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Abstract In this paper, an efficient method for solving optimal control problems of the linear differential
systems with inequality constraint is proposed. By using new adjustment of hat basis functions
and their operational matrices of integration, optimal control problem is reduced to an optimiza-
tion problem. Also, the error analysis of the proposed method is investigated and it is proved
that the order of convergence is O(h*). Finally, numerical examples affirm the efficiency of the
proposed method.
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1. INTRODUCTION

Finding analytic solution for optimal control problems with inequality constraints is dif-
ficult so numerical methods to get approximate solutions are important. In deterministic
setting, there are many text books for analytic solutions of optimal control problems [1, 2, 5,
6, 16, 27, 28, 29]. Furthermore, numerical schemes for these problems have been provided
in some articles [4, 8, 12, 13, 14, 15, 19, 22, 33].

Orthogonal functions, often used to solve various problems of dynamic systems. The aim of
this technique is reducing these problems to a set of algebraic equations. Typical examples
are the block-pulse functions [10], Legendre polynomials [3], Laguerre polynomials [11],
Chebyshev polynomials [9] and Fourier series [30].

There are different basic functions for the solution of optimal control problems successfully
solve the unconstrained problem such as block-pulse functions [10]. But often results in
analytical and computational for solving the optimal control problems with inequality con-
straints are difficulties. In recent years, the development of computational techniques for
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solving problems such as hybrid of block-pulse functions and Legendre polynomials [20, 31],
triangular orthogonal functions [7], B-spline functions [32].

The aim of this paper is developing a numerical scheme based on the adjustment of hat
basis functions to solve the optimal control problem of the linear differential systems with
inequality constraints. Operational matrices of the adjustment of hat basis functions reduce
such problems to those that solve a system of algebraic equations which greatly simplify the
problem. Consider the linear differential system

X(t) = Kt)X(t) + F(t)U(1), (1.1)
X(0) =Y, (1.2)

with inequality constraints as
G)X )+ H)U(t) < L(¢), (1.3)

where X (t), U (t) are unknown functions and L(%) is a known function. Also K (t), F'(t), G(¢)
and H (t) are matrices of appropriate dimensions.

The aim of this paper is finding the numerical approximation of optimal control U*(¢) and the
corresponding optimal state X *(¢), 0 < ¢ < T, satisfying Egs. (1.1)-(1.3) while minimizing
the quadratic cost functional

J= / ' [(XT1)QMX(t) + U (H)R(H)U(1)] dt, (1.4)
0

where )(t) and R(t) are positive semi-definite and positive definite matrices, respectively.

Definitions of adjustment of hat basis functions and their properties are given in Section
2. In Section 3, the adjustment of hat functions are developed to approximate the solution
of optimal control problem governed by linear differential systems. In Section 4, the error
analysis is proved. In Section 5, the proposed method is used for solving some numerical
examples. Finally, Section 6 affords some brief conclusion.

2. DEFINITIONS OF ADJUSTMENT OF HAT BASIS FUNCTIONS AND THEIR PROPERTIES
A set of adjustment of hat functions are defined on [0, T as [24]
G5t —h)(t—2h)(t—3h) 0<t<3h,
Po(t) = 2.1

0 otherwise,
ifi=3k—2and1 <

k<o
g5t — (i —1h)(t— (i +Dh)(t — (i+2)h) (i—1)h <t < (i+2)h,

¢i(t) =

o

otherwise,
2.2)

[c[m]
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ifi=3k—4and2 <k <35 +1

sE(t— (@ —=2)h)(t— (i —Dh)(t — (i+1h) (i—2)h <t < (i+1)h,
¢i(t) =

0 otherwise,
(2.3)

ifi=3kand1<k<?2 -1
(= (i =3)h)(t— (i —2h)(t— (i— D) (i—3)h <t <ih,

di(t) =S Gx(t — (i +Dh)(Et— (i +2)h)(t— (i +3)h) ih<t<(i+3)h, (24

0 otherwise,

and
#(t — (T —=h)t—(T—-=2h)(t—(T—-3h)) (T—-3h)<t<T,

Pn(t) = (2.5)

0 otherwise,

where h = % is a sampling period and n > 3 is an integer of multiple three.

Let us divide interval [0, 7] into % subintervals [ih, (i + 3)h] where i = 0,3,...,n — 3, of
equal lengths 3h. By using the definition of adjustment of hat functions, we have

1 i=kF,
¢i(kh) = (2.6)

and

An arbitrary real function f(¢) on [0, 7] can be expanded in an adjustment of hat series as
follows

F) =Y figi(t) = FTo(t) = @7 (t)F, 2.7
=0
where
F = [fo, f1, - fu] "

