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We consider an optimal control problem subject to the terminal state equality constraint and continuous inequality constraints
on the control and the state. By using the control parametrization method used in conjunction with a time scaling transform, the
constrained optimal control problem is approximated by an optimal parameter selection problem with the terminal state equality
constraint and continuous inequality constraints on the control and the state. On this basis, a simple exact penalty function method
is used to transform the constrained optimal parameter selection problem into a sequence of approximate unconstrained optimal
control problems. It is shown that, if the penalty parameter is sufficiently large, the locally optimal solutions of these approximate
unconstrained optimal control problems converge to the solution of the original optimal control problem. Finally, numerical
simulations on two examples demonstrate the effectiveness of the proposed method.

1. Introduction

Constrained optimal control problems often arise in a wide
range of practical applications, including the swing mini-
mization of transferring container [1], the flight maximiza-
tion with a heating constraint [2], the fuel minimization of the
soft landing of moon [3], and the fuel minimization of space-
craft rendezvous with collision avoidance constraint [4]. In
these different applications, two types of constraints are often
considered. The first one is terminal state equality constraint,
which depends only on the final state of the system, whereas
the other one is continuous inequality constraints on the
control and the state, which restrict control and state at every
point in the time horizon. Of these two types, continuous
inequality constraints are by far the most difficult, as they
include an infinite number of inequality constraints.

Most constrained optimal control problems are much too
complex to obtain analytical solutions. Thus, they can only be
solved by some numerical methods, such as the discretiza-
tion method [5-7], the nonsmooth Newton method [8-10],
and the control parametrization method [11]. Among these
numerical methods, the control parametrization method
is an efficient one for dealing with constrained optimal
problems. Its main idea is that only the control variables

are approximated as piecewise constant functions or linear
functions while the system states remain unchanged. In [11],
this kind of method used in conjunction with a time scaling
transform is used to solve optimal control problems subject to
continuous state inequality constraints, where the continuous
state inequality constraints are handled by the constraint
transcription method developed in [12]. It is extended in
[13] to a more general case where both the state and control
appear explicitly in the continuous inequality constraints.
After the application of the control parameterization used in
conjunction with the time scaling transform, a constrained
optimal parameter selection problem is obtained. Now by
using the constraint transcription method, the constrained
optimal parameter selection problem can be approximated as
asequence of unconstrained optimal control problems, where
two adjustable parameters are involved in these approximate
problems—one controls the accuracy and the other one
controls the feasibility. It is shown that, for any positive
accuracy parameter, if the feasible parameter is sufficiently
small, the obtained solution will satisfy the continuous
inequality constraints. As the accuracy parameter approaches
to zero, the global optimal solution of the approximate
optimal control problem will converge to the global optimal
solution of the original problem. However, since there are
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two parameters that need be adjusted, the convergence speed
of the method may be slow. In addition, the approximate
optimal control problem is usually nonconvex, and only a
local optimal solution can be obtained, and it is not known
if this local optimal solution will converge to a local optimal
solution of the original problem.

In this paper, we develop a new computational approach
based on the control parametrization method [13] and the
exact penalty function method [14] for solving an optimal
control problem subject to terminal state equality constraint
and continuous inequality constraints on the state and the
control. After the control parametrization, together with
the time scaling transform, the constrained optimal control
problem is approximated by an optimal parameter selection
problem with the terminal state equality constraint and
continuous inequality constraints on the control and state. A
simple exact penalty function method is used to construct
the constraint violation function from the terminal state
equality constraint and continuous inequality constraints
on the control and state, which is added to the object
function to form a new one. Thus, the constrained optimal
parameter selection problem is transformed into a sequence
of unconstrained optimal control problems, where only one
penalty parameter is involved in the approximation. It is
shown that, if the penalty parameter value is sufficiently large,
any local minimizer of the unconstrained optimal control
problem is a local minimizer of the constrained optimal
control problem. Two numerical examples are provided to
illustrate the effectiveness of the proposed method.

