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PURE FRACTIONAL OPTIMAL CONTROL OF PARTIAL DIFFERENTIAL EQUATIONS:
NONLINEAR, DELAY AND TWO-DIMENSIONAL PDES

IMAN MALMIR

ABSTRACT. Novel methods for solving the optimal control problems of different and new types of the fractional
partial differential equations (PDEs) as: nonlinear PDEs, delay PDEs, and two-dimensional PDEs, are introduced
in this paper. These problems are formulated with the constant Riemann-Liouville performance indices together
with tracking, constant Riemann-Liouville performance indices in which there are additional terms for the track-
ing optimal control of PDEs. These pure fractional optimal control problems are transformed into quadratic
programing ones and there is no need to derive any optimality conditions. Some challenging optimal control
problems of PDEs that have applications in real-world systems are investigated. As an unprecedented constraint,
we introduce Riemann-Liouville, two-dimensional isoperimetric constraint in the PDE optimal control problem.

1. INTRODUCTION

A partial differential equation (PDE) is an equation involving one or more partial derivatives of an un-
known function that depends on two or more variables, often time ¢ and one or several variables in space [1].
PDE:s like ordinary differential equations are classified as linear or nonlinear [2]. PDEs serve as models for
real-world systems and there many applications of PDEs in mechanics and science, for example, see [1-6].
In this work, by providing new theoretical results, we are going to develop the idea and results of the pre-
vious works [7,8] for the pure fractional PDE optimal control problems of three different types as nonlinear,
delayed or stretched and two-dimensional PDEs. In [7], we proposed a QP method for the optimal control
of PDEs defined with fractional linear PDEs and the integer performance indices in the ordinary fractional
sense, not in pure fractional sense. The concepts “pure fractional” and ‘Riemann-Liouville isoperimetric
constraints” were introduced in [8]. The QP is an invaluable tool that simplifies the solutions of the op-
timal control problems. We can see in the work that the QP method has the ability to solve the optimal
control problems with complicated constraints, which cannot be solved by many of the existing methods,
even problems with fractional constraints, for instance, see Example 5 in [8]. In real-world optimal control
problems, we often deal with constraints, for example, see [9]. In most of control system engineering the
traditional methods are not applicable and the complexity of optimization problems increases exponen-
tially [10].

We will study nonlinear PDEs, delay PDEs and two-dimensional PDEs with a new fractional perfor-
mance index. Thus, compared with previous work, there are Riemann-Liouville integral orders in the per-
formance index of the problems called the constant Riemann-Liouville quadratic performance index. We
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derive the continuous models of the original problems by using parameterizing methods. A system may
be either delayed from its descriptions or from an induction within the control loop. The delayed systems
are more complex than non-delay systems [11,12]. We use the wavelets for the delayed PDEs. One can see
that the wavelets theory has many application in practical problems. For example, the wavelet algorithm
can improve the accuracy of multi-scale modeling in power electronic system and reduce the simulation
time [13]. Research in tracking optimal control of PDEs is of vital importance. Hence, we formulate the
problems with tracking criteria for possible tracking purposes.

The new PDE optimization problems are defined as follows.

Problem 1: three-dimensional optimal control of fractional two-dimensional PDEs. In this work, we are
going to investigate the three-dimensional optimal control of PDEs with the constant Riemann-Liouville
quadratic performance index or cost function given by

J = a0z (zp,yp.ty) + 5 EGL TG I G107 [an(2)az(y)as(t) {2° (2, 9,1) + 4 (2,9,1) } ]
+ 3ad "G RETC [z, ) — walz, )
(1.1) = 5002 (z5, s, t5) + 3 L 1 1 /tf(tf —t)@“l/yf(yf —y)@y‘l/Zf(Zf —z)%!
) [(a.) I(ay) D(aw) Jo 0 0
ar(2)az(y)as(t) {2° (2,9, 1) + u*(2,y,)} dzdy dt

1 1 vr ~ 2f _
1 - _ a\ay—1 _ o\as—1 £e) — 2d d
+ 2F(O_zz) F(dy) A (yf y) A (Zf z) a4 (‘T(Zvyv f) SCd(Z,y)) zay,

where ag > 0, I'(-) is the gamma function, &, , . are the orders of the Riemann-Liouville performance

index, a1, a2, and az are known continuous functions, a4 is the weighting parameter, which is used in the
tracking systems to adjust the error and a4 > 0, y, 2, and ¢ are three independent variables as the spatial
and temporal variables, y, z¢, and t; are fixed, z(z,y,t) and u(z,y,t) are the state and the control of the
systems and z4(z, y) is a separable, continuous function of y and z. The performance index .J consists of the
terminal cost term, the total energy of the system and the squared terminal error of the system. In the third
term of J, we are interested in minimizing the error between the desired state z4(z,y) and the actual state
z(z,y,ty) at the final (terminal) time ¢; as the target state, that it, we want the system tracks the desired
two-dimensional reference at t ;. The state equation of the fractional partial differential equations based on
the Caputo sense is given in a general form as

Pt o) T o) T2 L a)ey) 0 00) + 92 (D ()0,

where a; ,, . are the Caputo derivative orders, 0 < ay .. < 4,b,¢,d, ¢, ft, g-, 94, and g; are known continuous

(1.2)

functions of the given independent variables and the state variables are separable. In (1.1), we define
a=14a —[a].

Obviously, for &, . = 1, we have the convectional performance index as

ty  ryr pzr
I =tart i)+ [ [T [T e (26 - e o) ddyds
o Jo Jo
R )
—|—§/ / as (z(z,y,t5) — za(z,y))” dzdy,
o Jo

thus, the quadratic performance index (1.3) is a special case of the Riemann-Liouville quadratic perfor-

(1.3)

mance index (1.1). We may have a combination of the initial and terminal conditions in the problem, for
example,

(14) :C(Ovyvt) = hy(y)ht(t)v I(Z, O’t) = iz(z)it(t)’ x(z,y, O) = ]Z(Z)jy(y)v
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(1.5) x(zf,y,t) = hy(Yha(t),  @(z,y7,t) = i2(2)ie(t),  2(2,y,t5) = j=(2)iy(y),
or
Nx(z,y,t x(z,y,t . . Nx(z,y,t . )
(1.6) c’(ﬁzv Y l(0,9,6) = hy(Y)Ie(t), éy'y )‘(za07t> = iz(2)ie(t), ém )|<Zvy:0> =J:(2)y(¥),
’ Nx(z,y,t x(z,y,t ) . Nx(z,y,t ) )
(gzv )|(Zfay7t) = hy(y)he(t), éy7 )‘(z,yf’t) =i (2)i(t), 7ét7 )|(z7y,tf) = 7.(2)7y(v),

where hy, hy, iz, 1, j. and j, are known real-valued continuous functions and v is a fractional or an integer
order derivative. The problem is finding the optimal control v*(z,y,t) and optimal state z*(z, y, t), which
when applied to the two-dimensional PDE plant described by (1.2) with the indicated conditions like those
in (1.4)-(1.6), give an optimal performance index J* described by (1.1).

