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Abstract

An integral representation for the second variation of
trajectory of a dynamical system under control is ob-
tained. This representation contains some tensor of the
third rank introduced here. A differential equation for
this tensor is presented. A second order method for solu-
tion of the optimal control problem based on the second
variation of a trajectory is proposed.

Key words

optimal control problem, second variation of trajec-
tory, numerical methods of optimal control, second or-
der method.

1 Introduction

The article deals with an optimal control problem with
a fixed endpoint. The optimal control problem can be
formulated as follows. Consider a controlled dynamical
system

%:f(t,x,u)7l’(to):170, I(t) EQCRTL, (1)

where ¢ € [to,T], v = u(t) is vector control function
belonging to some class of functions, for example, to the
class of piecewise continuous functions taking values in
some set: u(t) € U C R*. Here and further, assume
that the region of admissible states of the system €2 and
function f(¢,x,u) are such that solution of the Cauchy
problem (1) uniquely exists in all cases under consider-
ation.

Without loss of generality, consider the Mayer problem
of the optimal control, as the Lagrange and the Bolza
problems can be reduced to the Mayer problem by in-
troducing an additional dynamic variable [Pontryagin et
al., 1962]. Assume that the function f(t,z,u) is twice
continuously differentiable over z and .

The Mayer problem consists in finding a control u(t)
providing minimal value for a cost functional depending
onz(T):

O(u) = g(x(T)). 2

The optimal control theory is closely related to the cal-
culus of variations, from which it originates. For exam-
ple, the principle of stationary action for a moving parti-
cle can be formulated as an optimal control problem, if
the action is regarded as a cost functional, and the par-
ticle velocity is regarded as a control. In both of these
areas, the first variation of trajectory of a dynamical sys-
tem is commonly considered in many problems.

Particularly, various variational methods are developed
for finding solution of an optimal control problem [Pyt-
lak, 1999]. These methods use the first variation of the
trajectory or the conjugate momentum W(¢) satisfying to
the equation

v of
o= 3)

which is adjoint to the equation for the first variation,
and to the final condition

%
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Orders of these methods are defined by orders of vari-
ation of the cost functional. If the first variation of the
cost functional is taken into account only, such method
is regarded as a first order methods. A method account-
ing also the second variation of the cost functional is a
second order method.

The commonly used expression for the second varia-
tion of the cost functional [Longmuir and Bohn, 1969;
Gabasov and Kirillova, 1973; Miele, 1975; Golfetto and
Silva, 2012] contains the first variation of the trajectory
dx and the variation of the control function du:

2 T 2
520 = ;[&ﬂagax —/ (MTa H 5ot
to
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Here index T denotes trabsposition, and H = U f. Here
and further, we assume that the function g(x) in the ex-
pression (2) is twice continuously differentiable.

When the control function is parametrized, this ex-
pression allows to find second derivations of the cost
functional over the parameters used in process of com-
puting of numerical solution. The second derivatives
can be expressed through so the called 'matrix mo-
menta’ [Gabasov and Kirillova, 1973; Gorbunov and
Lutoshkin, 2004], firstly introduced by G. Gabasov and
FEM. Kirillova [Gabasov and Kirillova, 1973] for degen-
erate problems of optimal control. The matrix momenta
represent components of some matrix satisfying to a cor-
responding boundary problems. Number of the bound-
ary problems for the matrix momenta to be solved nu-
merically is quadratic over number of the parameters.
So far, in problems with a great number of parameters
such approach is unrealizable.

Therefore, it is reasonable try to use another expres-
sion for the second variation of the cost functional. In
this article, we offer a new approach, where the second
variation of the cost functional depends on the second
variation of the trajectory.

The main goals of this article is analysis of the second
variation of the trajectory and application of it in numer-
ical methods of finding solutions for the optimal control
problem.