The rest of the paper is organized as follows. In Section 2,
based on the nonlinear dynamic model, a constrained opti-
mal control problem is formulated. In Section 3, by using
the control parametrization method used in conjunction
with a time scaling transform, the constrained optimal
control problem is approximated by a constrained optimal
parameter selection problem. In Section 4, a simple penalty
function method is applied to transform the constrained
optimal parameter selection problem into a sequence of
unconstrained optimal control problems. In Section 5, it is
shown that if the penalty parameter is sufficiently large,
the solutions of these approximate unconstrained optimal
control problems locally converge to the solution of the
original problem. A numerical algorithm is developed to
obtain the solution of the original problem through solving
a sequence of unconstrained optimal control problems. In
Section 6, A pair of numerical simulations are provided
to demonstrate the effectiveness of the proposed method.
Finally, in Section 7, some concluding remarks are stated.

2. Problem Formulation

Consider the following nonlinear dynamical system:

t €[0,T] (1a)

dx(t)
i =ftx(t),u(),

with the initial condition

x(0) = x, (1b)
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and the terminal condition

respectively, where T is the terminal time, u(t) € R" and
x(t) € R" are, respectively, control and state vectors at time
t, x, € R" is the given initial state, and x, € R" is the
given terminal state. f(x,u,t) : [0,T] x R" x R" — R"is
a continuously differentiable function with respect to all its
arguments, and there exists a constant K € R" such that

[f & xwl| < K@+ |xID), o
(t,x,u) € [0,T] x R" x R,

where R" = {w € R: w > 0} and || - || is the Euclidean norm.
Define

U={v= [vl,...,v,]Te R :o; <v;<Bi= 1,...,r},

(3)

where «;, i = 1,...,rand B, i = 1,...,r are given real
numbers. A piecewise-continuous function u : [0,T] — R
satisfying u(t) € U for almost all t € [0,T] is called an
admissible control. Let % be the class of all such admissible
controls, and for each control u € %, the system (la)-(1b) has
a unique solution x(- | u).

Consider the following continuous inequality constraints
on the control and the state:

gt x(t|u),u() <0, i=1,...,N, (4)

where g;(t,x,u), i = 1,..., N is continuously differentiable
with respect to all its arguments.

Now, the optimal control problem considered in this
paper is stated formally as follows.

Problem (P). Given the dynamical system (la)-(1b), find a
control u € % such that the object function

T

T (u) = ®, (x(T))+J Lo tx®),u@®)dt (5

0

is minimized subject to the terminal state equality constraint
(1c) and the continuous inequality constraints on the state and
control (4), where @, (x) is continuously differentiable with
respect to x and & (¢, x, u) is continuously differentiable with
respect to all its arguments.

3. Problem Approximation

Let the interval [0,T] be partitioned into p subintervals
[Ti,},ri), i. = 1,2,:..,p, with a sequence 7 = {To> 15 s .p}
of time points 7;, i = 1,2,...,p — 1, satisfying 7,_; < 7;, i =
L...,p,where 7y = 0,7, = T. x;_ () is denoted as the
indictor function in [7;_,, 7;) defined by

1, telr 1)

Alziom) (t) - {0, i ¢ [Ti—l’Ti) . (6)
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The admissible control u(t) is approximated by a piecewise-
constant function given below:

b
uP (t10) =) 0'Xpr ) () (7)
i=1

where o' = [0},0},...,0']" € U, i = 1,2,...,p, are
control parameters, and let )’ denote the set of all such o =
(@), (@), ()" e RP".

In order to further improve the accuracy of the approx-
imate optimal control problem, the switching points are
also taken as decision variables. We will employ the time
scaling transform originally proposed in [11] to map these
switching points, 7, k = 1,..., p, into preassigned fixed
points,k/p, k=1,..., p—1,inanew time horizon [0, 1]. This
is easily achieved through the following differential equation:

dt (s)

=v(s), se€]0,1] (8a)
ds
with initial condition
t(0) =0, (8b)
where
P
v(s) = D 8xz (s). )
i=1

Here, §; > 0, i = 1,2,..., p, are the control parameters; let
E be the the set containing all such § = [§,,6,,..., 6P]T, and

J; is defined by
[Q,i) i=1,2,...
7. = p P

5

Taking integration of (8a) and (8b) with initial condition (8b),
it is easy to deduce that, for s € .7},

»p—1
(10)

i—1

J; , i
t(s)=—L(ps+1—i)+ y —. 11
5 (ps+1-1) ,-:le (
Clearly, fori=1,2,...,p-1,

s,
5= (12)

=4

P §.
t()=Y-2L="T (13)

=0

In the new time horizon [0, 1], the approximate control given
by (7) becomes

b
@ (s10) =Y a'xs (s, (14)
i=1

where 1/p,2/p,...,(p — 1)/ p are the fixed switching points.