Problem 2: optimal control of fractional nonlinear PDEs. Also, we consider the optimal control of frac-
tional nonlinear partial differential equations with a constant Riemann-Liouville quadratic performance

index as
J(@,u, 01, 0y) = Saow®(yg, ty) + 3T RIS [ag(y)as(t) {2 (v, ) + u?(y, 1)} ]
+ 2as G IS [y, ty) — za(y)]

1 1 ts _ ys _
(1.7) = %QO$2(yf;tf) + éF(Oéy)F(Oét)_/o (ty — t)at71/0 (yr — y) ™ tag(y)as(t)

x {x?(y,t) + u’(y, t) } dy dt

1 ys _ )

s [ = 0 ol ) — a(0) P i,

*T(ay) Jo ! !

where the previous statements hold, and with the state equation of the fractional nonlinear partial differ-
ential equation given in a general form as (based on the Caputo sense)

0% x(y,t)
otat

9% (y,t)
Oy*v

(1.8) =3 cx(y,t),u(y, t),y,t),

where S is continuous and satisfies local Lipschitz conditions and the state variables are separable.
We have a combination of the following initial and terminal conditions as

(1.9) $(07t) = h(t)v x(yv O) = Z(y)a

(1.10) z(yr,t) = h(t), a(y,tr) =i(y),

or a combination of

Nx(y,t Nx(y,t .
Yoyt o=ny, L2 i),
(1.11) P or
' Oy, 1) Nx(y,t) :
ay,y |(yf,t) = h(t)7 MY |(y,tf) = Z(y)7

where 7 if a fractional derivative or an integer order derivative, and h and ¢ are known real-valued contin-
uous functions. The problem is finding the optimal control v*(y, t) and optimal state z*(y, t), which when
applied to the nonlinear plant described by (1.8) with the indicated conditions, give an optimal performance
index J* described by (1.7).
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Problem 3: optimal control of fractional delay PDEs. Consider a fractional delay partial differential equa-
tion based on the Caputo sense as

0% (y, t)
(1.12) ot

:bl(y)bQ(t)W +e(t)x(y,t —7) +d)z(y,t — 7(t)) + e(t)x(y, %t))

+ fi(y) f2()uly, t) + g1(y)ga2(t),

where 0 < oy < 4,b1,b2,¢,d, ¢, fi1, f2, g1, and g2 are known continuous functions of the given independent
variable, 7 is a constant delay, 7(¢) is a time-varying or a piecewise delay, and 1/\ is a stretch. In addition,
there exists the initial function or the history function in the delay PDE as

(1.13) z(y,t) = C(y)0(t), t<0, 0<y<yy,

where ((y) and 6(¢) are known, continuous functions. The history function is defined for a delayed system
and it has obvious effects on the solutions. We may have a combination of the initial and terminal conditions
given in (1.9)-(1.11) in the problem. The problem is finding the optimal control u*(y,t) and optimal state
x*(y,t), which when applied to the delayed plant described by (1.12) with the indicated conditions, give an
optimal performance index J* described by (1.7).

In some cases of all given problems, we may face with constraints such as those presented in [7]. Here, we
introduce a new type of isoperimetric constraints, which has applications in the optimal control theory [14].

Two-dimensional Riemann-Liouville isoperimetric constraint. Like the Riemann-Liouville isoperimetric
constraint introduced in [8], as a new constraint, we define a two-dimensional fractional isoperimetric
constraint for PDE optimization as

(1.14) REI RE I v as(y)as(t)z(y, t) — ar(y)as(t)u(y, )] < ci,

where &; +, &; ,, are chosen similarly to &; and &, as, ag, a7, and ag are known continuous functions and ¢;
is a constant; we name the new constraint as two-dimensional Riemann-Liouville isoperimetric constraint.

One knows the fact that such problems do not have exact solutions or there is no method to find the exact
solutions. PDE control problems are complex enough for domains of one dimension, but many physical
PDE problems exist which evolve in two and three dimensions [15]. The behavior of many dynamical sys-
tems depends upon their past histories and they can be induced by the presence of time delays [16] in their
state equations. In traditional methods for finding the optimal control of PDE, we must derive the optimal-
ity condition for the optimization problem [17]. In [18], the PDE optimal control problem was discretized
by the method of lines and transformed into a nonlinear programming problem, where the resulting system
of ordinary differential algebraic equations was solved by a standard integrative routine. To get an optimal
solution in an iterative way, a sequential quadratic programming method was used. It is shown in [19] that
that the finite difference method applied to PDEs enables us to obtain Roesser discrete state-space mod-
els. In [20], the turnpike phenomenon for optimal control problems of ODEs and PDEs was discussed.
In [21], the optimal control and the parameter identification of systems governed by PDEs with random in-
put data were presented. The solution methods for partial differential equations with time delay have been
investigated in some work, for example, [22-24]. In [25], a general formulation and numerical scheme for
the fractional optimal control problem of distributed systems in spherical and cylindrical coordinates was
presented. [26] presented a numerical scheme for optimal control problem governed by time fractional dif-
fusion equation based on a Legendre pseudo-spectral method for space discretization and finite difference
method for time discretization. In [27], optimal control of a stochastic delay partial differential equation
by means of the associated backward stochastic differential equations. A new technique for computing the
optimal control of delay-differential-algebraic dynamic systems was introduced in [28]. An iterative proper
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orthogonal decomposition method by using the finite element and the backward Euler methods for a par-
abolic optimal control problem is investigated in [29]. Some of the engineering models are described with
two-dimensional PDEs [30]. Ref. [31] studied the approximation of optimally controlled PDEs for inverse
problems in optimal design. In this reference, solutions to various applications in optimal material design
were presented. Some interested optimal control problems of PDEs were presented in [32]. Using the tra-
ditional method, one must derive the optimality conditions, for example, see [17,33]. In [18], an approach
was presented to compute optimal control functions in dynamic models based on one-dimensional par-
tial differential algebraic equations. Ref. [34] discussed the regional tracking problem of the bilinear wave
equation with bounded controls acting on the velocity term of the system. Ref. [35] by defining continuous
2D models of discrete systems, presented the optimality conditions and feedback representation.

2. PRELIMINARIES

First, the definitions of the fractional operators are given. Then, the concepts of the wavelets are pre-
sented.

Definition 2.1. The Riemann-Liouville integral of order « for a function f(t) “ 51 f(t)” is defined by

@.1) Rész(t>::iiiar/£(t—-p)a—1f<p>dp,

where, as usual, I'(«) is the gamma function [36].

Definition 2.2. The constant Riemann-Liouville integral of order « for a function f(t) “ 4 If, f(t)” is de-
fined by

RL ya 1 b a—1
22) oa<w—mwﬁ (b — 0" () dt

where t; is a finite constant and ¢y > 0 [8]. We can see that the constant Riemann-Liouville a-integral for a
function f(t) is a constant value. We use this definition for defining the new fractional Riemann-Liouville
performance indices and isoperimetric constraints, for example, see [8,37].

Definition 2.3. The Caputo fractional derivative of order « for a function f(t) “ § D¢ f(t)” is defined by
ria Jo =) B (p)dp, k—1<a<k

k
L 1), o=F,

where k£ € N [36]. Here, the subscript “#” denotes the independent variable. For a three-dimensional

2.3) 6Dy f(t) = {

function as z(z, y,t), we have
0%z (z,y,t)
ot
We usually apply (2.1) to the state equations defined with (2.3) see [37-39], but we need (2.2) to define the
new, fractional, Riemann-Liouville performance index and Riemann-Liouville isoperimetric constraint.

= OCD?:L'(z,y,t).

Definition 2.4. Legendre and Chebyshev wavelets

Legendre wavelets ¢,,,, are defined on [0, 1] as [40,42]

bunlt) = { VRenPn(2Nt=20+1), t€ (25, 4]

(2.4) .
0, otherwise,

where P, are the well-known Legendre polynomials, a finite value NV € N> is an arbitrarily selected scal-
ing parameter and specifies the number of subintervals, n = 1,2, ..., N refers to the number of subinterval
and specifies the location of the subinterval, m = 0,1, ... is the degree of P,,, ¢,, = v2m +1,and t € [0, 1]
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is as an independent variable. In (2.4), G () = VN c¢mPm (2Nt — 2n + 1) is Legendre scaling function.
Legendre wavelets form an orthogonal basis with respect to the weight functions ¢, (¢) = 1.
Chebyshev wavelets 1, are defined on [0, 1] as [41,42]

(25) .
0, otherwise,

where T),, are the well-known Chebyshev polynomials, V,n, and m are the same as before and ¢y =
1/VT, Cmzo = V2/y/m. In 25), Ypm(t) = V2Ncn T (2Nt — 2n + 1) is Chebyshev scaling function.
Chebyshev wavelets form an orthogonal basis with respect to ¢,cw (t) = 1/4/1 — (2Nt — 2n + 1)2.