The second variation of the trajectory is considered in
the next section. Differential equation for the second
variation is written. An integral representation for solu-
tion of this equation is obtained. The integral representa-
tion includes some tensor of the third rank and the Green
function of differential equation for the first variation of
the trajectory.
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In the last section, a new method for numerical solution
of the optimal control problem based on expression for
the second variation of the cost functional including the
second variation the trajectory is presented.

2 Second Variation of Trajectory

Let initial conditions or control function values are
changed by small values of an order O(\), where A is
small number. Assume that the disturbed solution can
be represented in the form

T =+ 0z + 6%z + O(\?), (6)

where z is solution of the undisturbed equation (1), dx
is linear in A, and 0%z is quadratic in \. Let us call 5%z
the second variation of the trajectory. We have

_ _ of 2\ Lo
f(t, T, utdu) = f(t,x,u)—i-%(éx—i—é m)—&—i@&x +
2 2
+ﬁ6u+1ﬂ6u2+ o J Sxdu+O(\3).  (7)
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Let us explain meaning of the notation used here and
further. Consider the terms containing second deriva-
tives of f. These terms represent tensors of the third
rank. As polylinear forms, they have two arguments
which are vectors, and one argument which is covec-
tor belonging to the conjugate space. Commonly, argu-
ments from the conjugate space are being written on the
left, and vector arguments consecutive on the right with-
out separation by the comma. We will continue this tra-
dition. For shortness, let denote two equal arguments by
a square of one argument. For example, 622 should be
regarded as dzdx. Besides, to emphasize that some ex-
pression is a vector argument, we will place it in paren-
theses if it consists from several cofactors. Such form
of notation allows to reduce bulkiness of the following
expressions.

Further, terms in right hand side of (7) contain ten-
sor convolution over corresponding upper and lower in-
dices:

Of o _N\~Of"
(&cdx) _Z&vi&x’

i=1
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Upper and low indices are regarded as contravariant and
covariant indices correspondingly. Further we will fol-
low to the Einstein summation convention according to
which summation is meant over all allowed values of
repeated upper and lower indices.

Substituting (6) and (7) into the equation (1) and equat-
ing terms of the first and of the second order in both side
of this equation separately, we obtain two equations for
terms of these orders:

sz Of
dt a:f v+ ouf, ®)
dé%x 8f 2, 1 92 f 9 af 9
Here
Of o sop LOf o0y o Of  Of
Ouf = G0t Ouf = 5 5z 007, dugt = Fou

Solution of the linear nonuniform equation (8) can be
written in the form

t
z(t) = /G(t,t’)(suf(t’) dt’, (10)

where G(t,t) is the Green function satisfying to the
equations

oGt 1)  Of
LD S wene,  ay
aG(t,t') NOf

v —G(tt)%(t)’ (12)
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and to the condition G(¢,t) = E. Here, E is the tensor
which components forms the identity matrix:

Ei =0 (13)

and 6; are Kronecker symbols.
The equation (9) is also linear uniform equation for
52x. Therefore, its solution can be written in the form

Falt) = [ Glet) 5 L))+

to

of

S (t)da(t) + 62/ (¢)}dt =
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to
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’
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to to

+02f(t)] at'. (14)

Consider first term of the expression (14). It describes
effect of interaction of two linear deviation of the solu-
tion due to nonlinearity of the equation (1). It results in
appearing of a term of the second order. Write it in the
form

t
1
2/G(tt

to

/G t t// 5 f( //) dt//]

t
x| / G/, "), f(¢") at" ] dt’. 15)

Integration in (15) is fulfilled over the domain

t' € [to, 1], " " € [to,t'].
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Changing the order of integrations, write the expression
(15) in the form

i i
/ dt// / dt///
to to

/ {G(t,t’)%(t’)x

max(t”,t’”)

N |

x (Gt t")0u f(t")] [G(H 1" )0 f(£")] } dt’.  (16)

Denote the integrand in the expression (16) by
F@,t"):

0%f

F t// t/” —
(", ¢7) 0x?

