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Abstract. A new type of discrete Euler-Lagrange equation, suitable for generalization,
is presented in this paper. Several forms of this equation can be found in references. They
have different differential operators as well as combinations of them. The equation given
in this paper uses only one differential operator providing easy generalizations of Euler-
Lagrange equation. In the paper, generalizations for the case of more variables and more
ordered differences in the functional which is optimized, are derived. The application in
determining optimal control of a discrete system is also given.
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1. INTRODUCTION

The first generalization of a variational principle for discrete systems appeared fifty years
ago. Some optimization problems were solved and the first discrete analogues appeared. The
discrete maximum principle was obtained [1] and discrete analogues of Euler-Lagrange
equation were derived. In this way, variational principles were applied to discrete systems
optimization. There are more forms of discrete Euler-Lagrange equation [1]. In [2], the discrete
analogue of Euler-Lagrange equation was derived as well as a generalization of this equation:

F(nn.n)+F0+Lr,,r)=0. @

For discrete functional J(x) = Z L(i,x;, Ax;) , discrete equation has the following form [3]:

i=0
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Lx(i’xi’Axi)_ALAx(i_l’Xi—l’Axi—l)=0' (2)
The discrete analogue of Euler-Lagrange equation is given in [4, 5]:
(k) (k-1)
CINEE

General approach to variational method application for discrete systems optimization
is described in [6]. For the discrete functional:

Kt

J= ZV(x(k), x(k +1),k), 4

the equation is:
oV (x(k), x(k +1),k) N oV (x(k =1),x(k),k-1) 0
ox(K) ox(K) a

(®)

Further development of variational principle for discrete systems led to some new
forms of discrete Euler-Lagrange equation [7]:

L, L
oy _ D, oy |_ 0, (6)
aqs aqs,t
where D_, is discrete operator.

All of these discrete analogues solve the problem of discrete functional extremization.
One can notice that the difference between these equations is in using different difference
operators. In this paper, the discrete analogue of Euler-Lagrange equation is derived using
one difference operator. This form provides easy generalization of Euler-Lagrange
equation and also its application for determining an optimal control of discrete systems
where optimization methods developed for continuous systems can easily be used. One
can easily notice transversality conditions which usually occur in practice. They can be
related to either state coordinates or control parameters.

2. A DISCRETE ANALOGUE OF EULER-LAGRANGE EQUATION

Let discrete functional has the following form:
N
J= Z f[x(i), Ax(i),i], (7
i=0

where f - known continuous and differentiable function and x(i) — unknown function with
discrete argument i.
The task is to determine x(i) so that J is minimal [8-10]. We define function &(i) as:

50)=5(1) =5(N)=5(N +1) =0, (8)

where & (i) is an arbitrary function for interval 1 <i < N.



A New Type of Discrete Euler-Lagrange Equation with Applications in Optimal Control 183
In order to determine necessary conditions for minimum of the functional we will
introduce variation &6 (i) of the function x(i):
x(i) = X (i) + &0 (i) . 9)
After substitution (9) into (7) we have:

N N
J= z f[x(), Ax(i),i]1= z fIX (i) + 5(i), AX (i) + eAs (i), 1] - (10)
i=0 i=0
Calculating the first derivative of J and equating it to zero:

of of A of

—t——— —= (11)
ox(i) ox(i) OAX(i)

Equation (11) represents discrete analogue of the well-known Euler-Lagrange
equation. If the left and the right part of the function x(i) is free, conditions for
transversality are fulfilled:

ol =0, o = (12)
0(AX) i O(AX) N
When functional contains more order differences of state coordinates:
N
J= Z fIx@), AX(i),..., A*x(i),i], (13)
i=0

the discrete analogue of Euler-Lagrange equation can be obtained using the method
described above:
of

w of k-1 of o (1\K AK _
(A+D) ax_(i)+(A+1) AM+ +(-D°A A XD 0, (14)
ie.
Z(A+1)k A (-D)———
6‘(A x(@) (15)

g‘p_o[ pj “ )a(A x(@)

When functional contains more unknown functions:
N
J= Z FIx (1), %, (), ..., %, (1), Ax (i), A%, (i),..., AX,, (i), 1], (16)
i=0
in the same way we obtain n discrete analogues of Euler-Lagrange equation:
QL L N
ox (i) ox (i)  oax(i)

A7)

of of of
—+ ——A — =
ox, (i) ox, (i) OAX, (i)
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Finally, in the most general case, when there are more unknown functions in functional
with more order differences:

J= i FI%, (1), %, (D), X, (0), A% (D), A%, (P), ..., AX, (i), A% (), ..., A*x, (i),i],  (18)

we obtain the system of difference equations:

k=]

zpz( j (= )8(Ax()) 0, r=12,...,n. (19)

1=0

The system (19) represents a new discrete analogue of Euler-Lagrange equation. Its
main quality is in the fact that only one type of difference operator A is used. This form is
applicable in optimal control where traditional methods for continuous control can easily
be used. Finally, this analogue of Euler-Lagrange equation is also applicable when
transversality conditions are given for discrete systems.