Definition 2.5. Wavelet expansions

As we all know, we can expand a function f(t) in a series of Legendre or Chebyshev polynomials denoted
by {¢m(t)} as f(t) = >0 _o fmem(t). If we use the dilation and scaling properties of the wavelets, we can
expand a function f(¢) in a series of Legendre or Chebyshev wavelets denoted by {w$,,,(t)} as

N oo
ft) = z Z FrnmWam (1),

n=1m=0
where N is a (large enough) finite value, N < co. By truncating the power series, say, the Mth term in N
subintervals, we have

N M-1

(2.6) ft) = Z Z FrmWnm ().

n=1 m=0
The constant coefficients of the scaling functions {@w,,, (t)} can be obtained from

N
(2.7) frm = ﬁ S () wnm ()G () dt.

N
In (2.6), the application of the first summation differs from that of the second one, the first summation
indicates the expansion is piecewise-defined function of NV sub-functions. By

fw = [fi0,- s fim—1, foo, -+ fam—1, - Nos - oo -],
.
w(t) = [wio(t), wi(t), .., win—1(t),. .., wno(t), ..., wnpm—1(t)]
where f,, is a 1 x N M vector consists of constants, tu(¢) as a vector consisting of any of the wavelets is a
NM x 1 vector, we are able to write (2.6) in a simple form as

(2.8) f(t) = fyw(t).

We use the subscript “w” throughout this text to refer to both wavelets.

Remark 2.6. In using (2.4) and (2.5) or any wavelet for a series expansion, we must consider several impor-
tant points as follows:

e N € N3, is a finite value, N < oo. The scaling functions are defined on [(n — 1)/N,n/N]| and if
N — oo, the lenght of subinervald tends to zero. Also, we cannot use infinite value due to presence
of N in the coefficients and arguments of the wavelets, that is, in VN and (2Nt —2n+1). We cannot
choose N = 1 in the wavelets concepts, because we revert to polynomials concepts and some of the
wavelets properties are eliminated.

o For different values of N like Ny and N;, we have different scaling functions, different subinter-
vals, different definitions, different constant coefficients and different weight functions defined on
different subintervals.
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e The application of the first summation differs from the second summation. The first summation
indicates this the obtained function is a piecewise-defined function. For example, by expanding the
first summation, we have

n=1 m=0

2717\/’{:—01 flmwl’m(t)7 when O S t S %
N M-1 .
f(t) = Z fnmwnm(t) = Z%;ol fnmwnm(t)a when nT_l <t< % s

Z%;(} fNmwNnm(t), when ~=b<p<i

while by expanding the second summation we have

N M-1 N
FO=3"3" famnm(®) =3 (Faowno(t) + farwn1 () + ...+ fanr—1wnar-1(t).
n=1 m=0 n=1

Thus we cannot treat the first summation ) as the second summation ", . Again, we find the
fact that NV is a finite value, N < oo.

e One should note that for N; # N», the expression

Ny o) 2 M-—1
Z fnmwnnL (t) - z Z fnann’m(t)
n=1 m=0 n=1 m=0

cannot be simplified, because for different NV, we have different coefficients and different scaling
functions defined on different subintervals.

o Although the wavelets are constructed from the polynomials, but there are many differences be-
tween the wavelets and the polynomials. For example, they have different properties on the interval
[0,¢¢]. For the same M, the wavelets are more accurate than the polynomials.

2.1. Properties of Legendre and Chebyshev wavelets.

Theorem 2.7. The Caputo fractional derivative operational matrix of these wavelets D¢, simplifies the derivative
operation as

(2.9) SDo(t) = D%w(t).
The Caputo derivative operational matrix of Legendre wavelets D, for 0 < o < 1 as
(2.10) 6Dy d(t) = D, b(1),

is obtained from

8« V¢ Vg Vg V§ oo V&, V& ]
0 S© T Ve Vg oo V{5 VR,
(2.11) oo —pye| 00 ST VEVE e Vi Vi
0O 0 0 0 © S V¢
L0 0 0o o0 O 0 s*
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where
01 01 01 10
0 0 0 .. 0 vel 0“1 0 T S
(212) S I R T E
801\:4—1 Sa}\'/[—l Sa]\;f—l Sazx}—l .
0 . 2 M-1 aM—1 vak’{—l aM—1 aM—1
no n n2 o YnM -1
1 m . .
- (m + )G +1) -
2.13 s — (=1 mm/ _ /T i +1)i—ep do,
1 m . .
. (m+ )0 +1) i
vyt = (*l)mM/ . L . {(o+2n+1)—
(2.14) B ? 71; (—=2)7(m — )3T (G —a+1)

— (=1)" (e +2n 1)~} Pi(e)d
Also, the Caputo derivative operational matrix of Chebyshev wavelets D¢y, for 0 < a < 1 as
(2.15) 6§ Dib(t) = D),

is obtained from

ST VY VS Vi Vi oo VR, Vi ]
0 S* Vi V3 Vi - V3 3 V3,
0 0 S* V¢ Vg ... V&, V&
(2.16) o = . T
0 0 0 0 O Se a
0 0 0 0 o0 0 se |
where
0 0 0 .. 0 0 0 0 .. ©
st sl sgt 8?\/11—1 vpo Ut Vpa e Upaa
a2 a2 a2 a2 a2 a2 a2
_ So S1 S2 S v _ Uno Uni Unz2 - UpMm—1
I B Al R
N —1 o —1 83&171 si}‘f}l v;]xé\'/f—l U;ﬂhq v;yzzﬁf—l 31{?:11
T m
(m+j7-DIT(G+ i .
(2.18) &M = (-1 mcmcz/ z:: e 'F(j)—(a—i—l)) (cos B 4+ 1)7=% cos(i6) db,

O]l

am T m—i—j—l'F]—i— o
vpi™ = (-1) mcmcz/ Z 12)) 'F(j)_(a+1)){((3089+277+1)J

— (=1)™ I (cos O + 21 — 1)77*} cos(if) db.

(2.19)

Proof. By setting N = ¢¥~! in the derived results of [43], we reach the given results in (2.10)—(2.19). |
2.2. Constant Riemann-Liouville integration operational matrix of wavelets.

