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Abstract

Applying Ekeland’s variational principle in this paper, we obtain a maximum principle for
optimal control for a class of two-point boundary value controlled systems. The control
domain need not be convex. For a special case, that is the so called LQ-type problem,
we obtain the optimal control in the closed loop form and a corresponding Riccati type
differential equation.

1. Introduction

In this paper we discuss an optimal control problem: minimize the cost function

J((), x(0) = h(x(0)) + y (x(T))

subject to the system

x(t) = f(x(@), v())

with initial and terminal state constraints Go(x(0)) = 0 and G,(x(T)) = O respect-
ively, where v(-) is the control function mapping into a subset of R* and x(-) is the
state of the system. We call the above system a two-point boundary value controlled
system. Our objective is to obtain a necessary condition, called a maximum principle,
for an optimal control of the problem.

The paper is motivated by Pontryagin et al. [4]. Applying a convex cone method
in the celebrated book, Pontryagin discussed an optimal control problem with initial
and endpoint state constraints. In this paper we obtain a maximum principle by using
Ekeland’s variational principle [3], where the transversality conditions are in a more
precise form. (See (14) and (16) for details.)
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2] A maximum principle for optimal control 173

We may sometimes allow the initial state to vary in some given range. Rehbock
et al. (5] studied the sensitivity of the optimum cost with respect to changes in
the coefficient vector, especially in the initial state of the dynamical system. They
formulated a new cost function by penalizing the sensitivity of the original objective
functional and solved the problem by using the control parameterization technique
[6]. See [5] for further details.

Only necessary conditions for the optimal control are discussed. We do not incor-
porate the existence problem. Some results in this field can be found in Ahmed [1,
2].

The problem is stated in detail in Section 2 and the maximum principle derived
for the optimal control in Section 3. In Section 4, we consider a specific LQ-type
problem and obtain the optimal control in the closed loop form and a corresponding
Riccati type differential equation. We give a brief conclusion in the last section.

2. Statement of the problem

Let f, Gy, G, k and y be given maps such that f : R* x R* — R"; Gy : R" -
R™ ng<n;G,:R*"— R",ny<n;h:R"— R'andy : R" — R'. We assume
(H1) f is continuous with respect to (x, v) and continuously differentiable with
respect to x;
(H2) Gy, Gy, h and y are continuously differentiable.

Let U be a nonempty closed subset of R*. Define the set %, of admissable controls
as

Uoa = {v(-) € L0, T; R :v(t1) e U, ae.re[0,Tl},

where L*®(0, T; R*) denotes the Banach space of all essentially bounded measurable
functions from [0, T] to R*.
We consider the controlled system

x(t) = f(x(), v(0), Gox(0) =0, G,(x(T)) =0, (D

where Go(x(0)) = 0 and G(x(T)) = O are initial and terminal state constraints
respectively. For any x(0) € {x : Go(x) = 0} and v(-) € %, the solution x(-) =
x(; v(-), x(0)) of the system (1) is called a trajectory corresponding to (v(-), x(0))
if it satisfies the terminal state constraints. For any x(0) € {x : Go(x) = 0} and
v(-) € %y, define the cost function

J (), x(0))= Ij:x(O))+y(x(T; v(-), x(0), if the trajectoryx(-; v(-), x(0)) exists,

o0, otherwise. Q)
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The optimal control problem is to find a pair (v(-), x(0)) € Zu X {x : Go(x) = 0)
minimizing the cost function (2).

If (u(-), x0) € %y x {x : Go(x) = 0} attains the minimum of J(v(-), x(0)), xg is
called an optimal initial state and u(-) is called an optimal control corresponding to
Xo-

3. The maximum principle

In this section, we first introduce the variational equation and derive the variational
inequality. Then we apply Ekeland’s principle to obtain the maximum principle.