Let
%(s) = [ (¢ (5)),t(5)] . (15)

According to (14), the dynamic systems (1a), (1b), (Ic), and
(8a) can be rewritten as

EO - fo269,0.0) (16)
with the initial condition
%(0) = [xOT,o]T (16b)
and the terminal condition
£ = [0 1], (160)
where
F636.0.8 =v(o [ [ EOE@-T s )],
(17)

Let X(- | 0,6) denote the solution of (16a)-(16b) correspond-
ing to (0,8) € Z x E. The inequality constraints on the state
and control (4) and the objective function (5) become

9 (5,X(s]0,8),0,8) <0,
(18)

Vse[0,1], i=1,...,N,

7(0,8) = B, (x(1]0,0)) + JIZ@O (s %(s| 0,0),0,0)ds,

0 (19)
respectively, where
D, (2(110,8)) = Dy (X(1)),
Zy(5,%(s10,8),0,8) =v(s) Z, (t(s), % (5), 7 (s] 0)),

G:(5,%(s10,8),0,8) = g; (t(s),X(s), 5’ (s | 0)),

i=1,...,N.
(20)

After the control parametrization and a time scaling
transformation, the approximate parameter selection prob-
lem corresponding to Problem (P) may be stated formally as
follows.

Problem (P). Given system (16a)-(16b), find a control param-
eter (0,8) € X x B such that the objective function (19) is
minimized subject to (16¢) and (18).

Problem (P) is an optimal parameter selection problem
in which a finite number of decision variables (the con-
trol parameters) need to be optimized subject to a set of
constraints. It is very difficult to solve this optimal param-
eter selection problem because each continuous inequality
constraint in (18) actually constitutes an infinite number of
constraints one for each point in [0, 1]. In the next section,
we will use an exact penalty method to deal with this

approximate problem (P).



4. A Simple Exact Penalty Function Method

Define the following constraint violation function on X x &:

A(0,8) = |X(1]0,8) - (D)I?

o3 [ tmexlo.g 5610,
(21)

It is clear that A(c,8) = 0 if and only if (16¢) and (18) are
both satisfied. Let € > 0 be a given constant. By applying the
exact function method introduced in [2] to (19) and (21), we
construct a simple exact penalty function as follows:

], (0,6,¢)

J(0,9), ife=0, A(0,8) =0,
= 17(0,8) + £ *A(0,8) +neP, if e € (0,8],

+00, ife=0, A(0,9) #0,

(22)

wheree > 0,8 > a > 0, >
parameter.

From the definition of fn(a, 8, €), it follows that it involves
three different cases, only the second case ¢ € (0, €] is useful
in practical computation. In the second case, it contains the
sum of three terms: the first term penalizes system cost, the
second term penalizes constraint violations, and the third
term penalizes large values of €. As the penalty parameter
1 is increasing, minimizing frl(a, 8, ¢) forces & to be small,
which in turn causes ¢ to become large. Consequently,
constraint violation functions A(o, §) will approach to zero.
In this way, the satisfaction of the equality constraints (16¢)
and the continuous inequality constraints (18) will eventually
be achieved. Thus, problem (P) is equivalent to the following
problem, which is denoted as problem (13,7); we can solve it for
an increasing sequence of penalty parameters.

1, and # > 0 is a penalty

Problem ( ﬁn ). Given system (16a)-(16b), find parameter
(0,0,¢€) € £ x E x (0, €] such that the new objective function

J,(0,0,8) =] (0,8) + &£ *A(0,8) + e’ (23)
is minimized.

Problem (P,) is much easier to solve than problem (P).
Numerical algorithms for solving such a problem need to use
the gradient of the new objective function (23) to find the
optimal solution. In the following, we will rewrite (23) in the

canonical form as in [15] to obtain its gradient formulas.
Let

B (x* (1]0,0),¢)
=Dy (X(1]0,8) +& “|x(1 | 0,8) — (D] +neP,

P (s,%(s|0,0),0,0,¢)
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=P (s,%(s10,0),0,8)

+e ZJ max {0, g; (s,X (s | 0,0), 0, 8)}] ds.
(24)
From (22), it follows that

J,(0.8,¢)

_BE(10,0),¢) + Ilg(s,x(s 16,0),0,0,¢)ds.
0
(25)

Now, the objective function of problem (13,7) is in canonical
form. Based on the proof of Theorem 5.2.1 in [15], the
gradient formulas of the objective functions (22) are given in
the following theorem.