3. OPTIMAL CONTROL OF DISCRETE SYSTEMS

Lagrange multipliers are introduced to minimize J with differential restrictions, in the
same way as continuous system control.
Let mathematical model of discrete system has the following form:

AX; = £ (Ko X Uy ooy Uy B), J=1,2,01 (20)

We need to determine control u(u,,u,,...,u, ) that minimizes optimality criterion:

N N
I =D o (e X A A Uy U ) = D (XG0, AXGQ), i) - (21)
i=1 i=1
Optimal control set is determined from condition for functional minimum:
N
= £, (x(@), Ax(i), u(i)) , (22)
i=1
where:
N
f,="f,+> 4,(f—Ax). (23)
j=1
Applying relations (17) we obtain:
af af -A o =0, j=12,...,n
ax ax OAX;
Aaf—+af—:0, j=1...m (24)
ou; au,
Ai+%=0, 1,2,...,n
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The relations above are sufficient to determine optimal control uy,u,,...,uy,, with the
given boundary conditions:
X; (1):Xj11 Xj(N):XjN : (25)

4. OPTIMAL CONTROL OF THE LINEAR DISCRETE SYSTEMS

Determining optimal control of linear discrete systems is very important. State space
model of the system and boundary conditions are:

AX = AX +BuU, X(1)=X,, X(N)=X,. (26)

We can apply (26) to determine optimal control of discrete systems. We use the most
common criterion where we need to minimize the mean square error (related to state
coordinates) and energy consumption during control:

J :i(XTQlX +AX"Q,AXx+U'Ru), (27)
where Q,, Q,, and R are diaglc:)lnal matrix. Then we have:
f, = XTQX + AX"Q,Ax+U"Ru+ A" (AX + Bu —AX). (28)
The system of Euler-Lagrange equations is:

PPN

AP} (29)

where:
A(XTQ,X)
oX
0(AXTQ,AX) _20,AX,
o(AX)
O(u'Ru)
ou

= 2Q1X|

(30)
2Ru,

%:Ax+ Bu — AX.
oA

After replacing (30) into (29) we obtain:

2QAX +2Q X —2Q,A*X + ATA=0
2RU+A"B =0 (31)
AX — AX —Bu =0.
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From (31) we have:
A" =-2RuB™
u=B"(AX +AX) (32)
AT =—2RB'(AX +AX)B™.

After substituting (32) into the first equation of the system (31) we obtain:
2Q,A’X —2QAX +2RB'AXB'A-2Q X +2RBAXB'A=0. (33)

Relation (33) is another form of Euler-Lagrange equation. This is 2n -order equation,
where n is the system order. Simultaneously solving this linear difference equations
system and using boundary conditions, we can determine optimal control for the given
optimality criterion. Optimal trajectory from the start to the destination point is also
determined.

The same system of equations can also be used for optimization in the case of existing
transversality conditions.

5. NUMERICAL STUDY

This section demonstrates the effectiveness of the given form of Euler-Lagrange
equation for determining optimal control of discrete system.
Let us consider the system described with a mathematical model:

A%, (i) = 0.2%, (i),

. o (34)
AX, (i) = 2.2%, (i) +u(i),
with the given boundary conditions:
= 1 =
¥, (0) =5, x(16) =0, (35)

X,(0) =0, x,(16)=0.

We will determine optimal control u(i) (for i=1,2,...,16)) which minimizes the optimality
criterion:

J =§(u2(i)+xf(i)+x;(i))_ (36)
Using (23) and (24) we obtain:
f=u? @)+ %" (1) + %, (1) + 4,(0.2%, (i) — A% (i) + 4, (2.1%, (1) — A%, (i) +u(i)) . (37)

2A% (1) +2.14, (i) + 2x, () + 2.14, + A4, =0, 38
2A%, (i) + 2.1A4 (1) + 2%, (i) + 0.24, + A4, =0, (38)

u()=-2, (39)
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A (i) —0.2x, (i) =0,
AX, (i) — 2.1, (i) —u(i) = 0.

After elimination u(i), 4,,A4,4, and A4,, we finally obtain the difference equation:

(40)

A*x (i) +3.2A%x, (i) + 2.62A°x, (i) — 0.5+ Ax, (i) +0.294x, (i) =0,
X, (i) = 5Ax (i).
Roots of characteristic equation (41) are: s, =—1.4, s, =-0.6, s,=-0.7, s, =-0.5, s0
general solution of (41) has the following form:

(41)

% (i) = ¢, (~0.4)' +¢,(0.4)' +¢,(0.3)' +¢,(0.5)",

_ _ _ , (42)
X, (i) = —1.4c, (~0.4)' —0.6¢,(0.4)' —0.7¢,(0.3)' —0.5¢, (0.5)".

Using boundary conditions (35), we obtain the following values for integration
constants: ¢; = 3.7, ¢, = 3.1, ¢3 = —1.4, ¢, = —0.4. Now, substituting these values into (42)
we determine the optimal trajectory:

x (i) =3.7(~0.4)' +3.1(0.4)' —1.4(0.3)' —0.4(0.5)',

X, (i) = —5.18(-0.4)' +1.86(0.4)' +0.98(0.3)' +0.2(0.5)'. 43)

Finally, the optimal control sequence is:

u"(i) =15.02(-0.4)' —7.63(0.4)' —3.63(0.3)' +0.74(0.5)', i=1,2,...,16. (44)

6. CONCLUSION

One form of discrete Euler-Lagrange equation using only one discrete operator is given
in this paper. This form provides easy generalizations in the sense of large number of state
coordinates and also in the sense of discrete operator order in the functional. Another
advantage of the proposed form of Euler-Lagrange equation is its easy application for
determining optimal control of discrete systems. Optimization methods developed for
continuous systems can easily be used. This analogue is also applicable with the existing
transversality conditions. Its effectiveness was verified for the certain discrete system.
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