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Abstract

We prove the existence of optimal control for nonlinear systems having implicit derivative
with quadratic performance criteria.

1. Introduction

The theory of optimal control of linear systems with quadratic performance
criteria is well developed, where the results are most complete and closest to use
in practical design. The optimal regulator problem for nonlinear systems has
received little attention. For example, Lukes [S] discussed the problem via
Lyapunov-like theory. Yamamoto [7] approached the problem by means of the
contraction mapping principle and proposed a new control scheme to obtain a
quasi-feedback optimal control for nonlinear systems with quadratic perfor-
mance. Colonius and Hinrichsen [2] investigated the optimal control of functional
differential systems via the Dubovitskii-Milyutin Method.

Dacka [4] has introduced a new method of analysis to study the controllability
of nonlinear systems with implicit derivative, based on the measure of noncom-
pactness of a set and the Darbo fixed point theorem. The aim of this paper is to
prove the existence theorem for optimal control of nonlinear systems having
implicit derivative with quadratic performance criteria, by suitably adopting the
technique of Dacka {4]. We shall prove the theorem for a larger class of dynamical
systems as compared with Yamamoto [7).
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2. Mathematical preliminaries

Let (X, | - |]) be a Banach space and E be a bounded set of X. In this paper the
following definition of the measure of noncompactness of a set E is used [6]

p(E) = inf{r > 0; E can be covered by a finite number of
balls whose radii are smaller than r}.

Its importance follows from Darbo’s theorem which states that, “If S is a
nonempty bounded closed convex subset of X and P: § — § is a continuous
mapping such that for any set £ C S we have

p(PE) < kp(E),

where k is a constant, 0 < k < 1, then P has a fixed point”.
For the space of continuous functions C,[¢,, t;] with norm

| x|l = max{|x,.(t)|: i=1,...,n,t€ [to,tl]},
the measure of noncompactness of a set E is given by
I“"(E) = %WO(E) = %h]i%l"‘ W(E’h)’

where w(E, h) is the common modulus of continuity of the functions which
belong to the set E, that is,

w(E, h) = sup [sup|x(t) - x(s)]: |t — s| < ],

xX€EE

and for the space of continuously differentiable functions C}[¢,, ¢,] with norm

Ixlics =l Dxlc, +llx

Ca
we have
p(E) = 3w, ( DE),
where 4
DE = {x:x€ E}.
Let us form the Cartesian product
Cremlto. ] = i[5, 11] X G, [ 15, 11]

with the following norm:

I(x, »)

¢, = max[[x[lc, [ yllc,]-
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The measure of noncompactness of any set E bounded in C}, (7., #,] is given by
the relation

#(E) = max[p(E,), p(E,)],
where E; and E, are the natural projections of the set E on the spaces C! and
C

m*

3. Basic assumptions

Consider the nonlinear system

(1) = A()x(t) + B()u(t) + f(t, x(1), x(1)) (1)
with initial condition x(¢,) = x, and quadratic performance
J = -;—x'(tl)Fx(tl) + %fﬁ [x'Q(s)x + u'R(s)u] ds, (2)

where x is an n-vector, u is an m-vector, A(¢), B(¢) and f(¢, x(¢), x(¢)) are
dimensionally appropriate continuous functions. Further F, Q(s), R(s) are re-
spectively constant, positive semidefinite and positive definite dimensionally
appropriate matrices with continuous entries. The prime indicates the matrix
transpose. Assume that

l4() <M, [B()|<N  forte[to,1] (3)
with fixed times ¢, and ¢,,
[f(t,x,y)|< L forte[ty,t,]and x,y € R", (4)
and forevery y, y € R"and x € R, t € [¢t,, 1;]),
| £, x, p) = f(t,x, §) | < kol y = 71, (5)

where M, N, L and k, are positive constants such that 0 < k; < 4. Define the
- norm of a continuous n X m matrix valued function D(?) by

m
[ D(¢)||= max Y |d;;(¢t)|, where d,; are the elements of D.
i el
In general, the optimal regulator problem of (1) and (2) can not be solved
analytically, hence for each fixed z € C}[¢,, t,], consider the following system

x(t) = A(e)x(¢t) + B(t)u(r) + f(t, 2(1), 2(1)). (6)
Since this system is linear, we can analytically solve the regulator problem for (2)
and (6) and obtain the following results [1]:

u(t,z) = -K*(t)x(1) — g*(t,z,2)
= =R (0)B'()K(t)x(t)~ R (1) B'(1)g(1, 2, 2), (7
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where

K(1) = -K(1)A(1) - A()K()B(t)RN(1) B’ (1) K(1) - Q(¢),  (8)

K(4,) = F,
g(t,2,2) = —[4(¢) = K(t) B(t)RM(1) B'(1)] g(t, 2, 2) = K(1)f(1, 2, 2),
g(t,,z,2)=0. (%)

For this linear regulator problem, if there exists a solution x(z) which agrees with
a predetermined function z(z), then this function is also recognized as a solution
for the original problem of (1) and (2).

