) product form:

N
Y(t,2)~YN(Ez) =) Y alLi(f)L;(x) = L(E,T)Ty
1=0 j
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where

L(t,z) = [Lo(t)Lo(Z) - - - Lo(t) Ln (Z) L1 (t) Lo(Z) - - - L1 () Ln (Z) - -~
Ln(t)Lo(Z) -+ Ln (1) Ly (2)]
= [Lo(t) L1(t) -+ Ln(8)] ® [Lo(@) L1(2) -~ - Ln(Z)]
= L(t) ® L(z),

and the symbol “® ” denotes the Kronecker product. Also
N _-N -N __ =N _N _N
Ty = [ago -~ Gonaro @1y Ao - ann]’s
7N 3N 7N 7N N N
Tp = [boo - - - bonbro -+ bin -+ bno - "bNN]/a
where the symbol “’” denotes the transpose. All the components of Ty and

Tp are unknown and our aim is to obtain them (A similar representation can
be seen in [22,32,33]).

5 The convergence and error analysis

In this section, first we give the following definition and then analyze the
convergence of the presented method.

Assume that Q = [~1,1] x [~1,1]. We apply C" () for the space of func-
tions with continuous derivatives of rth order.

Definition 3. [19] The function W : R — R* with the following prop-
erties is called a modulus of continuity if

i) W is increasing,

ii) lim,_,o W(z) =0,

iii) W(z1 + 22) < W(z1) + W(z2), for any z; and z5 € RT,

iv) there exists a constant ¢ such that ¢W(z) > z for all 0 < z < 2.

Some important modulus of continuity can be defined as
W(z)=2% 0<a<l. (24)

Now, assume that B? is the unit circle in R?. We say that a continuous
function f(-,-) on © admits W(.) as a modulus of continuity, if the following
value is finite
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Suppose that space C-(B?) includes all functions f(-,-) on B? with contin-
uous first order partial derivatives, and it equips with the following norm:

”f(’ )Hl,W = Hf(v )”oo + Hff(7 )”oo + Hfi(a )Hoo + ‘f5(7 )lW + |f:i(7 )|W

(26)
Also, we define the space Cf,(Q) as follows:
Ci () = {f(-,) € CHQ): for all ({,7) € Q, there exists a map¢ : B? — Q,
s.t. (£,2) € Int(¢(B*)) and f o ¢(-,-) € Cy (B?)}. (27)

It can be proved that if Q = Ui L Int(¢;(B?)) for some ¢1,...,¢;, then

f(,-) € C’W(f) if and only if f o ¢;(+,-) € Cw(B?) for each i = 1,...,1.
Moreover, Cj;,(Q) with norm

1fC ) w = ZHf ®i(, )l w (28)

is a Banach space (for more details, see [19]). Now, we show the space of all
polynomials of total degree at most 2N on Q by Pol(N, N, ), that is,

Pol(N,N,Q) = {n(t,7) = ZZ%Jt i (t,%) € O, v, € R}
=0 j=0

Theorem 2. For any f(-,-) € CE (), there is a polynomial n(-,-) €
Pol(N,N,Q) such that

CoC1

1) =, )l < 0

—W( (29)

2N)

where ¢ = || f(-,)|l1,w and co is a constant that depends on W (-), but inde-
pendent of N.

Proof. The proof is a result of Theorem 2.1 in [19]. O

Now, to guarantee the existence of solution for the system of algebraic
equations (20), we relax it as follows:

N _ _ N
|Zi:0achm U1 ( Apk» pk7zl 0 szDpuZJ =0 ijkJ7Z] =0 pJDkJ)|

< N W(si—), pk=1,2...,N—1
|Z£\;06ikDpl ’/’2( Apk» pk?Zz ob%Dpleg =0 pJDkJ7Z] Obijk?J)l

< S W(si), ph=1,2,...,N—1 (30)
| < LW (55ir), lady] < QN\CW(QN ), p:0,1,...,N,
Bh0l < XSG W (53=1), 105 | < %25 W (59=5), p=0,1,.... N,

|agk — Yo(zx)| < 2N\F1W(2N 1), 10Nkl < 2N\ﬁ1W<2N ), k=01....N,
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where N is sufficiently big and W (-) is a given modulus of continuity. Since
limy 00
W (551) = 0, any solution (a,b)y = ((a,,b,);p.k = 0,1,...,N)
for system of algebraic inequalities (30) is a solution for system of algebraic
equations (20) when N tends to infinity.