Let (u(-), xo, x(-)) be an optimal solution to the optimal control problem (1) and
(2). Define the variational control

. v, T<t=<T71T+E,
u'(t) = i
u(t), otherwise,

where v € U, 7 € [0, T) and € > 0 is sufficiently small.
Let us consider a variational form of (1) with initial state perturbation

x(0) = fx@®,v@®), x0)=x+§, 3)

where £ € R" and v(-) € %.,. Denote the solution of (3) as x(¢; v(-), £) and
x(-) £ x(-; uf(-), €£) with an arbitrarily given & € R". For convenience, we use the
following notation:

fw) = f&x@®,u®), [f@)=f&x@),u @),
and introducing the variational equation

x1 = fix + fws) — f@),

4)
x1(0) = €8,
we have the following result.
LEMMA 1. Suppose (H1) holds. For x;, we have the estimation
x¥@) =x(@) +x () +o(e), Viel0,TL (5)

PROOEF. From (3) and (4)
X = x(0) — xi(0) = / LF (e, u) — FQu) = fuGu)xilds
0
t 1
= / [/ filx + Ax* —x), uS)dr(x® — x) — f,(u)x,] ds.
0 0
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It follows that
[x€(#) — x(@) — x1 ()|
< fo £e(@) - ¥5(s) = x(5) = xy(s)] ds + \fo A% (x*(s) = x(s)) ds],
with
AT = /Ol(fx(x + A —x), uE) = folx, w)) dA.

One can prove that x¢ (¢} —x(¢) = O(e), Vi € [0, T]. Applying Gronwall’s inequality
(see [7]) to the above relation, we have

t
[x(t) =x(@®) = x1 ()| = C - I/ A (x*(s) — x(s))ds| = o(e), Vrel0,T],
0
with C = el 114 This completes the proof.

We apply Ekeland’s variational principle to solve our problem. Define a metric in
%ad X Rn; for (vl(')v E)y (UZ(')$ T)) € %ad X Rn, let

d((0 (), £), (va(), M) £ meas{t € [0, T1: u() # v} + {> & —n?}"".
i=1

where £ = (§,,--- ,&) € R",n = (n,---,n,)7 € R" and meas is the Lebesgue
measure. We can follow Ekeland [3] to prove that (%, x R", d(-,-)) is a complete
metric space.

For (v(-), §) € %, x R", consider the following cost function

Fe (), §) = {|Golxo + &) + |G (x(T; v(), §)F
+ (h(xo+ &) + y (x(T; v(), £)) — h(x(®) — y (x(T)) + €1} "~ ©
It can be proved that F, : %4, x R" — R! is continuous and
F.v(),8) 20, F(u(),0)=e
Obviously

Fe ° sO nf € e .
@().,0) = (u(.)'e)le%xR"F(v() §)t+e
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From Ekeland’s variational principle, there exists (u.(-), §.) € %4 x R" such that

(D) Fe(ue(-), &) < Fe(u(-),0) =€,
(i) d((u(), &), w(),0)) < e,
(i) Few(), &) = F(ue(), &) — Ved(w(-), §), (uc(-), &),
Y(w(-), §) € %ua x R".

M

Define a spike variation

v, T<t=<7t+p,
PR =t =
u (1) =

u.(t), otherwise,

with v € U and an initial state perturbation £* = &, + p&, with an arbitrarily given
& € R”. It can be seen that (u?(.), &) € %, x R" and

AW (), &), (ue(), £)) = (1 +1&Dp,

where | - | represents the Euclidean norm on R".
Then it follows from (7)(iii) that

Fe(uf(),80) — F(ue(), &) + Ve(1 + 1&Dp = 0. ®

For notational simplification, denote x?(t) £ x(¢; u?(-), £”) and x.(t) £ x(t; uc(-),
&.). Let x,.(¢) be the solution of

x.le - fx(xe, U)X + f(xs’ uf) - f(xev ue),
xle(O) = p§0~
The estimation
x2(t) = x.(t) + x1(t) + 0(p), Vte(0,T] 9)

is obtained from Lemma 1. From the assumption (H2) and (9), we can derive that

(F(u? (), E0)7 = (Fe(ue(), £))°
= 2Gox (o + £)pbo, Golto + ) +2(Gie (xe(TN1(T), Gy (x(TY))
+ 2k (%0 + 8PS0 + 1ol (Txie(T), (10)
h(xo + £ + ¥ (x(T)) — h(x(0) — ¥ (x(T)) +€) +0(p).

