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Abstract

This article discusses the control system of fractional endpoint variable variational
problems. For this problem, we prove the Euler-Lagrange type necessary conditions
which must be satisfied for the given functional to be extremum. Finally, one example
is provided to show the application of our results.
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1 Introduction

Fractional calculus is an old mathematical topic since the seventeenth century, yet it has
only received much attention and interest in the past 20 years. For more details on the
basic theory of fractional calculus, one can see the monographs [1-4] and the references
therein.

As one of the important topics in control theory, the variational method plays an impor-
tant role in the analysis control systems and is an important branch of mathematics study
functional extremum. In recent years, the variational method is widely used in physics,
economics, electrical engineering, image processing fields, etc.

Moreover, the numerical methods for solving fractional differential equations, optimal
control and variational problems have a good development. In [5], Bhrawy et al. inves-
tigated a new spectral collocation scheme, which obtained a numerical solution of this
equation with variable coefficients on a semi-infinite domain. In [6], Doha et al. intro-
duced a numerical technique for solving a general form of the fractional optimal control
problem. And in [7], Bhrawy et al. used the Rayleigh-Ritz method for the necessary con-
ditions of optimization and the operational matrix of fractional derivatives together with
the help of the properties of the shifted Legendre orthonormal polynomials to reduce the
fractional optimal control problem to solving a system of algebraic equations that greatly
simplifies the problem. In [8], Bhrawy and Zaky proposed and analyzed an efficient oper-
ational formulation of spectral tau method for a multi-term time-space fractional differ-
ential equation with Dirichlet boundary conditions. In [9], based on the shifted Legendre
orthonormal polynomials, Ezz-Eldien et al. employed the operational matrix of fractional
derivatives, the Legendre-Gauss quadrature formula and the Lagrange multiplier method
for reducing such a problem into a problem consisting of solving a system of algebraic
equations.
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However, at present, very little work has been done in the area of fractional calculus
of variations [10-13]. In [10], Jiao and Zhou used the critical point theory to solve the
existence of solutions for a class of fractional boundary value problems. In [12, 13], the
author presented a new approach to mechanics that allows one to obtain the equations
for a nonconservative system using certain functionals. In [11], the author proposed the
fractional-order variational problem and gave solution for a class of variational problems

with fixed boundary value

i
][x]:/ F(t,x, D% D}, x)dt

(A7
to 4

and the boundary conditions x(ty) = %o, x(¢s) = % are fixed. But [11] did not discuss the
problem of variable boundary conditions and transversal conditions. In other words, the
boundary condition x(Zo) = xo is fixed, but x(¢r) = C(¢r) is variable, or vice versa. Inspired by
the above-mentioned works, in this paper, we follow the ideas to investigate the optimality
of control systems.

This paper is organized as follows. In Section 2, we briefly review the definitions of
Riemann-Liouville fractional integrals and derivatives and some lemmas. In Section 3,
we give the necessary conditions for the fractional-order functional variational problem
with fixed and variable boundary. In Section 4, we give an example to show the application

of our results, and Section 5 briefly summarizes the results of this paper and future work.

2 Preliminaries and lemmas
In this section, we give some basic definitions and results that are used throughout this

paper. For more details, please see [1-4].

Definition 2.1 [1-4] Let [a,b] be a finite interval on the real axis R. The Riemann-
Liouville fractional integrals I7,f and I}!,f of order « > 0 are defined by

. C

I; f(t) = ra ), coor dr, t>a (2.1)
and

B T L)

I5f(t) = @) /z P dr, t<b, (2.2)

respectively. Here, I'(-) denotes the gamma function. These integrals are called the left-

sided and the right-sided fractional integrals.

Definition 2.2 [1-4] The Riemann-Liouville fraction derivatives D} ,y and D,y of order

a > 0 are defined by
o d ! n—o
Dgy(6) = (E) (Li"y(®)) (2.3)

L (AN S i
_F(n—a)(_t) f oo 4T (n=ledrli>a) (24)
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and

d n
DYy = — | (I,%y(@) (2.5)
dt

1 (d\' [ _ /@
:r(n—a)(E) /t oo @ (el dxcd) (2.6)

respectively, where [or] means the integral part of «.