Theorem 1. The gradients of the objective function fn(a, 8,¢)
with respect to o, 8, and € are

0], (0,8,¢)
—
. A (26)
10H (5,% (s 0,0),0,8,&A(s | a,a,s))d
- L do $
3], (0,6,¢)
30
_ R (27)
19H (s,%(s10,0),0,8,&A(s] 0,8,¢))
= S,
.[o 00
o] (0,0, ¢
% = —ae A (0,8) + npel T, (28)
€

respectively, where H(s,%(s | 0,8),0,0,¢, 7\(5 | 0,6,¢)) is the
Hamiltonian function for the objective function (25) given by

f—f(s,f(s | 6,8),0,8,e (s | 0,6,8))
=P (s,%(s|0,8),0,8,¢) (29)
+1"(s10,8,¢) f(s,%(s] 0,0),0,0)

and M(- | 0,9, €) is the solution of the following system of costate
differential equations:

AAT(s) OH(s%(s10,0),0,8,61(5) (30a)
ds 0x
with the boundary condition
XT(1)= 00 (x(1 |0,5),€). (30b)

0x

In particular, when ¢ = 0, we have fn(a, 8,¢) = J(0,9). Thus,
a corresponding gradient formula of the objective function
J(0,8) can also be obtained.
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In the following, we will turn our attention to the new
objective function given by (22). We will see that, under some

mild conditions, ]:1(0, 4, €) is continuously differentiable with
respect to all its arguments.

Theorem 2. Suppose that (0,6,¢) is a local minimizer of
problem (13,1) and that fq(a, 0, €) is finite. If

(0,8,e) — (0",68%,0), (31)
then,
lim ], (0,8,6) =] (0",8"),
(0,5): (2*,5*) (32a)
i afq (0,6, ¢)
(0,6) = (07,67)
. J,(0,8,¢) 0] (0%,8)
shir})* X do - do ’ (320)
(0,6) = (07,67)
0, (0,8,8) 9] (¢*,6%)
l' Iy _ )
im % 3% (32d)
(06) a 67

Proof. First, we will show that (32a) holds.
Following arguments similar to those given for the proof
of Lemma 6.4.3 in [15], we obtain

X(slo,0)=x(s|0",8"), Vsel0,1].

lim
(@)= (0"8")
(33)

From (19), (33), and the proof of Lemma 6.4.4 in [15], it
follows that

058, 5 J(0,8)=T(c",8"). (34)

Since (0,6,¢) is a local minimizer of problem (ﬁn)’ it is
deduced that

ajy’ (0: 6) 8) _ (35)
Oe a
That is,
A(0,0) = n—ﬁsmﬁ. (36)
fo4
Thus, we have
Im%)s_aA (0,6) = hm ’1/3 =0. (37)

This, together with (22) and (34), yields (32a).
Next, from the proof process given for (32a), it is easy to
conclude that (32b) holds.
Furthermore, we will move on to show that (32¢) holds.
From (30a) of Theorem 1, we obtain

XT(S | 0,6,8)—1T(s | 0,6,0)

=1"(110,8,6)-1"(1]0,5,0)

5
+2¢” ZJ max {0, g; (s,X (s | 0,9),0,8)}
Bg, (s,%(s| 0,0),0, 6)
0x
[ (T @le60-1(10.8.0)
1
8f(r,x(r | 0,0),0, 8)
T)
0x
s€[0,1].
(38)
In view of (30b) and (37), it follows that
lim (A" (110,8,6)-1"(110,6,0))
(0,8) = (67,6%)
_ _ (39)
L edE00)-ROF
= im ¢ = =
£—>0* . ox
(0,6) = (67,67)
By Schwarz inequality, we have
N 1 2
Z(J max {0, g; (s,X (s | 0,9),0,8)} ds>
i=1 \70
(40)
N 1 ,
< Z J [max {0, g; (s, X (s | 0,8),0,8)}] ds
i=1 70
This, together with (32b) and (37), yields
N 1
lim s_“z J max {0, g; (s, X (s | 0,8),0,8)} ds =
e—0 = 0
(0,8) = (6",6%) i=1
(41)