Theorem 2.8. The constant Riemann—Liouville fractional integral matrices of product of two Legendre and Cheby-
shev wavelets vectors are obtained directly from these wavelets as

(2.20) B {r(t)w ' (1)} =T

where
a blkdiag(f‘?,f‘g,f‘g, . r%)
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re = blkdiag(f‘?, 1o Tg, ... r;lv)
in which for Legendre wavelets

I 7 - 2i—1Cj— 1 ! 2N—Z—2n+1
Fg:[77;;’]725.7:1)27"')]\457?3':( 12] 1F<O[) /_1( IN

)T P (2)Pyoy(2) dz

and for Chebyshev wavelets
L =Dilig=12,.... M,

1 T 2N —cos(f) —2n+1 ., . . .
V= Ci_lcj_ll"(a) /0 ( ;]\)] )* "L cos((i — 1)0) cos((j — 1)0) sin 6 d6.
Proof. The proof is given in [37]. O

We also have the following operational properties of these wavelets:

(2.21) foro(t ' (1) 2w’ (H)f,,
(2.22) m(%t) — Suw(t),

0, 0<t<,
(2.23) w(t—r1,)= { Dyo(t), 7 <t<l,

0, 0<t<(t)
Diw(t), 7(t) <t<1,

(2.24) w(t — r(t)) = {

where f,, is the product operational matrix of the desired wavelets for f,,, S, is the stretch operational
matrix for a stretch 1/, D, is the delay operational matrix for a time-delay 7, defined for ng, = 7, N as

ON—ng ) Mxng, M L(N—ng )M

Ony, MxMN

and D' is the piecewise delay operational matrix for a piecewise delay 7(t). Since D, and D* have the same
structure for both wavelets, we do not use the subscript “w" for them. For more details, see [38,40,41] and
set N = ¢*~1 in their formulas. We use the general form for the important properties (2.15) and (2.10) as
(2.9). One can find the fact that these operational matrices simplify the operational processes.

In the next sections, we will model the given problems. It should be noted that one must rescale the
problem before modeling it by the given procedures. Since we use polynomials concepts for modeling the
first and second problems, we will not discuss on the initial and final conditions; the reader is referred to
see the procedures given in [7] for more details. In the third problem, we use the wavelets concepts that

have many differences with the polynomials concepts and we model the conditions with the wavelets.

3. MODELING PROCESS FOR OPTIMIZATION OF TWO-DIMENSIONAL PDES

From [7], for the shifted Legendre polynomials or shifted Chebyshev polynomials denoted by {¢n(t)},

we have
M—

Z foem(t)

m=

(3.1) L, (1),

[

f(t)

(e}
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32) § Dy o(t) = D2e(t),

(33) o)’ (1) =@ (O,
In addition to the concepts given in [7], we need the following property.

Theorem 3.1. The constant Riemann—Liouville integration operational matrix of the product of these shifted polyno-
mials simplifies the Riemann—Liouville a-integral operation as

(3.4) i {ete " (1)} = oTe,

where T'¢ is the M x M, exact, left constant Riemann—Liouville integration operational matrix of the product of
any of these polynomials and for m,m' =0,1,..., M — 1,

1 _ _
Tira) m=m'=0
m’ N T(j+1) _
1:[‘& . g sC sC - \/§Zj=0 aSC(m/7j)F(jia+1)7 m =0
olsc = ['Ym+1,m/+1] P TmA1,m +1 = '
T ’Yl,n,nzl,...,M, m' =0

. ! N D(itj
22:10 aSC(mJ) Z;n:() aSC(mlmj)%v mam/ > Oa

1 o
i+’ m=m =0
m o _ G+ _
T2, = SL ] SL _ ) amw 2jgasc(m >3)F(j+a+1)> m =0
o+ SL — ’Ym+1,m’+1 7,7m+1,m’+1 - ~y n 1 M m, 0
1n,W=1,..., ) =

CmCm/ Zzo aSL(mvi) Z;R:O aSL(mlvj)%v mvml > Oa

1 . . m —2) (am+i—1)! o5 . m s\ m m+i)! i

in which agc(m,i) = (—1)™ay, Y vy %2 and asr,(m,i) = (1) >, WQ :

Proof. The proof is given in [8]. |
Assume that @(z) is of size My x 1, @(y) is of size My x 1 and @(t) is of size M3 x 1. Like the procedure

given in [7], we express the state and the control of the system as products of separable functions of z, y

and ¢ such that

(3.5) (zyt) = (0 (2) @ (@ (1) ® @ ()))xy,

(3.6) u(z,y.t) = (@ () @ (@ (y) @ @ (1)))u,.

Using (3.5) and (3.6), applying (3.1) to a1(2), az2(y), as(t) and z4(z,y) = p(z)v(y) (as a separable function),
and using (3.3) and (3.4) we can write

J = %aol'?(Zf,yf,tf) + %RéjgtRﬁjgfyRélffz [al(z)GQ(y)aii(t) {.T2(Z,y,t) + UZ(Z, y’t)}]
+ 3ad "G ISy RIS [z, tp) — walz,p))?
1,2 1 a., oy, L 1 1 ! Gi—1 ' ay—1 ' _ \Ga—1
= japx (zf,yf7tf)+§zf YUty F(@Z)F(O_éy)r(@t)/o (1—1) /0 (1—-y) /0 (1-2)
{x;(@(2) @ (0(y) @ @())(a1(2)0 " (2) @ (az(y)@ " (y) ® as() e (1)))x,

+u(0(2) @ (0(y) ® 9(t)(a1(2)0 " (2) @ (a2(y) @ (y) @ as(t) @ (t)))u,, }d= dy dt

Vs 11 . ! .
1 Q,, O ay—1 _ a,—1
et b v e [a-om [a-s

{x,(0(z) @ (@) @ @(1)) (@ (2) @ (9" () @ @ (1)))x,
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—2(u,@(2) X Vo) (@ (2) @ (@ (y) ® @' (1)))x, }dzdy

= Laga® (25, yp,ty) + & Zf yf/tatr(l n (1 )F(lt)/ (1_t)5u—1/0 (1_y)o7y—1/0 (1— 2)%1
{x;(0(2) @ (@(y) © (1) (@(2)a1, © (@ (y)az, © @ (t)as,))x,
+ul(0(2) @ (9(y) ® @(1)))(@(2)a1, @ (@ T(y)a2¢®¢> (t)as,))uy, pdz dy dt

11! :
+c+ tasz§ YT / (1—y)>? (1 —z)¥1
f f T 0 0

Qi

D(a.) L(ay)
{x; (0o (2) @ (0o (y) @ @) (1 )))Xsp
_2(H¢(P(Z)(PT(z)®(Vso(P(y)(PT( )o@ ( x¢}dzdy
Q¢ 1 1 Qo — ! a,—1
= Lagz®(zf,yp.ty) + 3 zf yf t5 I(a.) T(@,) T / (1—1) /0 / (1-=2)

ar, ® (A2p ® A3p))%y

)(A1p ® (224 ® a3,))u, pdz dy dt
1

1 1 ! —
+c+ a4zf yf F( z)F(O_ly)/o (1 y) /O(l_z)az
{x;(0(z)0 ()@ (@)@ (1) @ (1)@ " (1)))x,
—2(H¢<P(Z)<PT( )@ (Vo) ' (y) @ @ (1))x,}dzdy

{x; (0o (2) 2 (e (v) @ @()e ()))
)

(
+ug(e(2)e (2) @ (e (1) @ @)’ (1))

Qy g 1 1 ! ar—1 ! Qyy—
faom (zf IRTIRE zf Tyt F( 3T@ )/ (1-1) /0(1—y) vl
{x, (0T @ (eWe' (v) ® @)@ (1)) (a1, @ (A, © a3,))x,
+u;(éF§Z®((p(y)(pT(y)®(p( Yo (1)) (a1, ® (A2, ® a3,) Ju, }dy dt

- 1

+c+$a4z?2y?”/0 (1—y* Hx (T3 @ (@) e (y) @ (1o (1)))x,
—2(1,0T% @ (Voo ()@ T (y) ® @ T (1)))x,, by
3a0x, (9(1) @ (9(1) ® @(1)))(@T(1) @M (1),