Remark 2.1 [1-4] Obviously, if 0 < @ <1, then

w1 d [t f)

D“‘ty(t)_l"(l—a)dt/u o) dt O<a<l,x>a) (2.7)
and

con. 1 d [ [

Dt'by(t)_r(l—a)ﬁft (t—t)“dt 0O<a<l,x<b). (2.8)

Lemma 2.1 (Fractional integration by parts [1]) Assume that D f(x) and D} g(x) are ex-
istent and continuous on [a,b). Let f(t) and g(t) be two continuous functions defined on
t €la,b], a >0, and f(t) or g(t) and their until m derivatives are zero at t = a, b, and m is
less than the largest integer of a. Then

)
b b
f () (1%, /(1)) dit = f VO (I0(0) dt, 2.9)
(i)
b b
[ o0 d= [ rowiso)d 210

3 The fractional variational problems-variable endpoints

Definition 3.1 Assume that F = F(t, x, D%th, Dg tfx) is a function with continuous first and

second (partial) derivatives with respect to all its arguments. Then, among all functions
x(t) which have continuous LRLFD of order « and RRLED of order g for £y < ¢ < t; and
satisfy the boundary conditions

x(to) = %o, x(tr) = C(ty). (3.1)

Looking for a function x(¢) such that the functional

¥ B
T = / F(t,x D% Db, %) dt (3.2)

to

has extreme value, where 0 < @, 8 <1 and the endpoint C(¥) is variable.

Theorem 3.1 Let J(x) be a functional of the form

y
J(x) = / F(t,x, D% D}, x)dt (3.3)

(A7
to 4
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defined on the set of functions x(t) which have continuous LRLFD of order o and RRLFD
of order B in [ty tr] and satisfy the boundary conditions x(ty) = xo and x(tf) = C(t;). Then
a necessary condition for J[x] to have an extremum for a given function x(t) is that x(t)
satisfies the following Euler-Lagrange equation and terminal transversality condition:

oF _, OF s OF
o TPt ona T Dy, s 5= 0, (3.4)
ox Dy, x 3Dt,tfx

=0. (3.5)

oF JoF
(—D?O,:(C —X) + Tthf(C —X) + F)
aD t=ty

o«
aDtO,,x t,tfx

Proof To prove the necessary conditions for the extremum, assume that x*(¢) is the desired
function. Let ¢ € R, and define a family of curves

x(t) = &7 () + en(), (3.6)

where 7(t) is a continuous differentiable function for all given, which satisfy the boundary
conditions, i.e.,

n(to) = 0. (3.7)

Due to the changing terminal time #, each has its own trajectory terminal point ¢;. There-
fore we must define a terminal times set corresponding to x(t),

tr =t + e&(ty). (3.8)
Since D, and Df i are linear operations, it follows that

Dy x(t) = Dy x*(8) + eDy n(t), (3.9)

Dp, x(t) = Dy x*(t) + £y (D). (3.10)

Substituting Egs. (3.6) and (3.8)-(3.10) into Eq. (3.3),

£ +e&(t)
J(e) = / F(t,x* +en,Df & + aD‘t’i)’tn,Dﬁ x* + sD’fo,m) dt

.t
to 7

t*
f
= / F(t,x* + sn,DZ),tx* + sDZ)Ytn,thfx* + thﬁO,tn) dt
to

tf+e€ (tp)
L E(bx + en, D% x* + D% ., DP, x* + eDP n)d
+ (t,x +en, Dy x +eDy 1, mfx +¢& to,tn) t
t*

!

t*
f
~ / F(L‘, X +en, Dy X + sD‘;‘O,tn,thfx* + ED"Z)JH) dt
to

+ 5 ()F (8,27 (8), DY, 2" (1), Dl " (£7)) (3.11)

we find that for each 7(¢) there is only just a function of ¢. Note that J(¢) is extremum at
¢ =0, and the differential of Eq. (3.11) with respect to ¢, we obtain

) i (OF aF OF
—| = / 0+ ——Df 1+ ——=—Dfyn ) dt + E(t)Fl. (3.12)
0¢ g Jyy \Ox Dy, x aDmfx !
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Equation (3.12) is also called the variations of J(x) at x(¢) along n(£). A necessary condi-
tion for J(¢) to have an extremum is that g—é le=o = 0, and it is true for any admissible n(£).