Since

Fe(u?(), 80) = Fe(ue(), &) and Fe(u.(-),8) >0,
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it follows from (8) and (10) that

(Gox(x0 + E)p&o, hie) + (Grx(xe (T))x1c(T), hae) + an
(he(xo + £ pEo + Ve (X (THX1(T), hoe) + pv/€(1 + [&) + 0(p) = 0,

with
W hGo £ty (1) — h(x) — y ((T) + €
% Fe(ue(-), &) ’
h — Go(xo +§.€)
T Fo(ue(), &)’
W Gi (D))
2 = L o~ L
Fe(ue(')» Es)

Let p, be the solution of

_pe = f:(xe: u) - Pe>
Pe(T) = G, (xe(T)Yhae + y,; (xe(T))hoe.

Then the inequality
(Pe(0) + Go, (xo + &) - hie + By (xo0 + &) - hoe, pEo)

T (12)
+[ [H (xe, u?, p) — H(xe, ue, p)ldt + py/e(1 +1&)) +0(p) = 0,
0

follows from (11), where H(x, v, p),—A- {p, f (x, v)) is the Hamiltonian function.
‘Multiplying both sides of (12) by 1/ and then letting p — 0, yields

(Pe(0) + Gy, (xo + &) - hie + hy(x0 + &) - hoe, &o) (13)
+ H(Xs, v, pe) - H(Xe, Ue, pe) + \/E(l + IEOD > 0
Since Ef=0 |hi|? = 1, there exists a convergent subsequence of {/,.} such that
hie—> h;, €—>0, i=0,1,2.
From (7)(ii), it follows that (u.(-), &) — @(-),0) in (%, x R",d) and x.(t) —
x(t), p(t) > p(t),e = 0,Vt € [0, T], where p(-) is the solution of the following

adjoint equation

_p = f;(xau) - P,

(14)
p(T) = G, (x(T)) - bz + y; (x(T)) - ho.
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Letting ¢ — 0in (13), yields
(P(0) + G, (x0) - by + hy(xo) - ho, &) + H(x,v, p) — H(x,u, p) >0
and since & € R" is arbitrary
Hx(@),v, p@) > Hx@®),u@), pt)), YvelU, ae te[0,T], (15)
and
p0) = —(Gg, (x0) - by + h(x0) - ho). (16)

THEOREM 1. Suppose (H1) and (H2) hold. Let (u(-), xo, x(-)) be an optimal solution
to the problem (1) and (2), and p(-) the corresponding solution of the adjoint equatton
(14) and (16). Then the maximum principle (15) holds.

4. A LQ-type optimal control problem

In this section, we discuss a specific LQ-type optimal control problem. First
consider two special cases of (1) and (2).

CASE 1. Minimize the cost function
J(() = h(y(0) + y(x(T)) (17)
subject to the controlled system
x = f(x,v), x(0) = xo,
y=8Wx,y,v), y(T)=mx(T)),
where v(:) € %, f : R" X R* > R*", g : R" x R" x R* - R™, m : R* - R"™,
h:R™ — R'and y : R" — R!'. Assume (H1), (H2) and an additional condition

(H3) g is continuous with respect to (x, y, v) and continuously differentiable with
respect to x, y; m is continuously differentiable.

(18)

The following result follows naturally from Theorem 1.

COROLLARY 1. Suppose (H1), (H2)and (H3) hold. Let (u(-), (x(-), y(-)) be an optimal
solution to the problem (17) and (18), and let (p(-),q(-)) be the corresponding solution
of the adjoint equation
—p=filx,u) - p+gx.y.u)-q,
p(T) = v, (x(T)) — m;(x(T))q(T),
—q=g,(x,y,u)q,
q(0) = —hy(¥(0)).

(19)
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Then the maximum principle
H(x(t), y(t), v, p(t), (1)) = H(x(®), y(1), u(®), p(t), g(1)),Yv € U, a.e. 1, (20)

holds, where H(x,y,v, p,q) 2 (p, f(x,v)) + (g, g(x, y, v)) is the Hamiltonian
Sunction.