max(t” ,t’”)

G(t,t")—5 (" [G{,t")x

X8, f(")] [GWH ") f ()] dt'. (17)
It is obviously that
F(t”, t///) — F(t/”, t//). (18)

Therefore, integral of F'(¢”,¢"") over domain """ €
[to, '] is equal to the double integral over any of the
triangles: t"’,t"” € [to,t'],t" < t"” or t" )t €
[to, t'],t"”" > ¢"". Lett” > t""". Then the expression (16)
can be written in the form

t " t
2
/dt”/ dt’”/G(ut’)%(t’)[G(t’,t”)éuf(t”)]><
€T
to to t

x [G(t', "), f(t")] dt’. (19)

Taking into  account that G(t',t") =
G, ¢"")G(t",t"), rewrite this expression in the
form

t " t

0% f
dt" | at" [ G(t, ") =5 ") [G(t', t")d.f(t")] x
Jorfer]oens

1

x[G(t' "G "), f(t")] dt’. (20)
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Let introduce the tensor
! 2
D(t,t") = /G(t t’)ﬁ(t’)[G(t’ t")] x
b) ) axQ b)
t//
x[G(t',t")] dt'. 21
Then the expression (15) takes the form
t t'
/dt’/ dt"D(t, )6, f () [G(H' 1Yo, f(")] =
to to
t t’
/dt’D(t,t’)éuf(t’)[/ dt"G(t', t"). f(t")]. (22)
t() tO

The tensor D is the tensor of the third rank, one
time contravariant, and twice covariant, as the tensor
02 f/0x2. This means that it has two vector arguments
as a polylinear form. In the expression (22), they are
written consequently on right, as it was pointed ear-
lier. Note that the tensor D is symmetric relative to
this vector arguments. It follows from its definition that
D(t,t) =0.

Differentiating the expression (21) over the second ar-
gument being denoted here by t’, we get the following
differential equation

dD(t,t") ,
— = D(t,t')[

of

5 ][]+

of

+D (9 (1) - 6, 1) T

). (23)

Here ellipsis denotes that one from the vector arguments
of D is absent: the second one and the first one in the
first term and in the second term of the right hand side
of the (23) correspondingly.

For greater clarity, let us write components of the ex-
pression for the second variation (14), of the tensor D,
and of the tensor equation (23):

A r i
§2xi(t) = /D;k(t, t/)a—j;l(t’)éul(t/)x
to
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3 Second Order Method of Numerical Solution of
the Optimal Control Problem
Write change of the functional (2) under variation of
the control u in the form

99
ox

10%g

AD = ZAx(T) + 5@(Ax(T)f +0(\?). (27)

Keeping in this equality linear terms, we have

_ 9y
6% = 22 5a(T). (28)
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Introducing conjugate momentum
g
U(t) = =G(T,t), 29
(t) = S2G(T.1) 29)

satisfying to the adjoint equation (3) and the terminal
condition (4), and taking into account the expression
(13), we get for the first variation of the cost functional
0P the well known expression

T
5D = — / v s ar. (30)
¢ Ju

0

Keeping in the equality (27) quadratic terms, we ob-
tain the expression for second variation of the functional
under variation of the control function

520 = %5%@) +

10%g
——(6z(T))%. (1
3o (0a(T)2 G
The equality (31) can be written component-wise in the
following form

09 . 1 9%
26 — 2J §2.1 -
e = 6mi5 =(T) + 2 0xI Oxk

629 (T)oz*(T). (32)

Let parameterize the control as follows. Let parti-
tion the segment [tg, T'] into subsegments [t;, t;11], ¢ =
1, M, tp)y = T, and let approximate the control by a
piecewise constant vector function:

u (t) = !