(<)
EE
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and

B(t) = [po(t), p1(t), -y pn (D)7, (2.8)
with

fi=f(ih), i=0,1,...,n. (2.9)
Also, expand fg ¢;(s)ds by relation (2.7) in terms of the adjustment of hat basis functions as

t n
/ ¢i(s)ds ~ > a;;¢;(t), i=0,1,..n. (2.10)
0 =0

By using relation (2.9), we can compute the coefficients a; ; as follows

Jh
@ij = ¢i(s)ds, i,j =0,1,...,n. .11
0

Now, P is the (n + 1) x (n + 1) coefficients matrix with entries a; ;, 4, j = 0,1,...,n, we

obtain
09 8 9 9 ... 9
O p1 p2 p3 p3 ... D3
h 0 0 p1 p2 p3 ... Dp3
p=—10 0 0 p1 p ... p3 ,
241 0 0 0 0 p; ... ps
0O 0 0 0 O ... p (nt1)x (nd1)
where
19 32 27 27 27 27 27 27 27
P = -5 8 27 , po= | 27 27 27 , ps=| 27 27 27 ,
1 0 9 /.., 18 17 18 3v3 18 18 18 /. .

and 0 based on its location in the matrix, is the 3 X 3 zero matrix or 3-vector.
From relations (2.8) and (2.10), we obtain
t
/ O(s)ds ~ PO(t). (2.12)
0

(€5
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Also, we have
0 i=3k 0<k<%and|i—j| >4,
O,()P,(t) = (2.13)
0 otherwise and |i — j| > 3.
Now, from relations (2.8) and (2.13) we have

o()dT(t) = A, (2.14)

where matrix A is shown in page 236.

Therefore, from (2.14) we have

T
/@(s)be(s)ds:Z, (2.15)
0
where
122 99 -3 19 0 0 0 0 - 0
99 648 -8 -3 0 0 0O 0O -~ 0
-36 —81 648 99 0 0 0O 0 - 0
19 —36 99 256 99 36 19 0 - 0
. 0 0 0 99 648 -8 -36 0 -~ 0
~ 560
0 - 0 19 -36 99 256 99 -—36 19
o -~ 0 0 0 0 99 648 —81 —36
o -~ 0 0 0 0 -36 -8l 648 99
0 -~ 0 0 0 0 19 =36 99 128 ) ..
(2.16)

Furthermore, by considering (2.6) and expanding entries ®(¢)®7 (t) defined in (2.14) by the
adjustment of hat functions, we obtain

c[v)

EBE
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do(t) 0 0
0 ¢u(t) --- 0
o(t)dT (1) = ) . , ) . (2.17)
0 0 - ¢alt) (n+1)x (n+1)
Definition 2.1. For two constant vectors a’ = [ag, ay, ..., a,] and b7 = [by, b1, ..., b,], we
define
al © bl = [aobo, arby, ... ,anbn],

where ® denotes the inner product.
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Theorem 2.1. Let us approximate each of the functions of a(t) and b(t) by the adjustment of
hat basis functions. That is,

Then we have
a(t)b(t) ~ (AT ® BT)®(t).

Proof. From (2.17), we have

go(t) 0 0
0 o1 (t) R 0
a(t)b(t) ~ AT®(t)dT (t)B ~ AT : N : B
0 0 oul)
Qg 0 . 0
0 a - 0
= lao¢o(t), a161(1), -y andn(®OIB="(t) | . . . . |B
0o 0 - ay

= aobodo(t) + arb1d1(t) + ... + anbndn(t) = [agbo, arby, ..., anb,]®(t) = (AT © BT)®(t).

Hence, this completes the proof. g

3. BASIC IDEA

Firstly, we can rewrite relations (1.1) and (1.2) as
t t
X(t) = Y+/ K(S)X(s)ds+/ F(s)U(s)ds. G.1)
0 0
Then, consider the ith equation of relation (3.1)
t n n
2i(t) = y; + / > kij()ai(s) + > fis(s)u;(s) | ds, (3.2)
0 \j=0 j=0
with ith inequality constraint of (1.3), we have

D g () + > haj(tu(t) < L), (3.3)
=0 =0

Now, we approximate functions x;, u;, yi, li, gij, hij, ki; and f;; by the adjustment of hat
functions as follows
[c ][]



238 F. MIRZAEE AND A. HAMZEH

zi(t) ~ T (1) X; = XT (1),

ui(t) = T (U, = UL ®(2),

3.4
yi(t) = DT ()Y; = Y 2 (8),
Li(t) ~ ®T(t)L; = LT®(¢),
gij(t) ~ (I)T(t)Gij = Gz;q)(t),

(3.5)

kz]( ) (I’T( )KU = Kg;‘b(t)7

fi(t) = @T (1) Fyj = FJ (1),

where matrices G;;, H;;, K;; and F;; and vectors X;, U;, Y; and L; are the adjustment of hat
functions coefficients of g;;, hij;, kij, fij, Ti, Ui, ys and l;, respectively.