1
+ Z}y ?Jt?f F(iyt) /0 (1- t)&t_l{xg(érgz ® ((l)Fi?’ @ et)e " (1) (a1, ® (A2p ® 83,))X,
+ul (T @ (T2 @ @)@ (1)) (A1, ® (A2, ® azy))uy, pdt
+o+ Jaazf Y {x (T3 ® (T3 @ e(1)e ' (1)))x,
= 2(pp0T5" @ (Ve TGy @ @ (1))x }
sax (0o (1) @ (M (1) @ @)@ " (1)x, + 3277y 17x] (T3 ® ((TE @ §T3"))
X (a1, @ (Az, ® 83,))Xp + 327 yfytf u, (573 @ (IS @ §I%) (a1, @ (a2, ® a3,))uy,
+e+ sasz Py {x TS @ (T @ e()e T (1)))x,

B7) = 2Anuele @ (velEr @ T (1))x, }-
Rearranging (3.7) gives
"[HH
(3.8) J(@,u, @y, Gy, @) =¢ 4 3 el | —1—17 2] | % +f, X
u, Hs 'Hy | |u, Uy
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where ¢ = lasR§ 1y BET 2s [23(2,y)] is obtained by integration and has no effect on the QP problem, and
the elements of J in (3.8) are given by

H; =ao(@(1)e " (1) ® (@D (1) @ @(L)e (1)) + 277y tF (T3 ® (T3 @ 4Tg"))

(3.9) ] o L )

X (A1, ® (82, © 83,)) + aszf7yy" (55 © (T2 @ @(1)e (1)),
(3.10) Hy = H3 = Oy My My x My Mo Ms s
(3.11) H, = z?zy?yt?* (T3 @ (o723 @ ¢T3Y)) (a1 @ (a2, @ A34)),
(3.12) FL= |~y (T © (vl T @ (1) 0 ]

The procedure of modeling (1.2) is similar to that presented in [7], hence, we just present the results.
Using (3.5), (3.6) and (3.2),

G0 (@ ()@ (@ (y) @ @' (1))xp =b(2)§ D2 (0" (2) @ (@' (y) @ @ ()))x,
(3.13) +e()§ Dy (@' (2) @ (@ (y) @ @ (1))xp + d(2)e(y) fi ()@ (2) @ (@ (y) @ @ (1)uy
+ 9:(2)9y (y) ge (1)
Now by (3.1)-(3.3), it follows from (3.13) that
(@ ()@ (@ ()@@ (1) (Ma, ® (Ta, @D )%,
=2 (@ (2) @ (0 () @ @ (0)(bD3 " ® (In, ® Iagy))x,
(3.14) +yr (@ ()@ (@ (1)@ e (1)), @ (€D @Ly,))x,
+(@"(2)® (@ (1) @ @ (1)(dy @ (&, ® fip))u,
+(@ ()@ (@ (1) @@ (1)(g0 @ (8ye @ Bip))-

From (3.14), we derive the static model of the fractional partial differential equation with a three-
dimensional control (1.2) as

(27 (D% " @ (I, ®Tagy)) + ;" (g, ® (€,D%0 T @ Tag,) — % (Ig, ® (Lng, ® DS 1)),

(3.15) . R -
+ (dtp ® (etp ® ft%))u@ = _(gzap @ (gygo ® gtcp))'
By
A A b;
Ay Ay by
(3.16) A=| | b=
A Ap b;

the optimal PDE control problem with I constraints and conditions is modeled as
iy 1T T
mm)gfuze 53X Hoxp +F, X
subject to Ax, = b,

where x, = [x,;u,], H, and f; are given in (3.9)—(3.12), and A. and b. in (3.16) are derived from the
problem and its conditions and/or constraints. For example, from (3.15), we have

(317) A = z;ozz (Bw:DZZT ® (IMz ® IMz)) + y;ay (IMI ® (éwggyT ® IMs) - t;at (IMI ® (IMz ® anpt—r)%
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(3.18) A =d, @ (&, ®f,),

(3.19) b1 = —g., ® (8 ® 8tp)-

Since the elements of (1.2) are different for each problem, some changes in (3.17)—(3.19) will be required.

Remark 3.2. We presented the procedure for modeling the Riemann-Liouville performance index and there
may be the Riemann-Liouville constraint in the problem like that given in (1.14); by using the procedure,
we can model it.

4. MODELING PROCESS FOR OPTIMIZATION OF NONLINEAR PDEs

Now, we are going to develop our method for the systems with nonlinear partial differential equations.
We present here the following lemma without proof, by extending the similar lemma, which was presented
for one dimensional optimal control problems in [44].

Lemma 4.1. Assume the fractional partial differential equation is in the form (1.8), where  is continuous and
satisfies local Lipschitz conditions and the state variables are separable. Also, we have a performance index as (1.7).
The nonlinear optimal control problem of minimizing (1.7) for a nonlinear PDE (1.8) can be replaced by the following
sequence of linear optimal control problems, which this sequence converges to a solution:

for i > 1, minimize

I, ,) = o™ )+ 3 RSy [an(an() {7 ) 4 1)}

(4.1) 2
+3ad Gy 12 (y, 1) — xd(y)}
subject to
9%tz (y, )l i 0*vx(y,t i i i i i
2) PO~ ) 1005, ) a0l ) + e ),

where x°)(y, t) = x(0,0), ul’l(y,t) = 0 and b1, =1 and d*=1) are derived by linearizing (1.8).

Theorem 4.2. Assume that @(y) is of size M1 x 1 and @(t) is of size My x 1. The optimal control of the nonlinear
optimization problem for the fractional nonlinear partial differential equation (1.8) can be obtained by solving the
following quadratic programming

[]" ‘ [i] [i]
. .. R X Hl | H2 X X
4.3 ori > 1, minimize :|-=%-| |- = -2 - A 28 -
( ) f - X 2 [ u@ ] [ H3 j H4 ] [ u@ fg) u@
A[ifl] A[ifl] (4] b[ifl]
4.4) subjectto |- =Lt -— - - 2. | |- )f% A=|-----,
A, ug b.

until the conditions given in [44] is reached, in which
45) Hy = ao(@(L)e (1) ® (L)@ (1) + y215 (5T @ JT%)) 8z, © sy,
(4.6) Hz = Osy Mo x My My s

4.7) Hs = Onr My x My M,



Pan-Amer. J. Math. 4 (2025), 9 14

(4.8) H, =y, 15 (6T @ oT5) (a2, @ a3y,
(4.9) fo=| —a (vt TS @ @7 (1) O |,

@10) AT Y= mitYebl )My, 020 1) + @i el -y (@2 T @ Ly,

(4.11) AU =ai Veall)Y,
(4.12) bl =el el Y,

and A and b are constructed based on the given initial and boundary conditions.

Proof. From Lemma 4.1, first we form (4.2) and (4.1); then, we take bli=U(y,¢) = bl ")),

iy, t) = d7)dT @), and di-1(y,t) = di " "(y)dl T (t). Using (2.8), we can expand each

term, for example, b (y) = @b, i @) = (p(t)bg;l]. Similarly, we take eli~!(y,¢) =

e (y)eg,;ﬂ o (t)el[f;u. Now by using the procedure given in Section 3, we can reach the given sequence

of quadratic programming programs given in (4.3) and (4.4) with the elements given in (4.5)-(4.12). O
The main task in the above model is to determine the coefficients of each vector.