This leads to the condition that for J(x) to have an extremum for x = x*(¢),

/t; Ly LY £(t)F| (3.13)
+ + + = .
o0 \ox" dDy, X to.t! antfx ”f i

for all admissible n(¢). Using the definition of fractional derivatives and the formula for
fractional integration by parts, the second and third integral in Eq. (3.13) can be written
as

¥ 9F
f a—D(th N(t)dt
to 8Dt0,tx(t) ’

dF ¥ orvd dF
- 711*%7@) - f —(7>Ilan(t)dt
aDg x(t) w dt\oDg x(r) )
oF

¥ oOF
m totn( —-/to OjDHf(m) dt, (3.14)

¥ 9F
t)dt
lo BDﬂ (0) t,:fn()

[
oF i ¥ d oF
I e —/ —(—) Pole)dt
antfx() Ly w At\aD. x(t)) "
OF OF
LI n(t) - / n(t)D! (—) dt. (3.15)
" aDf, () Ly o Jio *\oDy, x(t)

Substituting Egs. (3.14) and (3.15) into Eq. (3.13) yields

¥ (8F _, ( OF F
J G2 ) il e
to X totx oD

b
t
+E()F|; =0. (3.16)

oF oF !
( Ilian‘f' Tltl;ﬂn)
oDy x aDpP, x "7

Ltf to

In virtue of (%) = 0, Eq. (3.16) can be written in the form

§(9F , ( OF dF
) 15 2 (o) -2 e
to X t()tx 3D

Lty

dF OF .
I+ —— 1P+ £ )F)
<8Dto X fot 8thfx by 4

-0. (3.17)
i

Note that n(tf*) and &(t) are not independent of each other, they are affected by the ter-

minal constraint x(t)lmf = C(tr), namely

x(6f +e&(ty) +en(ff +e(ty)) = C(4 +e& (). (3.18)
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Differentiating Eq. (3.18) with respect to ¢ and letting ¢ — 0, we have

E@a(5) + n(f) =§&NC(57)- (319)
That is,
n(t) = €[ C(5) - #(5)]- (3.20)

Substituting Eq. (3.20) into Eq. (3.17), we get

% (9F oF oF
/ { - thf o - Dfo,t B } n dt
to ax aDto,tx 3D X

Ly
oF oF
+E(, )(—Da (C—x)+ ——DF (C—x)+F> =0. (3.21)
P\ aDg, oD, x ;

Since 7n(¢) and &(t) are arbitrary, it follows from a well-established result in the calculus
of variations that

oF _, OF s OF
Dy —Diye 5= 0, (3.22)
0x i Dy x aDt,tfx

oF oF
(—Dto,:(C—x)‘rWDt,tf(C—x)‘FF) =0, (3.23)

o«
8D[0,tx t][fx

b

where Eq. (3.22) is called fractional-order variational problem of Euler-Lagrange equation,
and Eq. (3.23) is called terminal transversality condition. The proof is completed. O

Remark 3.1 Note that for the fractional calculus of variation problems, the resulting
Euler-Lagrange equation contains both LRLFD and RRLFD. This is expected since the
optimum function must satisfy both terminal conditions. Further, for « = 8 = 1, we have
Dy, = d/dt and D‘th = —d/dt. Then Egs. (3.22)-(3.23) can be turned into the standard
Euler-Lagrange equation and the terminal transversality condition

oL d oL (3.24)
ox dt 0k '

. oF
((C - 5‘)5 + F) =0, (3.25)

t=ty

where x = dx/dt.

Remark 3.2 In control engineering, the majority target line is parallel to the ¢ axis, since
C(@) =0, hence

oopo o OF g OF
il dDf, % ot Bthfx

=0. (3.26)
=ty

If C(¢) is perpendicular to the ¢ axis, since C(t) = 0o, we get

( oF oF )
e T A B
aDg x 3DV «x

1273

=0. (3.27)
t=ty
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Remark 3.3 In a similar way, it is not difficult to infer that when the terminal is fixed, and

the initial c(¢) is variable, the terminal transversality condition will change to

(F _OF DY ( ) oF ( )) 0 (3.28)
- x—c)— x— =0. .
dDjg % ot 8Df % t & t=tg
If F(¢) is parallel to the ¢ axis, we have
oF oF
(F - D} x- D’ftf ) =0. (3.29)
8Dt0,tx ' 8Dmfx t=tgy
If F(t) is perpendicular to the ¢ axis, then
oF JF
. =0. (3.30)
aDto tx BDt,tfx t=to