Since g(s,X(s),0,0) is continuously differentiable with
respect to all its arguments, there exists a constant G; such
that

A (42)

Hagl (s, x(s | 0,0),0, 8)“

By using (41) and (42), we obtain

lim
e—0
(0,0) = (07,87)

N s
ZI max {0, (5, (s | 0,8), 0, 8)}

x 991(5%(510,9),0,9) dTH
0xX

JmaxOg,sx(slaé) 0,0)}

» 99 (s X (s IAcr, 3),0,0) dT”
0X



< lim
e—0

1
s_“J max {0, g; (s,X (s | 0,9),0,8)}
@) =08

aA‘ >A > »Us
><” g; (s, X (s |AO‘ 6),0 8)”ds
ox
e—0
(0,0) = (07,87)

N -1
e*“; L max {0, G, (5, % (s | 0,8),

0,0)}ds
=0.
(43)
Thus,

lim &“
e—0

(0,0) — (a*,é*)

1=
-

ax{0, g; (s,xX (s | 0,9),0,8)}

“ 0g; (s,X(s 1 0,0),0,0)

dr =0.
0x

(44)

Similar to obtaining (42), there exist constants F; and F,, such
that

Haf(sx(schG) a@)“ (452)

<F. 45b
oo o (45b)

of (s,% (s | 0,5),0,5)“

Thus, by applying Gronwall-Bellman’s lemma (see Theorem
2.8.6 in [15]) to (38), it follows from (39), (44), (45a), and
the Lebesgue dominated convergence theorem (see Theorem
2.6.4 in [15]) that

hm AT (s|o,0,¢) = lim AT (s]0,6,0),
-0, (0,0) = (07,6")
(08) (0",6%)

s€[0,1].
(46)

By arguments similar to those used to obtain (44), it is easy
to show that

N
lim saZJmaXng(sx(slaé)aé‘)}

e—0 1

(0,8) = (¢7,6%) =1

09 (5X(s10,8),0,0)
oo

(47)
From (37) and (45b), we obtain
oJ. (0,0, ¢
(0,8) = (0*,6")
10H (5,%(s | 0,0),0,8,&A(s | 0,8,¢))
= lim s
s -0 aO'

~(e8) "
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. ( 19Z (s,%(s10,0),0,8,¢)
= lim J ds
0 oo

e—0

(0,0) — (0*,8*)
1
+J AT (s | 0,0,¢)
0
O (X 0,5),0,5)ds>

oo
1 = o~
_ lim 0%, (s,x(sla,8),0,8)ds
e—0 aU
(0,8) — (0‘ 8)
1" aA aA )8 > 38
+J (5] 0,8,6) L X (610.0).0:0) 4
0 oo
+ slgr}) & ZJ max {0, g; (s,X (s | 0,9),0,8)}

08— (o"8") !
a9g; (s, X
" gl(s,x(sla,S),a,S)dT
do
lim Jlaf‘fo(s,x(slGG) 08)
T (08) > (0%8%) do
aA )A bl bl bl
f(s,X(s|0o,90) aé)ds
do

+J XT(S | 0,6,0)
0

9] (0,9)
= im —
(0,8) > (6*,8*) 00
- o] (¢*,8%)
B Jo
(48)

Finally, by argument similar to those given for (32c), we can
show that

af (0-)8)8) af(o'*,(s*)
I T T e W
06) (cr " )

This means that (32d) holds. Thus, the proof is com-
pleted. O

5. Convergence Analysis

In this section, we will show that if (a(k), 6% 8y is a local
minimizer of problem (ﬁq(m) and the parameter 7% is suf-
ficiently large as k — oo, then € — ¢ = 0 and
(0™, 8%y = (¢*,6%) with (¢*,8%) being a local minimizer
of problem (D).