5. MODELING PROCESS BY USING WAVELETS FOR OPTIMIZATION OF DELAY PDES

Consider the optimal control problem of delay PDE, which the delayed plant is described by the delay
PDE in (1.12) and the performance index or the cost function is given in (1.7). Here, we use the wavelets
to model this optimal control problem. We express the state and the control of the system as products of
separable functions of y and ¢ such that

z(y,t) = f(y)g(t).
Using (2.8), we expand the state in terms of the desired wavelets as
(5.1) 2y t) = (w' (y) @’ (1)xw,
where x,, is M1 M2N; Ny x 1 vector of unknown parameters. From this for the control, we have
(5.2) u(yt) = (w' (y) @ W' (t))u,,

where uy, is M3 M2N; Ny x 1 vector of unknown parameters.
For the initial function or the history function (1.13), when 0 < ¢ < 7, we see that —7 < t — 7 < 0, thus
we find that

Lyoit—7), 0<t<r
53 t—7)= 0 <y <yy.
(5.3) z(y,t —7) { dyt—1), T<t<l Y <ys

Similarly,

C(y)o(t —7(t)), 0<t<T7(t)

L0 <y <uys.
sy, t—r(t), Tty <t<ty VY

(5.4) w(y,t — () = {
After rescaling,

(5.5) Uy) = (y)Cw,
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(5.6) 0t —7) =10 ()0,

(5.7) 0(t—7(t)) =w ' ()6

The procedures of expanding 6(t — 7) and 6(¢t — 7(t)) by the wavelets are given in [41] and [40].

Inserting the results in (5.1)—(5.7) into (1.12) and using (2.21)-(2.24) yield
M I@DY )xy =y (b1 D5 ® baw)xy + (I8 &D ' )xy + (Lo ® &0y
9 + (1@ dyD' )xy + (G @ du®l,) + (10 &S )xy + (Frv @ Faw ) + (81w @ B2w)-
Factoring and reformulating (5.8), we obtain
5.9) [ft;f“ (1 <§f> D0 ) +y; M (b1 ® ng)~+ I2&DT)+(IdyD' )+ (I®6yST)|xy
+ (Frw ® o)y = — (G ® € 0y) — (L ® dyw8Y,) — (81w © Baw)-

So we find the equvalent model of (1.12) as a static equation (5.9).

We must model the Riemann-Liouville performance index by the wavelets. The procedure is similar to
that the procedure given for (1.1) but by using (2.20), hence we do not present it.

Now, we model the initial condition (1.9). From (5.1), we have

2(0,£) = (0" (0) @ w " ())xXy
and
2(y,0) = (0" (y) ® W (0))xy-
Knowing xy = [z1, %2, ..., zp2N2] for My = My = M and N; = Ny = N, expanding (after rescaling)
h(t) = v (t)hy,

taking wi0(0) = w), w11(0) = w?, wipr—1(0) = wl, |, M1 = My = M and N; = Ny = N, by defining

wg 0wy 0wy o wh, 0 0 0 ... 0 0
9 0 0 0
(G10) WO = 0 wg 0wy 0w wly , 0 0 0 ... 0
0O 0 O 0 0 w)) 0 w) 0 w) wd,
and
(511) Wc = |: WO OMNX(MZNZ,MZN) s

we model the first condition in (1.9) as
(5.12) W.x, =h].

We can use (5.12) with the elements given in (5.10), (5.11) as a model of the given condition. For the second
condition in (1.9), after rescaling by

i(y) = w ' (y)iy,
we have
2(y,0) =0 (y) T 17 (0))xy
(5.13) =1 (y)iJ.
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Factoring the wavelets vector in (5.13), yields
(5.14) I (0)xy = ig.

Hence, we modeled the second condition in (1.9) as (5.14). For modeling the boundary conditions in (1.10),
after rescaling,

z(1,t) = (' (1) @ w ' (t))x, = h(t)
and

2(y,1) = (' (y) @ w ' (1)xw = i(y).

When y = 1, by setting w10(1) = w}, w11 (1) = wi, wip—1(1) = wl,; ;,and

wo 0 wp 0wy e why 0 0 0 ... O 0
(5.15) W' = 0 wy 0 wf 0 wy -+ wy; 0 0 0 ... 0
o0 0 .. 0 0 wp 0 wi 0 wy - wi_
we find
(516) Wc = [ 0MNX(N12N2—M2N) Wl )

We can use (5.12) with the elements given in (5.15), (5.16) as a model of the given condition. In a similar

manner, whent =1,

2y, 1) =w ' (y)(ITew ' (1)xy
(5.17) =w' (y)i,.
From (5.17),
(5.18) I@w'(1)xy, =i, .

We modeled the second condition in (1.10) as (5.18). Taking the given equations together, we reach the
model. Using a similar procedure and the given properties, we can model fractional/integer Robin condi-
tions given in (1.11). Hence, the optimal control problem of the delayed PDE is modeled as

min)i({vnize %XVTV Ho Xw + o Xow
subject to Axw = by,

After using the QP solver from a software package to find the solutions, we find the solutions from the
wavelets expansions (5.1) and (5.2). In the given QP problems, J = ¢ + Jgp.

Proposition 1. From the definitions of the wavelets, we must add the 2N (N — 1) following constraint to the
model of the problem for the wavelets vectors defined with the same N and M

(519) Clccxw = 0;
where
(5.20) Ciee = [Cly/u;(by/u; 3 Cny x(v=1)t5 Cre 1y Cotriys - -;CNt/(Nq)y} :

By to(t) == [wio(t), w11(2), ..., wiam—1(t)], the blocks of this matrix can be found as follows
Ciy 1t = [ ® p] — Q1 ® pi],
2 = [[m(ys)]vOnumRow([mT(yS)])XM(Nfl):| )

p] = [m(%)aouM(Nq)} ;
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pi = [leMvm(O)aOIXJV[(N—m} ,
Coy 1t =[R2 ® p{ -, ®pl,
2, = [OnumROW([m(ys)])XMa [m(ys)]aOnumRow([m(ys)])xM(N—Q)] ;
Ciy ot = ® Pg - ® pl),
p3 = [leMvm(%)aolxM(Nq)] ;
p5 = [01><21\4’m(0)701><M(N73)} ;
Ciey = [p] ® Q1 — pl ® Q).

Proof. From the difintion of the wavelets, we have some intersection, by setting I,, = [(n — 1)/N,n/N], we
see that there exist some points as t., where {¢.} = I,,NI,,11. By looking at Figure 1, we see that there are red
lines at which we must to ensure the continuity of the obtained state. We must have x(t; ) = x(t1) at {t.},
which by considering another dimensional of the state is called the lines compatibility constraint. Using

the lines compatibility constraint at sample points y,, we reach the form given in (5.19) and (5.20). O
N-1
1
1 N-1

FIGURE 1. Lines of compatibility constraint.

6. CONVERGENCE

In this section, we discuss the convergence of the methods. Since several theorems are given for the
polynomials in [7], we just present one theorem for them; then we present some theorems for the wavelets.

Theorem 6.1. Let f(t) be a twice differentiable function on [0, 1] with bounded second derivative [, | = Orgta<x1| (@)

For M > 2, the expansion f(t) = f,@(t) and the desired polynomial as fur,(t) = f,@(t), where £, and (t) are
given by

fSO = [f(f’ff’f§7""f]fI—Q’f]\[i[—lL
(p(t) = [@O(t)awl(t)7(p2(t)a . -a@Mfl(t)]Tv

and the constant coefficients { 2.} are obtained from

1
6.1) f6 = / (O pm (Byw, (1) d,
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we have the following error estimates

1 _2M+3 1 _ 2M —3
- v <1y —=1 — mtTe
If = Farsellwe, < W 55 50 =5 + 356 ™ 2ar 1

T M-l 1 M2
_ we, W e\ sy Y i )
If = fuscllws,, < \/16 <2M(M—2)+4 i >

As mentioned in [39], the difference between these values is due to the different processes of approximating fur sy and

fu,sc and it does not prove anything.