Corollary 3.1 Let J[x] = fto (t,%, Dy, tx,...,D‘;;”,tx,Dé3 % Df;j”,x) dt be a functional
function satisfying the boundary conditions. Then a necessary condition for J[x] to have
an extremum for a given function x(t) is that x(t) satisfies the Euler-Lagrange equation

and the terminal transversality condition:

n

of of i or
P > Dy e = =0, (3.31)
¥ aDtot k=1 aDttf
M n m
oF oF
> (Z — Dy (Ci=x)+ ) —5 =D (Ci=x) + F) =0, (3.32)
i=1 \ j=1 BDtO X 1 8D”f bty

whereaj e R (j=1,...,n) and B € R* (k =1,...,m) are two sets of real numbers all greater

than zero,

Umax = max(al,.,,,a,,, ﬁl;uc:,Bm) (333)

is the maximum of all these numbers, and M is the integer such that M — 1 < o,y < M.
And F is a function with continuous first and second (partial) derivatives with respect to

all its arguments. Meanwhile, all functions x(t) satisfy the following conditions:

x(a) = Xa0, (@) = x4, oo MV (@) = x40 1), (3.34)
xt)=Cily), V=G, ..., M) =Culy). (3.35)
Corollary 3.2 Let F(t,x1,...,%u, Y1, - -,Y2u) be a function with continuous first and second

(partial) derivatives with respect to all its arguments. For 0 < o, 8 < 1, consider the problem

of finding necessary conditions for an extremum of a functional of the form

7
][xl,.,.,xn]:/ F(t, %150, %0, Dy %1, .. Dtotx,,,D”fxl, D”f x,) dt, (3.36)

to
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which depends on n continuously differentiable functions x,(t),...,x,(t) satisfying the
boundary conditions

x;(to) = xjo, xi(tr) =Ci(ty) (j=1,...,n). (3.37)
Then, a necessary condition for the curve is

x=x(t) (=1,...,n), (3.38)
which satisfies the boundary conditions given by Eq. (3.38) to be an extremal of the func-

tional given by Eq. (3.37), i.e., the functions x;(t) satisfy the following Euler-Lagrange equa-
tion and terminal transversality condition:

oF oF oF
=Dy ~Djy. 7—=0 (=1...,n), (3.39)
ax/ aDto,txj 8Dmfx,
oF oF .
(—aDa — D (=) + —5—Dpy (G=) + F) =0 (j=L...n). (3.40)
to.t™) t,tij t
In vector notation, the above conditions can be written as
oF oF oF
o~ Dhymmr— = Dy —5— =0, (3.41)
0X oDy X 9 Dt,tf X
oF oF
(—a D;, (C=X)+ —5—D}}, (C-X) +F> =0, (3.42)
3Dt0,tX ’ 3Dt,tf i

where X,C € R".

4 Application
In this section, we illustrate the importance of our results through one example.

Example 4.1 Consider the terminal variable fractional variational problem

0= [ 050)"ar (@)
where x(0) = 0, x(¢) =1 - t.
Proof We know that

F= %(Dg,tx(t))z (4.2)
and the fractional Euler-Lagrange equation

D(tx,th(o)(,tx =0. (4.3)

It can be shown that for o > %, the solution is given as

x(t) = a -1) /0 g [t — )t - )] dr. (4.4)
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Figure 1 Example 4.1. % 24-1=0

0.5 //

Now, we consider the transversality condition, by Eq. (3.4), we obtain

{%(Dg{,x)2 +[Dg,(c@) -x(t))]Dg,tx} - 0. (4.5)
=y

By simplification, we get
o 1 o
Dg,C(t) = EDOJx(t). (4.6)

By Eqs. (4.4)-(4.6), C(¢) = 1-t and the initial value, we obtain the optimal trajectory (o > %)

. Qa-1) ¥ am
x5(f) = — / [t —1)t-1)] Ydr. 4.7)
0
Thus when ¢ = 7, we can get the optimal terminal times

1
—t =1t (4.8)
2
By numerical simulation Eq. (4.8), we know that the equation has some solutions (see
Figure 1).

This example with « = 1, for which the optimal trajectory is x(¢) = %t, and then we have

obtained the same result. O

5 Conclusions
Necessary conditions for the optimality control of those systems are established. The case
of piecewise continuous conditions and researching the minimum value of fractional dif-

ferential equations principles will be considered in a future work.
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