Lemma 3. Suppose that (6, 8®,®)) is a local minimizer of
problem (ﬁqm), that ffv"" (o), 6% W) is finite, and that 0 <

B < 1. If there exist 0*, 8" and a sufficiently large number n*
such that

lim (o®,6®,
k — 400

©) = (0", 8"1"), (50)

then lim,_, , . = 0.
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Proof. On the contrary, we assume that the conclusion is
false. Then, there exists a subsequence of {e®)}, which is still
denoted by the original sequence, such that lim, _, e® =
€" #0. On one hand, by using the fact that f(s, x(s),0,0) is
continuously differentiable with respect to all its arguments,
it follows from the definition of % and Lemma 6.4.2 in [15]
that

1X(s]o,0) <Y (51)

for s € [0,1] and (0, 8) € 2 x E, where Y is a given constant.
From (21) and (51), there exists a constant M > 0 such that
A(o,8) < M forall (0,8) € £ xE. In particular, for (c*,8") €
Y X B, it is clear that

A(o",8%) < M. (52)

On the other hand, since (o(k), 5%, s(k)) is a local minimizer

of problem (Isnm ), it follows that

afn(k) (O‘(k), 5(k), 8(k))

- 0. (53)
Oe
This implies that
B (e9)""
A (a®,56®) = . (54)
%
Choose
. a(M+1) (55)
By h
Then,
lim A(o®™,6%)=A(c",6")=M+1. (56

k— +00

This is a contradiction to (52). The proof is completed. [

Lemma 4. Suppose that (6™, 8%, ¢®)) is a local minimizer of
problem (13,,(k> ), that ]Anm (o(k), 8%, s(k)) is finite, and that e® s
0. Then, %(1 | o™, 6®) # x(1).

Proof. On the contrary, we assume that the conclusion is false.

Then, %(1 | o®,6®) = %(1). By (28) and the assumption that
¢® > 0, we obtain
afn(k) (O‘(k), 5(k)’ S(k))

> = nkﬁ(s(k))ﬁ_l > 0. (57)

On one hand, (6™©, 8%, ¢®) is a local minimizer of problem
(ﬁrl(k)) and e® > 0. Thus,

afn(k) (o'(k), S(k), s(k))

= (58)
=~ 0.

This is a contradiction to (57). Hence, x(1 | o®, 8(")) #x(1).
The proof is completed. O

Theorem 5. Suppose that (6, 86%, W) is a local minimizer

of problem (ﬁqm) such that €% > 0 and ffv“" (0™, 6% @) s

finite. If there exits a sufficiently large number n* such that
lim (o(k),é(k),q(k)) =(c",8%7"),

k— 400

(59)

then X(1 | 0°,8") # (1) and limy_, ], (6™, 6®,e®) =
J(o*,8%).

Proof. By Lemma 4, we have X(1 | a(k),6(k)) #+Xx(1). In the
following, we will show that X(1 | ¢*,8") = x(1). Since

(0@, 8® W) isalocal minimizer of problem (Pnk) ande® >
0, it follows that

afnm ((T(k), 5(k), S(k))
oe

-0. (60)
That is,

—a(e®) A (6,80 4 (P =0, (o)
It is clear that

A (o_(k)) 6(k)) _ @( 8(k))oc+ﬁ‘ (62)

By using (59), (62), and Lemma 3, we obtain A(c™,8") = 0.
Therefore, x(1 | ¢*,8") # x(1).
Applying (62) and Lemma 3 to (22), it follows that

lim fn(k) (O‘(k), S(k), £(k))

k= +co
= lim [f(a(k),5(k)) + (1 + E) q(k)(s(k))ﬁ] (63)
k= +co o
=7 (o%,8%).
The proof is completed. O

Theorem 6. Suppose that (¢, 8%, ) is a local minimizer
of problem (13,1<k)) such that0 < e® < 1 and T’l(k) (o®,8®, M)
is finite. If there exist 0*,8" and a sufficiently large number n*
such that

lim (G(k),c?(k),q(k)) =(c",8"1"),

k — +00

(64)

then X(1 | 0*,8%) = X(1) and (0", 8") is a local minimizer of
problem (P).

Proof. Since (0®,8®, s(k)) is a local minimizer of problem
(ﬁﬂuc)), it follows from Lemma 3 that lim, _, , e* = 0. This
means that (o*,8",0) is also a local minimizer of problem
(ﬁn* ). This, together with Theorem 5, implies that (o*,8") isa
local minimizer of problem (P). The proof is completed. [

Once the optimal parameter (o*,8%) of problem (P) is

determined, the corresponding optimal control u* can be
obtained readily from (7) and (12).



Theorem 7. Let u?* be an optimal control of the approximate
problem (P). Then,

lim J(u"") =7 (u"), (65)

p— +00
where u” is an optimal control of the problem (P).