Proof. For both polynomials, we can write

2

M-—1
If = Farells, = ‘Zﬁis@m mesom
m=0

H Z foom(t)

m=M

Wy

(6.2) = Z (f2)°.
m=M

For the shifted Legendre polynomials, “SLPs”, it follows from (6.1) that

Cm . z+1
(63) = [ 15 Pt
By applying integration by parts, for m > 2 in (6.3),
1 z=1
e = [ P - %2m1+ T P =P}
1
_T2m+1/ f( Z+ m+1() P ()]}dz
_Cm z+1 1 , 1 , ,
T X ; {5 (Presa() = Pa) = 5 (Pu(2) = Phu()) } 2
" z—|—1 Pia(2) 2(2m + 1) P (2) P_2(2)
8\/7/ Al {2m+3 T em—Dem+3) " me1}d’z‘

Thus we can get an upper bound as

V6l
4y/(2m —3)(2m — 1)(2m + 3)(2m + 5)

k| <

By setting in (6.2), we get

2 oo
||f—fMSL||fW < % !
’ Tm =16 = (2m —3)(2m — 1)(2m + 3)(2m +5)
6l2 / 1 dy
=16 M—1 (2y —3)(2y — 1)(2y + 3)(2y +5)
2 2M+3 12 2M -3
< In + —In——.
512 9M —5 ' 256 2M +1

For the shifted Chebyshev polynomials, “SCPs”, from (6.1)

sc_ Cm [T ,cos(0)+1
(64) so= | (S

cosmb db.
Vil )
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Hence for m > 2, by applying integration by parts in (6.4),

’fSC| \/>l
= 4(m? 1)
Setting in (6.2) yields
Tl & 1
If = fusellos, <56 2. o1
m =16 = (m?—1)?
ml? [ 1

— —d
=16 Sy (12— 1)2 Y
<7Tl2<%(M—1) 1 M—Z)

™ |
STe\M@ar—2 "1t T

O

Theorem 6.2. Assume that f(y) and g(t) are Lipschitz functions on y € [0,1] and t € [0,1]. Then, a two-
dimensional function x(y,t) = f(y)g(t) can be expanded as

N o N
t) = z Z fnmwnm(y) z Z gnmwnm

n=1m=0 n=1m=0

where this series converges uniformly to x(y, t).

Proof. Since f(y) and g¢(t) are Lipschitz in y and ¢, we can get |f(y)|,|f'(v)|,|f"(v)] < ks and

g, 1d @], lg" ()| < k,, where kr and k, are constants. Then from (2.7), we can find upper bound for
g f g PP
| frni| and |gn;|, where i = 0,1, 2. Now we can write

N N
n=1m=0 n=1m=
N N oo
n=1m=0 n=1m=0
N
= Z anwnO(y) + fnlwnl(y) + Z fnmwnm OwnO + gnlwnl ) + Z gnmwnm(t)
n=1 m=2 m=2

| frowno(y) + friwin(y) + X, f1mw1m(y)| if 0<y<s

<

<
=B

= |fn0wn0(y) + fnlwnl(y) + 22:2 fnmwnm(y)| if (nl;l) <

|fnvowno(®) + frrwne (y) + 20, Fvmwnm (y)|  if

N
|g10Wwno (1) + gr1wi1 (t) + > ey Grmwim (t)]  if 0<t< &

<y<l1

X

|9n0wWno(t) + gn1wn1 () + >0 _o GnmWnm (t)|  if (”;,1) <t<h

lgnowno(t) + gn1wn1(E) + D e o GNmWNm (E)]

N
Z Y,W ntwg(S
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where §, ,, € R is the upper bound obtained for the first series by using |f,;| for the n-th subinterval in
which we have the maximum error, for example, see [41],, 0, w for the second series by using |g,;|, and
d € R. Hence the given series is absolutely convergent and the expansion converges to x(y, t) uniformly. O

Lemma 6.3. For a twice differentiable function f(y) defined on [0, 1], with bounded second derivatives | f" (y)| < day,
we have the following norm in Lo with respect to the weight function G, (y),

1(y) = furo(y)ll,,,, ) < hw(d2p,m, N),

where hy, (027, m, N) is a constant and obtained according to the relative wavelets and it tends to zero as M — oc.

Lemma 6.4. For a function f(y) defined in Lemma 6.3, we have the following inequality norm in Lo with respect to
the weight function <, (y),

Ifwro W)l ) < I1F (W)

Theorem 6.5. Assume that a function f(y) is a differentiable function f(y), defined on [0, 1], with bounded deriva-
tives as \OCDE“‘ f(y)| < 5. Then the following norm in Lo with respect to ¢, (Y)

16 Dy £ () = £ D) ()

tends to zero as M — oo, where Dy, is Caputo derivative operational matrix of the desired wavelet.

Snw (y) !

Proof. See [43]. |

Corollary 1. For a differentiable bounded function defined as f(y)g(t), by using the given expansions,

HW ~ (0" (y) @ (1) T2 b DY )(E] @)

Snw (Y)Snw (t)
tends to zero as M — oc.

Theorem 6.6. Suppose the assumptions of Theorems 6.5 are satisfied for f(y) and g(t), x(y,t) = f(y)g(t),
IF W ) < g, and [lg(t)

1£ ()g() = (007 () @ 10T (£))Xwlluus () (6) < Hghw (F27,m N) + prhos (2g,m, N,

where hy, (65, m, N) and hy (55, m, N) are constants and obtained according to the relative wavelets. It means if

G () < pg- Then

M — oo, then the given norm for the expansion of two-dimensional function tends to zero.
Proof. From Lemmas 6.3 and 6.4, we can write
Hf(y)g(t) - (mT(y) ® mT(t))XW Snw (¥)Snw ()

<|lg®f@W) —w Wl e T I1F@9E) — 0T (Dgy
S :u’ghw(52f7 m, N) + ;u‘fh'w(52g7 m, N)

Snw (y)gnw (t)

From the relations of the wavelets, we can find hy,(d;, m, N) and hy (67, m, N) and we see that if M — oo,
then the given norm for the expansion of two-dimensional function tends to zero. O

7. MODELING RESULTS FOR PDE OPTIMIZATION EXAMPLES

In this section, we apply the methods to some optimal control problems of PDEs that have applications in
engineering and natural sciences. The fractional PDEs of these problems are governed from the well-known
equations. The given results are generated by MATLAB R2013b. Based on the given ideas, we model each
of them to obtain their optimal solutions. We consider complicated conditions or constraints to show the
advantage of the method. In a traditional method, one should resolve the problem and repeat the solution
processes for a new scenario while in our method there is no need to do these tasks. Knowing the fact that
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solving the integer order of any of the following problems is not an easy task, one realizes that solving the
fractional order is much more complicated, especially with the new given scenarios.

Remark 7.1. As can easily be seen in some texts, one can define countless trivial problems with exact so-
lutions. First, a problem for X (y,t) = 0 and U(y,t) = 0 is defined as 0 = f(X(y,t),U(y,t)), then
by setting 0 = X(y,t) = z(y,t) — z(y,t) = x(y,t) — fi(y)g:(t) and 0 = U(y,t) = u(y,t) — u(y,t) =
u(y,t) — fa(y)g2(t), the transformed problem is defined as a new problem with exact solutions as z(y,t) =
fi(y)g1(t) and u(y,t) = f2(y)gz2(t). The initial and boundary conditions can be easily derived, for exam-
ple, x(y,0) = f1(y)g1(0). Similar procedure can be applied, for example, just setting U(y, t) = 0 or setting
0= (fily)g1(t)z(y,t) — fa(y)g2(t)u(y, t)). But the resulted problem is not an optimal control problem and it
contains several unfixable fundamental flaws; for instance, for infinite performance indices such as indices
with (z(y,t) — fi(y)g1(t))™ and/or (u(y,t) — f2(y)g2(t))™ for ni,n2 = 1,2,..., the solutions remain the
same, while this is definitely impossible in the optimal control theory.