Now, we show that system (30) is feasible, that is, it has at least one

solution (@, b) v

Theorem 3. Let (Y(,-),P(-,-)) be a solution for system (14), where Y (-, -)
and P(-,-) are in C{i,(Q). Then there is a positive integer K such that, for
any N > K, the system (30) has a solution as

(a7l_))N:((apkyl_)pk’);pvk:0317-"3N)' (31)

Moreover, (a,b)n satisfies

K 32
|P(t, )—bN|<2N W), p,k=0,1,...,N, (32)

{|Y(t‘,, T4) — al| < ot 1W(2 L), pk=0,1,...,N,

where L is a positive constant independent of N.

Proof. Assume that 7;(-,-) and no(-,-) in  Pol(N — 1,N,) are the best
polynomial approximations of Y;(-,-) and Ps(-,-), respectively. By Theorem
2, we get,

wn@m—n@@MJQlewgm (£, 2)
HPf(ﬂ 'i') =" >j>||00 > 5N 1W(2lel)’ (ﬂ j)

where 7; and 7, are two constants independent of N. We define

V(7)) =Y(~1,%) + fflm B)dr, (1,7) €0 ”
P(t,z) = P(—1 +f_1n2 ,z)dr, (£,7) € Q,
and B - o
a, =Y (tp, %), bop =Pt %), pk=0,1,...,N. (35)

We show that (a,b)n = ((apy,bhL.); p,k =0,1,..., N) satisfies system (30).
By (33), (34), and (35), for (t,7) € Q, we get
W@ﬂ—?ﬁﬂhﬂ/ (¥i(r.a) = m(radr| < [ ¥ilra) = m(r. o) dr

1
2N -1

IN

( )-

2N—1 2N—1/dT_2N—1
(36)

Also, by a similar procedure, for (£,z) € €, we gain



Chebyshev pseudo-spectral method for optimal control problem of ... 89

|§2N—1W(2N—1)' (37)

Now, by relation (34), the functions Y (-, Z) and P(-,Z), for any Z € [—1, 1],
are polynomials of total degree at most 2N. Hence, their derivatives at CGL
nodes tg,t1,. ..,y are exactly equal to the value of polynomial at the nodes
multiplied by the differential matrix D, defined by (19). Thus, we have

N N
> al Dy = Yi( . bYNDyi = Pi(tp, 2);  pk=0,1,...,N. (38)
=0 1=0

Therefore, by relations (15) and (36), we get

E a; Dpz (2 (_kav pk7§ ap]Dk]7§ ap]DkJ

< [Villy, ax) = Yilly, )|
+ Yt(tpvjk)_ pk7 pkvzaijkWZakaJ
= |m(tp, Zr) — Y(ty, 71|
+ |1 (Y(Epvi‘k)aP(Epafk)vYx(fpvjk)yym(fpajk))
1 pk’_pk’zakaﬂ’Zakaﬂ
< ‘nl(tpafk) - Y(tpvxk” + My (|Y tpvxk pk’ + |P tpaxk) BJ\H)
"1 27 1 27 1
< M
Son 1V gy )+ (21\71W(2N1)Jr ov-1" Gy =7
Y1 (2M7 + 1) + 2M17y2 1
w k=1,....N—-1 39
2N—1 (2N_1)7 D, ) ) ) ( )

where My and M, are Lipschitz constants of 17 and 1), respectively. More-
over, by a similar process, we obtain

N N N
S0 v (LB SR YD || 0
i=0 J=0 =0
2Ms + 1 2M. 1
Y2(2M2 + 1) + 271y ), pk=1,...,N—1.

- 2N -1 2N -1
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Further, for boundary conditions, we get

V(=1,3) = Yolaw)| < [V(=1,30) = Y (=1,30)| + Y (=1,3) = Yo(a)|
2’)/1 1
< =0,1,...,N. 41
Sov 1V ay gk k0L 1)
Also, for all p,k =0,1,..., N, we have
15(1*))—‘15(1*) P(l’)‘< 22y L (42)
A Bl = oN 1 AN — 1
Y 71)]—]?(5 1) - Y(, 71)’< 2 L), @)
P P P “2N-1 ‘2N -1"
Y 1)\— Y, 1)~ Y( 1)\< Moy L (44)
LA B PP T 2N -1 2N - 17
P, —1)‘—‘15({ 1) - P —1)‘< 22 L), ()
b B b T2N-1 ‘2N -17”
~ _ ~ — 2")/2 ].
— - < :
Pty )| = |PlE. ) = PlEp, D] < 22z Wgr—T) (46)

Hence, if we select K such that
max{y1(2M1 + 1) + 2M172,72(2M3 + 1) + 2May1, 271, 292} < VN,
for N > K, then by (39)-(46), pair (a,b)y satisfies system (30). O

Now, we show that the sequence of solutions of problem (30) and sequence

of their interpolating polynomials converge to the solution of the problem
(14).