Proof. The proof is similar to that given for Theorem 8.6.2 in
(15]. O

Based on the results of the convergence analysis, we are
in a position to present the following numerical algorithm for
solving problem (P).

Algorithm 8. The steps are as follows.

Step 1. Set n'V = 10, 4% = 10%, &* = 107, choose an initial
point (09,80, £ and the iteration index k = 0. The values
of « and f3 are chosen depending on the specific structure of
the concerned problem (P), where § > 1 and 8 > «.

Step 2. Solve problem (Pn(k>), and let (0,8 X)) be the
minimizer obtained.

Step 3. I e® > &%, #® < 5", set y*V = 104®, k == k + 1,
and go to Step 2 with (0™, 8%, ®)) as the new initial point
in the new optimization process. Otherwise, set e := ¢* and

n® == n*. (0%,8%,&") is a solution of problem (Pye)-

Remark 9. In Step 3, if PLAEN e*, it follows from Lemmas
3 and 4, and Theorem 5 that (¢, 8®) cannot be a feasible
point. This means that the penalty parameter #* is not
chosen large enough. Thus, we need to increase 7. If #® >
10%, but still €® > ¢*, then we should choose a different
initial condition or adjust the values of « and f such that
the conditions of Theorem 2 are satisfied. Then, set q(k”) =
1079, €% = 0.1e®), k := k + 1. Go to Step 2.

Remark 10. Although we have proven that a local minimizer
of the exact penalty function optimization problem (P, ) will
converge to a local minimizer of the original problem (P), we
need, in actual computation, to set a lower bound &* = 107
for e®, s0 as to avoid the situation of being divided by € = 0,
leading to infinity.

6. Simulation Results

Example 1. In this example, we consider a realistic and
complex problem of transferring containers from a ship to
a cargo truck at the port of Kobe in [1]. The container
crane is driven by a hoist motor and a trolley drive motor.
In order to ensure safety, our objective is to minimize the
swing during and at the end of the transfer. After appropriate
normalization, this problem is summarized as follows: find
controls u, (¢) and u, (t) such that the object function

J(u) = 4.5 jl (x5 () +x2 (1)) dt (66)
0
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is minimized subject to dynamical equations as follows:
% (£) = 9%, (1),

%, (t) = 9x5 (1),
%5 (t) = 9x4 (1),
X4 (1) =9 (uy () +17.2656x;5 (1)),

X5 () = 9u, (1),

9
Xg () = — (g (£) +27.0756x;5 (£) + 2x5 (£) x4 (1)),
x, (t)

(67)

where the initial and terminal conditions are

x(0) = [0,22,0,0,-1,0]",

(68)

x (1) = [10,14,0,2.5,0,0]",

and the control and state inequality constraints are
|uy (1)) < 2.83374,
— 0.80865 < u, (t) < 0.71265, (69)
tel0,1],

|xs ()] <25 |xs ()| <10, tel0,1],  (70)

respectively. Furthermore, the state inequality constraints can
be formulated as follows:

gy (£) = —x, () +2.520,
gy (£) = x, (1) +2.5 >0,

(71)
g5 (t) = —x5 (£) + 1.0 > 0,

gs(t) = x5 (1) +1.0 > 0.

By utilizing the control parametrization method used
conjunction with a time scaling transform and the exact
penalty function method, the constrained optimal control
problem is transformed into the following unconstrained

optimal control problem (13*1)’ given the following system:
%1 () = 9%, (5) i (5 1 0)
%, (5) = 9%, (5) & (s | 0)
% (5) = 9%, ()& (s 8)
%4 () =9(af (s | 0) + 17.2656%; (s) ) @t} (s | )

X5 (s) =93 (s | o) @ (s | B)

jCs (s)
_229(5) (@ (s | 0) +27.0756%, (s) + 225 (s) X5 (s) )
x i (s]6),

X; ()= (s | o)
(72)
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with the initial condition £(0) = [0,22,0,0,-1,0,0]". Find
control and system parameters (0,6, ¢) such that the new
object function

J, () =45 Jol (510,80 +x;(s|0,0) k(s | 0)ds

+& %A (0,0) + nsﬁ
(73)
is minimized, where
A(0,0) = (%, (1] 0,8) - 10)* + (%, (1 | 0,6) — 14)
+%5(110,8)% + (%, (1] 0,8) - 2.5)°
+%5(1]0,0)° +X,(1| 0,0)°