7.1. Example 1, a system with a nonlinear PDE. This interesting optimal control problem is adapted from
[45]. Consider new fractional types of one dimensional heat equation with a nonlinearity of Schlogl type
studied in [45] with a performance index as

1 tf Y 2 2
J = 5/0 /0 {a*(y,t) + u’(y,t) } dy dt,

where t; = 2 and y; = 1. Now, if we change the order of the PDE,

e Case 1: )
0%(y,t)  0%x(y,t) _ .3
B = 5y + 15(z(y, t) — 23(y, 1)) + u(y, t),
a=0.91,
2(0,4) = 0,2(1,t) =0,
z(y,0) = 0.2sin(my).

Ref. [45] used the model predictive control combination method for solving the integer version of this

problem, that is, « = 1 in Case 1. Here, we use the proposed method and the optimal solutions for the
problems is presented in Figure 2. Then, as more complicated situations, we consider different scenarios.
As another case, we change the conditions and use the given state equation in which

e Case 2:

a=04,
x(0,t) = —0.15¢,
z(1,t) = 0.1¢,

z(y,0) = 0.1 — 0.1 cos(27y).
The results of our method for this fractional nonlinear optimization problem are shown in Figure 3. Now,

we again change the order of the PDE,

o Case 3: "
o« t o« t
29:8) 020 | 5(ay, 1) — aP(y,0)) + uly, 1),

ot Oyatl
a =04,
z(0,t) = —0.15¢,
z(1,t) = 0.1¢,

z(y,0) = 0.1 — 0.1 cos(2my).
The optimal solutions are shown in Figure 4, which one can see the differences due to changing a derivative
order of the PDE, that is, changing 9%z (y, t)/9y?* to 9“1z (y,t) /0y T1.
Now as another case, assume that there is a temperature constraint in Case 3 as a plate that the temperature
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must be less than or equal to temperature of this plate as
o Case 4: the given equations in Case 3 hold and also, we must have

z(y,t) <0.11 when 03<y<0.8 and 1.3<t<2.

This plate is shown schematically in the graph of optimal state in Figure 5. It is obvious from the previous
solutions that the solutions of the system for Case 3 cannot satisfy the state constraint. As an advantage
of the proposed QP modeling, we solve the problem with this temperature constraint and the optimal
solutions are presented in Figure 5; we can see the constraint is satisfied.

Now as new constraint, we have a fractional isoperimetric constraint in Case 3 as

e Case 5: the given equations in Case 3 hold and also we must have

BEI o RE T8 (152 (y, 1) — u(y, )] < 0.5,

where &;; = 0.8, &;, = 0.7. We have the two-dimensional Riemann-Liouville isoperimetric constraint
in the new problem. The solutions of Case 3 cannot satisfy the fractional isoperimetric constraint. As an
advantage of the QP method, we can solve this problem; by doing so, the optimal solutions are presented
in Figure 6.
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FIGURE 2. Optimal solutions for Case 1 of Example 1.
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FIGURE 3. Optimal solutions for Case 2 of Example 1.



Pan-Amer. J. Math. 4 (2025), 9 23

(R
) /II["'I"%O
IS
i
/II///lI/I"'I"ll
555555
IS
s

%)

s
0
5
%
2y

LS
S
555

g5

K (.0

55555

FIGURE 4. Optimal solutions for Case 3 of Example 1.

%
5
Vi
g s
s
i

X
%)

T

A0 0% =

TS S
“ 72

FIGURE 5. Optimal solutions for Case 4 of Example 1.

%)

TR
o St
i i

J 1)
41,4444‘2‘5:"””’

\\\\‘\““
.\\\“‘ “
““\““‘“\

FIGURE 6. Optimal solutions for Case 5 of Example 1.

7.2. Example 2, a system with a nonlinear delay/stretch PDE. This interesting optimal control problem is
adapted from [28]. Consider a new pure fractional version of a reaction diffusion model presented in [28].
By taking z(y, t) as the population density at time ¢ and position y, where 0 < ¢t < 5and 0 <y <,
0*x(y,t)  O0wx(y,t)
dtee Oy

= 0.5z(y, w(®)[1 + 2(y, )] + u(y, t)
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with the boundary conditions
9z (y, t)

dy

Jx(y, 1)

oy —
z(y,0) = 1 — cos(2y).

= ()7
y=0
The goal is to minimize the new, combined, Riemann-Liouville performance indices as
Q¢ a o 2
J = 018518 BT [W? (y, t)] + BGI2v [2(y,5) — 6 + 3 cos(3y)]

subject to the given PDE, where 0 < o, < 1,1 < oy < 2, & = o and & = oy — 1. Also:
o Case 1: w(t) is a stretched argument, which is also called a proportional delay, scaled delay or pantograph-
type delay in some texts like [46], defined as

o Case 2: w(t) is a time-delay argument defined with a history function as
w(t)=t—10.5, and z(y,t) =1 —cos(2y) when —0.5<¢<0.

We solve this problem for o, = 1, oy = 2 and o = 0.9, oy = 1.7 for the both cases. The results are show
in Figures 7-10.
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FIGURE 7. Optimal solutions for Case 1 of Example 2, oy, =1, ayy = 2.
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7.3. Example 3, a system with a two-dimensional PDE. Consider the problem of controlling two-
dimensional wave equation in Cartesian zy-coordinate system as
0 x(z,y,t) _ 0% x(z,y,t) n 0vzx(z,y,t)
ot 0z= QY
where t is the time, t; = 2,2y =1,y =1, ¢ = 1.9, a, = 1.8 and «y = 1.6; the performance index and the

+(z+ Dy + Dulz,y,t),

boundary conditions are given as the following scenarios:

o Case 1:
J = §RGI L RO [0 (20, 0) + 0P (2,0, 1),
x(0,y,t) =0, x(1,y,t) =100zy.
o Case 2: the performance index is the same as before, and we only have one condition as
z(0,y,t) —z(1,y,t) = 10.
o Case 3:

J =32 (zp,yp,tp) + $ TG TGy TGISE [27 (2, y, 1) 4+ P (2, 4, 1)
v & 2
+ 3G G102 [10 (w(2, y, ) — walz,9))" ],

z(0,y,t) =10, 4(z,y) = 100 — 100 cos(z) cos(y).



Pan-Amer. J. Math. 4 (2025), 9 26

For Case 1, the optimal state and control for z = 0.5 are shown in Figure 11. For Case 2, the optimal
states are shown at z = 0 and z = 1 in Figure 12. And for Case 3, the desired reference and the optimal state
and control at ¢t = ¢; are shown in Figure 13.

Some of important PDEs are given by two-dimensional PDEs. Hence, we need to study systems de-
scribed by two-dimensional PDEs in the optimal control systems. Here, we present this example as a
two-dimensional PDE optimal control problem to see applicability of the proposed method. Some sce-
narios have been chosen and new scenarios such as a three-dimensional Riemann-Liouville isoperimetric
constraint can be investigated for two-dimensional PDE optimal control problems such as this.
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CONCLUSION

We extended the ideas presented in the previous works to the pure fractional optimal control of
nonlinear, delay and two-dimensional PDEs and we presented the new methods. The methods can be
used to solve such problems with different kinds of the conditions and/or constraints. We saw that
there is no need to obtain the optimality conditions in these methods. Some problems with fractional
PDEs and the Riemann-Liouville performance indices have been solved to show their applicability. The
Riemann-Liouville isoperimetric constraints for PDEs has been introduced. The formulations have been
presented in general forms with terminal, minimum total energy and tracking performance indices for
different purposes of PDE optimization.
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