Theorem 4. Let {(a,b)y = ((ZLZIXC,Z_)I%); pk =0,1,....,N}F_, be a se-
quence of solution of system (30) and let {(YN(-,-), PN(-,)}¥_x be their
interpolating polynomials sequence defined by (16). Also, we assume that, for
any & in [—1, —1], the sequence {(Y N (—=1,2), PN (=1,2), YN (-, ), PN (-, )} %=k
has a subsequence {(YNi(—1,z), PNi(-1,7), Y{Ni(-, ), PEN"(-, N2, that uni-
formly converges to (¢c1>o(f)7 ¢c2>o (a'_;), >\1('7 ')a )\2('3 )) where )‘1('7 ')7 >‘2('7 ) €
C%(Q), ¢5°(-), ¢5°() € C*([-1,1]) and lim;_,o N;
= 00. Then the pair

(V(7,2), P(i, 7)) = (hm YNi(F,7), lim PN (3, ;z)) , (47)

1i—00 i—00
for (t,z) € Q, is a solution of system (14).

Proof. By attention to the assumptions, we have



Chebyshev pseudo-spectral method for optimal control problem of ... 91

We first show that (Y (, z), P(, z)) fort € [
satisfy system (14). Assume that (Y'(-,
does not satisfy the first equation of (1

that

te[-1,1 ]andizxk,k‘zo,l,...,N
Ti), P(-,Zy)) forsome k =1,...,N—1
4). Then, there is a 7 in (—1, 1) such

Ve(r, 70) — ¢1( (7, @), P(7, @1), Yo (7, @1), ﬁ(T,fk))ﬂ.

Since CGL nodes {f,})", when N — oo are dense in [—1,1], there is a
sequence {t;, }72; such that 0 < Iy, < N; and lim; o #;, = 7. Thus

tim (Filli, 20) = 01 (V iy, 0), Pll, ),

1—> 00

(i, » Th)s }2(51%,1—01@)))

dran) = (Y(ra0), P(r,2), Va (7, @), Yoo (7, 2) ) # 0. (49)
On the other hand, since lim;_, o, %W(zN 7) =0, by (30), we obtain

Jdim (ol @) = 1 (Vi 30), Pl a0), Vg, 1), Vool @) ) = 0,
which is a contradiction to (49). Thus (Y (£,Z), P(t,z)) (for all € [—1,1]
and £ = Zg, k = 1,..., N — 1) satisfies the first equation of (14). By a
similar procedure, we can show that it satisfies the second equation. Also,
it can be easily proved that (Y (-, Z), P(-, %)), for k = 0,1,..., N, satisfies
the boundary conditions. For example we show that Y (—1, %) = Yy(Zy) for
k=0,1,...,N. We have

0< [V (=L,a) — Yo(@)| = | lim YN (~1,2,) — Yo(z)|

1—00

= lim YN (=1, 2) — Yo(2k)| = Jim lady — Yo(zy)|

v N; 1

< lim W(2N4—1

i—oo 2IN; — 1

) =0.

Hence ?(—1,55;@) = Yo(Zg) for all k = 0,1,...,N. Now, we know that
nodes {Z;}_, when N — oo, are dense in [—1,1]. Therefore the pair
(Y(-,+), P(-,-)) defined by (47) is a solution for (14) on Q = [-1,1] x
[-1,1]. O

6 Numerical examples

In the following examples, we use the Levenberg-Marquardt method (a quasi-
Newton method) for FSOLVE command in MATLAB software to solve alge-
braic system (20).
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Example 1. Consider problems (1)—(4), where T = 1, o = 1, v = 0.01
and 0.05, yo = sin(4nz), ®(u) = u, and z(¢,x) = 0. The approximate opti-
mal value of objective function computed by the CPS and LPS [20] methods
for v = 0.01 and 0.05 and N = 10, 20, 30 and 40 are shown in Table 1.
We observe that our numerical results are better than the results of the LPS

method. In Figures 1 and 2, we show the obtained approximate optimal state
and control for v = 0.05 and different values of N.