4. Existence theorem

THEOREM. If the nonlinear system (1) with quadratic performance (2) satisfies
the conditions (3) to (5), then the optimal control exists and is given by

u(t,x) = -K*(t)x(t) — g*(t, x, )
= —RY(t)B'(t)K(t)x(t) - RY(t)B'(¢)g(t, x, %), (10)

where
K(1) = -K(0)A(t) - (1)K () + K(1) B(OR™(1) B(1)K(1) - Q(1),
K(1,) = F, (11)
and
g(t,x,x) = -[4(1) - K(1)B(t)R () B'(1)] g(2, x, %) = K(1) f(1, x, %),
g(t,x,x)=0. (12)

Proor. The solution of (6) with initial condition x(¢,) = x, is given by
x(t) = F(t,t6)x0 + [ F(t,5)B(s)u(s) ds + [ F(t,5)(s,2,2) ds, (13)
fo fo

where F(t,1,) is the fundamental matrix solution for the homogeneous linear
equation of (6). Substituting (7) into (13), we obtain

x(1) = F(t, 1) xq — j’ F(t,5)B(s)K *(s)x(s) ds

L4

_[’ F(t,s)B(s)g*(s,z,z)¢s+[‘ F(t,5)f(s,2,2)ds. (1)
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with
Ly= sup "K*(S)"’

$€[1y,14]

L,= sup |g*(¢,2,2)|,

2€Cletg, 1)
a= NL,exp(2M(t, — t,)).

The operator P maps H into itself. As easily seen, all the functions P(z)(¢) with
z € H are equicontinuous, since they have uniformly bounded derivatives. We
shall now find an estimate for the modulus of continuity of the functions
DP(z)(t)for t, s € [tq, 4]

|DP(2)() — DP(z)(s)|<|4(1) P(2)(¢) - A(s) P(z)(s)|
+|B(1)K*(1)2(1) — B(s)K*(s)z(s)]

+|B(1)g*(1,2(1), 2(1)) = B(s)g*(s, 2(s), 2(s))|
+[£(2,2(2), (1)) = £(s, 2(s), 2(s)) | (18)

For the first two terms of the right hand side of (18) we may give the upper
estimate as B,(Jt — s[), where B, is a nonnegative function such that
lim, _, 4+ By(h) = 0 and that it can be chosen independent of the choice of the
element z € H. Similarly for the last two terms we have the upper estimate as

kal2(1) = 2(s)|+ By(lt — sl) and ky|2(e) — 3(s) |+ By(l1 — s)
respectively. Letting 8 = B8, + B, + B, and k = k, + k,, then
|DP(z2)(t) — DP(z)(s)| < k| 2(2) — 2(s) | + B(I1 - s5]),
and we infer that
w(DP(z),h) < kw(Dz, h) + B(h).
Hence we conclude that, for any set £ C H,
p(PE) < kp(E).
Thus, by the Darbo fixed point theorem the operator P has at least one fixed
point; therefore there exists a function z* € C"l[to, t,] such that

x*(t) = 2*(1) = P(2*(1)).
This x*(¢) satisfies the conditions given in (10) and (12).

REMARK. Regarding the solution of (1), it should be noted that if f satisfies the
Lipschitz condition with respect to the vector x, then the system (1) is well-posed
in the sense of classical theory. We comment that the optimal control obtained in
the above theorem is not easy to implement and hence further research is required
in this direction.
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The equation (14) represents a nonlinear relation between z(s) and x(s) on
[o, 1] It is sufficient for the existence of the optimal control (10) that at least one
fixed point exists for the nonlinear function (14). Here (14) is equivalent to (15)
for the existence of fixed points:

x(£) = F(t,80)x0 — [ F(t,5)B(s)K*(5)z(s) ds

o

-[" F(t,5)B(s)g*(s,2,2) ds + [ F(t,5)f(s,2,2)ds. - (15)

If the nonlinear function f(1, x, x) satisfies the condition (5), then from (12), we
have [3]

|8(6,%,9) = g(6,x, 7)< [* 1X()K () 115, %, 7) = 15, %, 7) | ds

< byt — to)kely = 71,
where X(¢, s) is the transition matrix corresponding to the matrix
" K()B(t)RY(1)B'(t) — 4(t) and b, = max|X(¢,5)K(s)].
Hence it follows that
lg* (2, x, y) — g*(t, x, §) | <R (1) B' (1) |brky (11 — 10)|y = 7]
< bibyky (1 = 1)y — 5,
where b, = max|R~Y(¢)B’(t)|. Let k, = b;b,k,(t; — t,)N be such that 0 < k, <

1/2. Then
|g*(t,x, y) — g*(t,x, 7)| < (ko/N)|y = 7I. (16)
The equation (15) can be written as
x(t) = P(z)(1), (17)

where P is a nonlinear operator on C)[t,, ,]. This operator is continuous, since
all the functions involved in the operator are continuous. Let us consider the
closed convex subset

H= {z € Gl 1] 2]l < My, | Dz < Nz}:
where the positive real constants N, and N, are defined by
N, = [CXP(M(tl = 15))|xo} + NLy (8, — to)exp(2M(1, — 1,))

+Lexp(2M(1, - to))]exp(a(tl - 1)),
Ny= (M + NL)N, + NL, + L,
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