+(%,(1]0,8)-1)

+ Jl [max {0, %, (s | 0,8) — 2.5}]°ds

1
+J [max {0,-%, (s | 0,8) - 25}]d
0

—

+J max Oxs(slaé)—l}]d
0

—

+J max {0, x5(s|06)—1}]d

o

(74)

Thus, set p = 20, « = 1.5,and 8 = 3. Applying Algorithm 8 to
problem (13,7), the obtained results are shown below. The opti-

mal objective functionis ] = 5.2386x10’3,wherer] =2.0x10°
and ¢ = 1.00032. The optimal controls, the optimal states,
and the constraint functions are shown in Figures 2, 3, 4, and
5, respectively. From Figure 1, we observe that the obtained
optimal controls are satisfied for the constraint (69). Under
the optimal controls, the terminal state equality constraint
(68) and the state inequality constraint (71) are both satisfied,
which are seen from Figures 2 to 4, respectively. Comparing
with the results of Example 6.7.3 in [15], our minimum
objective function value is slightly larger than one in [15] (it
is 4.684 x 107° in [15]). However, in [15], the state inequality
constraints (71) are not completely satisfied for all ¢ € [0, 1].

Example 2. The following problem is taken from [16]. Find
a control u : [0,4.5] — R that minimizes the objective
function

45
] = J (2 (&) + %2 (1)) dt, (75)
0
subject to dynamic equations
% (t) = x, (1)

(76)
Xy (1) = —x; () + %, (1) (1.4 - 0.14x;5 (1)) + 4u (£)

|
—_O N W
T T

uy (t)

2t
-3

0 01 02 03 04

¢—o— 0— 4
0.5F ! 1
1

?-—o-o—e—e—e—e—e——e-—?"
|

u,(t)
b

-0.5 L L L L L L L
0o 01 02 03 04 05 06 07 08 09 1
t
FIGURE 1: Optimal controls.
0 l/l_/

0O 01 02 03 04 05 06 07 08 09 1

xz(t)

0.1
0.05 |

—005} SO e
-0.1 AT L

FIGURE 2: Optimal states under optimal controls.

with initial condition
x;(0) = -
x5 (0) = -

and the continuous inequality constraint on the control and
state

(77)

g, (t) =—-u(t) - éxl (t)=0, tel0,45]. (78)

In this problem, we set p = 10, « = 1.5, and 8 =
2.2. Similar to solve Example 1, the obtained result is shown
below. The optimal objective function value is 45.7717. where
0 = 1.0 x 10* and ¢ = 4.8532 x 107°. The optimal control,
the optimal states, and the constraint function are shown in
Figures 5, 6, 7, and 8, respectively. From Figure 8, we observe
that the control and state constraints are satisfied for all ¢ €
[0,4.5].

7. Conclusions

In this paper, we have presented optimal control problems
subject to the terminal state equality constraint and con-
tinuous inequality constraints on the control and the state.
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FIGURE 3: Optimal states under optimal controls.
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0.4

0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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g4(t)
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0.2

0.4
t

~ ~ -05 ~ ~ ~ ~
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FIGURE 4: Constraint functions under optimal controls.

uy (t)

FIGURE 5: Optimal control.
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x,(t)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
t

FIGURE 6: Optimal state under the optimal control.

x,(t)

0 0.5 1 1.5 2 2.5 3 35 4 4.5
t

FIGURE 7: Optimal state under the optimal control.

1.8
1.6 t
14 ¢
12+

1}
0.8
0.6
0.4
0.2

0

a91(t)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
FIGURE 8: Constraint function under the optimal control.

Our aim is to design an optimal control that minimizes total
system cost and ensures satisfaction of all constraints. After
the control parametrization, together with the time scaling
transformation, the constrained optimal control problem is
transformed into a constrained approximate optimal param-
eter selection problem. A simple exact penalty function
method is then used to design a computational method to
solve the constrained optimal parameter selection problem.
Its main idea is to augment the constraint violation function
constructed from the terminal state equality constraint and
continuous inequality constraints to the objective function,
forming a new one. This gives rise to a sequence of uncon-
strained optimal control problems, which are easily solved by

1

a numerical algorithm. From numerical simulation results,
we observe that our proposed method can find a high quality
approximate optimal control such that the objective function
is minimized, while the terminal state constraint and the
constraints on the control and state are both satisfied.
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