CASE 2. Minimize the cost function
T
J(@()) = h(y(0) + y (x(T)) +/ I(x,y,v)dt, (21)
0
subject to system (18). Assume that /(x, y, v) satisfies the conditions analoguous to
that g(x, y, v) satisfies in (H3).
Defining a new state z(¢t) = f,T I(x, y, v)ds it is easily seen that the problem is in

the form of Case 1. We have the following result from Corollary 1.

COROLLARY 2. Suppose all the assumptions hold. Let (u(-), (x(-), y(-)) be an optimal
solution to the problem (21) and (18), and let (p(-), q(-)) be the corresponding solution
of the adjoint equation

~p=flx,u) p+gx,y,u) q+1Lx y u),
p(T) = yu(x(T)) — my(x(T)) - q(T),

~q =g;(x,y,u) - q +1,(x,y,u),
q(0) = —h,(y(0)).

Then the maximum principle (20) holds, where the Hamiltonian function is

(22)

H(x,y,v,p,q) £ (p, f(x,v)) + (g, g(x, y,v)) + I(x, y,v).

Let us now consider a LQ-type optimal control problem. The linear controlled
system is

x = Ax 4+ Bv, x(0) = xo,

) (23)
y=Cx+ Dy+ Ev, y(T)=Wx(T),

where v() € %4, U = R*, x € R" and y € R™. The objectiveisto finda u(:) € %q
minimizing the quadratic cost function

i 1
J) = Zx"(MWix(T) + 7Y OW2y(0)

+ 5'/(; [4* @ Ru@) + x* () Q1x (1) + y* (1) Q2y(1)] dt,
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where A € R"™*, B € R C € R™", D € R™™ E € R"™* W g R™*n,
W, € R"™*" W, € R"™™ R € R, 0, € R"" and Q, € R™ ™ are matrices with

R>O, W[ZO, WZZo, Q]ZO, QZEO-

Obviously, this problem is in the form of Case 2. Corollary 2 gives the optimal
control and the adjoint equation in the following form,

u=—R"'(Bp+Eq), (25)

and

—p=Ap+Cq+0Qix, p(T)=Wx(T)-Wq(),

. . (26)
—q = D’q + Qyy, q(0) = —W,y(0).
Moreover, the optimal trajectory is the solution of the following system
X = Ax — BR™'(B*p + E*g), x(0) = xy,
(B*p 9 ©0) = xo @7

y=Cx+ Dy— ER Y (B'p+ E*q), y(T)=Wx(T).

Now we try to solve the dual equations (26) and (27). Letting p(t) = F;(£)x(t),
qg(t) = F(t)x(t) and y(t) = Fi(t)x(t), one can easily show that F|(¢), F,(¢) and
F3(1) satisfy the following Riccati type differential equations

Fi+ FIA+ A*F,— FBR'(B*F, + E*F,) + C*F, + 0, =0,
Fi(T)y=W, — WE(T),
F, + F;A+ D*F, — F,BR™'(B*F, + E*F)) + Q,F3 = 0,

(28)
F(0) = —W,F3(0),
Fi+ F3A— DF; — (F,B— E)RY(B*F, + E*F,) — C =0,
(T =W.
From (25) and (28), the optimal control is in the closed loop form
u(t) = —R™'(B*F\(t) + E*F,())x (1), (29)

where x(-) is the corresponding optimal trajectory.
THEOREM 2. Let (u(-), x(-), ¥(-)) be an optimal solution to the LQ-type problem (23)

and (24). Then, if the corresponding Riccati type equation (28) has some solution
(Fi ("), F5(), F5(-)), the optimal control u(-) is in the closed loop form (29).
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5. Conclusion

In this paper, we consider a class of optimal control problem (1) and (2) in which the
controlled dynamical system (1) is a two-point boundary value system. The objective
is to find a control which minimizes the cost function (2), where the initial state of the
system is treated as controls. To solve the problem, we apply Ekeland’s variational
principle. The necessary condition (15) for the optimal control is derived. We note
that the corresponding adjoint equations (14) and (16) are a two-point boundary value
system. For the specific LQ-type problem (23) and (24), we obtain the optimal control
(29) in the closed loop form.
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