77

t € [ti,tisa]- (33)

The first derivatives of the functional over the parame-
ters are determining on the base of the expression (30)
as follows

tit1
00 of
ti

Analogically, making use the expression (32), one can
find second derivatives of the functional over the param-
eters. Let us represent this expression in the form of sum
of two terms

0*® 0*® 0*®
W ial | T o) o G
ou; Ouy, Ou; Ouy, ) | Ou; Ouy, ),
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Here the first term and the second term are contributions

to the second derivative from the first term and from the

second term of the expression (32) correspondingly.
Leti > k. Then

tit1
0%d 8g . 8f‘1
(au{8u§€>l " ap / Dy (T, t)w(t)x
t;

tet1
X / G:(t, 1)

tr

afm

W(t’) dt’ | dt. (36)
u

If i < k, than analogous expression can be obtained by
permutation of indices in the expression for the previous
case. Finally, if ¢ = k, than

tit1
%P 3g . 8fq
(31@8@%)1 = Oz / Dy (T, t)w(t)x
ti

t
s arm
X /Gm(t,t’)W(t)dt’ dt. 37

ti
For the second term, we have
i+1

t
92 02 T
((‘M{aué@)g - Qxmdzn / Gp(To1) oul dix
t

i

tht1

n aft
« / a9 ar (38)
123

The algorithm of numerical solutions of the optimal
control problem in the framework of presented approach
consists in following steps. Firstly, some initial control
piecewise vector function is chosen. At the next steps,
it is being improved till some condition of termination
of the calculations is met. At the next steps, control pa-
rameters are being changed. The vector of step in space
of the parameters is being chosen in accordance with
some method of optimization of the second order, that
is a method which takes into account the first and the
second derivatives of a function to be minimized.
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4 Conclusion

The second variation of the trajectory of a dynamical
system was considered also in the work [Henrion, 1975],
where the equation for the second variation analogous
to the equation (9) was written. In the present work,
we found solution of this differential equation in inte-
gral form. The expression for the solution contains the
Green function of equation for the first variation and the
tensor D introduced here. The tensor D satisfies to the
differential equation (23) and to some initial condition.
For numerical solution of the optimal control problem,
one should integrate all components of this tensor. The
number of its components is cube of dimension of the
phase space that is sufficiently smaller than in methods
using the matrix momenta. By this reason we expect
that the numerical methods based on using of the second
variation of the trajectory will be effective in problems
that require a great number of calculations, and when the
control function can be parametrized by a great number
of parameters.

The optimal control theory has numerous physical ap-
plications. The second order method presented here
can be applied for numerical solution of various phys-
ical and engineering problems. For example, it allows
to find optimal trajectories for nonlinear dynamical sys-
tems, particularly, for aircraft [Miele, 1958; Gorbunov
and Lutoshkin, 2004], spacecraft [Miele, 1958; Break-
well, 1962; Golfetto and Silva, 2012], and robots.

Among other problems where this method can be used,
it should be mentioned the problem of optimization
of charged particle beam accelerator channel [Ovsyan-
nikov, 1980; Bublik, Garashchenko, and Kirichenko,
1985; Drivotin et al., 1998; Ovsyannikov and Driv-
otin, 2003; Drivotin and Vlasova, 2014; Altsybeev et
al.; Drivotin, 2018]. This problem was formulated as
the problem of control of a dynamical system ensem-
ble in the work [Ovsyannikov, 1980], and the numeri-
cal method based on the first variation of trajectory was
developed [Ovsyannikov, 1980]. The method using the
first variation requires a great amount of computation,
espesially in this problem. Such method allows to com-
pute gradient of the cost functional over parameters of
the control function. From a geometric point of view,
it is difficult to find direction of the descent in multi-
dimensional space of parameters using only the gradi-
ent, because the gradient defines only a tangent plane to
the surface on which functional value remains constant.
To reduce amount of computations, it was proposed to
apply for numerical solution the second order method
based on the matrix momenta [Bublik, Garashchenko,
and Kirichenko, 1985]. As it was explained previously,
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the method presented in this article is expected to be
more effective than method using the matrix momenta.