YNitx)

(a) The approximate optimal state for N = 10 and v = 0.05 (b) The approximate optimal state for N = 20 and v = 0.05

YNx)

Yitx)

(c) The approximate optimal state for N = 30 and v = 0.05 (d) The approximate optimal state for N = 40 and v = 0.05

Figure 1: The approximate optimal state for Example 1
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uNitx)

(a) The approximate optimal control for N = 10 and v = 0.05  (b) The approximate optimal control for N = 20 and v = 0.05

s

S
S

S SSSSSSSSSSEeess

(c) The approximate optimal control for N = 30 and v = 0.05 (d) The approximate optimal control for N = 40 and v = 0.05

Figure 2: The approximate optimal control for Example 1

Table 1: Comparison of objective function values for Example 1

v = 0.01

v = 0.01

v = 0.05

v = 0.05

Presented method

LPS method [20]

Presented method

LPS method [20]

0.033014881174862

0.0828638100277

0.016911085761598

0.01590006952876

0.040440356851832

0.0620867108909

0.013730446517693

0.01519309308076

0.029728232559725

0.0466282421253

0.015082505388501

0.01519227846689

0.029005091596013

0.0463124455511

0.015073940981453

0.01519176630695

Yo(z) =

1

) S (07%]7

0 otherwise.

Example 2. Consider optimal control problem (1)-(4). Let T =1, « = 0.05,
v =0.01, and z(¢,z) = yo(x) where
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is the initial condition and
won (0,T) x (§,3),

D(u) = ,
0, otherwise.
Table 2 shows the approximate optimal values of objective function for dif-
ferent values of N by the CPS method. In Figures 3 and 4, the optimal state

and optimal control are presented, respectively.

YN(tx)

(b) The approximate optimal state for N = 20

(a) The approximate optimal state for N = 15

AR
//I/III/" \\\\\\\\\\\\\\ 7 -
a il
(N \

£

(d) The approximate optimal state for N = 40

(c) The approximate optimal state for N = 30

Figure 3: The approximate optimal state for Example 2
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uNitx)
uNex)

(a) The approximate optimal control for N =15  (b) The approximate optimal control for N = 20

uNtx)

AT
LTS

"
L

(c) The approximate optimal control for N = 30 (d) The approximate optimal control for N = 40

Figure 4: The approximate optimal control for Example 2

Table 2: Approximate values of objective functional for Example 2

N TN
20 | 0.106416588965250
25 | 0.085739365971895
30 | 0.083129631634715

Example 3. Consider optimal control problem (1)—(4). Assume that T =
10, a = 1, ®(u) = u, and z(t,x) = yo(z) where yo is defined in Example 2.
We apply the CPS method to this problem. In Table 3, the values of cost
functional using CPS method for different values of N are listed. In Figures
5 and 6, the approximate optimal state and optimal control are illustrated,
respectively.
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Table 3: Approximate values of objective functional for Example 3

N JINn

10 | 0.795502231705757
20 | 0.732649373291908
30 | 0.605003194783743

YN(tx)

(a) The approximate optimal state for N = 10 (b) The approximate optimal state for N = 20

YNitx)

oSS
Es SOSOSS
PSS SOSSOS =
S SSSOSS SO SIS,

=

[

\ I-"‘:.‘,‘-“
SRS,

(c) The approximate optimal state for N = 30 (d) The approximate optimal state for N = 40

Figure 5: The approximate optimal state for Example 3
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uNx)

(a) The approximate optimal control for N =10  (b) The approximate optimal control for N = 20

S
=

S
S S sas

uNex)

WMt

(c) The approximate optimal control for N = 30 (d) The approximate optimal control for N = 40

Figure 6: The approximate optimal control for Example 3

Example 4. Consider the optimal control of Burgers’ equation (1)—(4) with
T =10, « = 0.1, v = 0.01, ®(u) = u, and the desired state z(t,z) =
yo(x) where yo = exp(—z)sin(2rz), x € [0,1]. The numerical results are
displayed in Table 4 for different values of N by using our method. In Figures

7 and 8, we show the approximate optimal state and control, respectively.

Table 4: Approximate values of objective functional for Example 4

N JIN

20 | 0.121081851037199
30 | 0.116980721067958
40 | 0.115852005217238
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YNx)
Yitx)

(a) The approximate optimal state for N =10 (b) The approximate optimal state for N = 20

YN(tx)

YNitx)

(c) The approximate optimal state for N =30  (d) The approximate optimal state for N = 40

Figure 7: The approximate optimal state for Example 4
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M)

(a) The approximate optimal control for N =10  (b) The approximate optimal control for N = 20

WMt
uNx)

(c) The approximate optimal control for N = 30 (d) The approximate optimal control for N = 40

Figure 8: The approximate optimal control for Example 4

7 Conclusions

In this paper, we proposed an efficient Chebyshev pseudo spectral method
to solve the optimal control problem governed by Burgers’ equation. By
applying this method, we discretized the optimality conditions and obtained
a system of algebraic equations. We achieved a good approximate optimal
solution with good accuracy. We analyzed the feasibility and convergence of

the presented method.
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