Although, this article is focused on application in nu-
merical methods, we attach the highest importance to
the second variation itself and hope that the integral rep-
resentation for it will be useful in many problems of the
optimal control.

References
Pontryagin, L.S., Boltyanskii, V.G., Gamkre-
lidze, R.V.,, and Mishchenko, E.F. (1962). The
Mathematical Theory of Optimal Processes. Wiley-
Intersciences. New York.
Pytlak, R. (1999). Numerical methods for optimal con-
trol with state constraints. In Lect. Notes. Math. 1707.
Springer. Berlin.
Miele, A. (1975). Recent advances in gradient algo-
ritms for optimal control problems J. Optimization
Theory and Applications, 17, pp. 361-430.
Longmui,r A.G.and Bohn, E.V. (1969). Second-
variation methods in dynamic optimization J. Opti-
mization Theory and Applications, 3, pp. 164—173.
Golfetto, W.A. and Silva Fernandes, S. (2012). A
review of gradient algorithms for numerical com-
putations of optimal trajectories J. Aerosp. Technol.
Manag., 4, pp. 131-143.
Gabasov, R. and Kirillova, EM. (1973.) Osobye Opti-
mal’nye upravlenia Nauka. Moscow.
Gorbunov, V.K. and Lutoshkin, I.V. (2004). Razvitie i
opyt primeneniya metoda parametrizatcii v vyrozhden-
nyh zadachah dynamicheskoy optimizatcii. Izvestiya
RAN. Teoriya i sistemy upravleniya, S, pp. 67-84.
Henrion, R. (1975). La Theorie de la Variation Seconde
et ses Application en Commande Optimale. Palais des
Academies. Bruxelles.
Miele, A. (1958). General variational theory of the

194

flight paths of rocket-powered aircraft, missiles and
satellite carriers. Astronautica Acta, 4, pp. 264-288.
Breakwell, J. (1962). The optimum spacing of correc-
tive thrusts in interplanetary navigation. Mathematics
in Science and Engineering, S, pp. 353-375.
Ovsyannikov, D.A. (1980). Matematicheskiye Metody
Upravleniya Puchkami. Publ. Comp. of Leningrad
State Univ. Leningrad.

Bublik, B.N., Garashchenko, F.G., and Kirichenko,
N.F. (1985). Strukturno-Parametricheskaya Optimizat-
siya i Ustoychivost’ Dinamiki Puchkov. Naukova
Dumka. Kiev.

Drivotin, O.., Ovsyannikov, D.A., and Svis-
tunov, Yu.A, Vorogushin, M.F. (1997). Mathematical
models for accelerating structures of safe energetical
installation. In Proc. 6th European Part. Accel. Conf.,

EPAC’97. Stockholm, June 22-26 (Geneva: JACoW
http://www.JACoW.org). pp. 1227-1229.

Ovsyannikov, D.A. and Drivotin, O.1. (2003). Model-
ing of Intensive Charge Particle Beams. Publ. Comp.
of St. Petersburg State Univ. St. Petersburg.

Drivotin, O. and Vlasova, K. (2014). Numerical opti-
mization of RFQ channel. In Proc. 20 Int. Workshop
on Beam Dynamics And Optimization, BDO 2014,
St.Petersburg, Russia, June 30 — July 4 (St.vPetersburg:
IEEE). pp. 47-48.

Alsybeev, V., Svistunov, Yu., Durkin, A., and
Ovsyannikov, D. (2018). Preacceleration of the mul-
ticharged ions with the different A/Z ratios in single
radio-frequence quadrupole channel. Cybernetics and
Physics, 7(2), pp. 49-56.

Drivotin, O.1. (2018). Control theory model for RFQ
channel optimization. In Proc. 26th Russian Part. Ac-
cel. Conf.,, RuPAC’2018, Obninsk, Russia, Oct 1-5
(Geneva: JACoW http://www.JACoW.org). pp. 164—
166.