Substituting (3.4) and (3.5) into (3.2) and (3.3), and using Theorem (1) we have
t
XTo(t) +Z KroxT) / ds+z (FFou)) / ®(s)ds,
0
subject to
Y (G oxNHew + > (H oUN®() < LT ().
j=0 7=0
By using (2.12) and replacing ~ with = and eliminating ®(¢), we get
:KT+Z(K5@XTP+ZFT@UTP,Z_01...,n, (3.6)

subject to

(<)
EE
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YN (GLox+> HEoU) < L]
7=0 j=0

239

3.7

The system of linear equations (3.6) and (3.7), can be expressed in the following matrices

Y o(Kg; o X)P

S (KL o XT)P

Z;L:O(ng ©X])P

>i-o(GE; © XT)

Yio(GT o X])

form

XT_v_-w=YT,
subject to

A+B<L",
where

v =
and
AT =

and

X =[Xo,X1,...
}7:[}/0)}/17"')
L =Ly, Ly,...

aX'fL]Ta
Yn]T7

7Ln]T7

Yo (Fg; o US)P

S (FEoUT)P

S (ELoUTP

3.8)

3.9)
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where X, Y and L are (n + 1)? dimensional vectors and

X = [Xio, Xi1, -, Xin) T,

Ui = Ui0, Ui, - .., U],

K;; = [K%,K}j,...,Kfj]T,
Fi; = [FZ%,F}]-, . 7F{J‘-]T7

5/1' = D/i07}/i1;---a}/in}T7

Li = [L’L07 Lilv ey L’LTL]T

Gij = [G%—,G%j, .. .,G%]T’
Hy = [HY, HY,... H]T.

By this method, system of Eq. (3.1) is reduced to system of (n + 1)? algebraic equations.

Now, we have

i=0 \j=0 i=0 \ ;=0
(3.10)
Let us approximate g;; and r;; by the adjustment of hat functions as follows
qij(t) = @7 (1)Qi; = QL 0(t),
(3.11)

Tij (t) >~ ‘I’T(t)Rij = R;I;q)(t),

where matrices ();; and R;; are the adjustment of hat functions coefficient matrices of g;;
and r;;, respectively.

Substituting (3.11) into (3.10), and using Theorem (1), we will have

(<)
EE
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n n

J =~ > (xfe Q}.;.)(/O O (1)@ (t)dt) X

i=0 \ j=0

n n T
+> Z(Uf@RiTj)(/o o(t)®7 (t)dt)U;

i=0 \ j=0

By using (2.15) and replacing ~ with = and eliminating ®(¢), we have

n

T=Y | Y. xFeehzx; | +> | D U oR))zU; |. (.12)

i=0 \ j=0 i=0 \j=0

Now, we find X and U such that J(X, U) in (3.12) is minimized subject to the constraints in
(3.8) and (3.9). In this paper, the method used to solve the nonlinear constrained optimization
problem is based on sequential quadratic programming (SQP) algorithm. SQP is an iterative
method for nonlinear optimization. The idea of the SQP methods is to solving the nonlinearly
constrained problem using a sequence of quadratic programming subproblems. Also, the
approximated solution in each iteration need not be feasible points, since the computation of
feasible points in case of the nonlinear constraints may be as difficult as the solution of the
nonlinear programming itself [18].

4. ERROR ANALYSIS OF THE PROPOSED METHOD

In this section, we investigate that the rate of convergence of the mentioned approach is
O(h*). We define

[z(@®)]| = sup |z(t)]. (4.1)
t€[0,T]

Theorem 4.1. Assume that X (t) = [Xo, X1, ..., X,] € (C*[0,T])"*! and
X () = [Xno(t), X1 (8), - -+, X (£)] =
[Z?:O Xo(ih)¢i(t)7 Z?:O X1 (Zh)¢l (t)7 R Z?:O Xn (lh)¢l (t)] )
be the adjustment of hat functions expansion of X (t).

Then we have

(Z) vy ”Xj(t) - ij(t)” = O(h4)7

(i) V5 1| [, (X5(5) = Xons(5))ds]| = O(h*).

=l
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Proof. (i) Let
Xj(t)—Xm](t) te.[k,

0 t€[0,7] - I,
where I}, = {t|kh <t < (k+3)h}, k=0,3,...,n — 3. Then, we obtain

Bi(t) = X;(t) = Y X;(ih)ei(t) = X;(t) — (X, (kh)én(t)
=0

+X5((k+ Dh)ria(t) + X;((k + 2)h)drya(t) + Xj((k + 3)h)dris(t)).

By using third degree interpolation error, we obtain [25]

t—kh)(t — (k+1)h)(t — (k+2)h)(t — (k+ 3)h) d*X;(nx)
24 oodtt

Ei(t) = (

where 0y, € (kh, (k4 3)h).
Now consider u(t) = (t — kh)(t — (k+ 1)h)(t — (k+2)h)(t — (K + 3)h). Since, u(t) is a

continuous function and I, is compacted, so sup, ¢y, [u(t)| = maxsey, [u(t)| = 2.798h*.

Also, we have
1 d* X ()

En(t)] < o)l =5,

Hence, we have

IBOI = 1X0) ~ Xy O]l = _ s, sup B0 <, _ 00867 T2
Then, thereis al € {0,3,...,n — 3}, where

IE®)| < k:0%§%n730.0867h4|%| = 0.0867h4\%|.
Finally, by using relation (4.1), we have

IE@| < 0.0867h4|%| < 0.0867h%|| d42(t{1(t) IR 4.2)

According to relation (4.2), we obtain
IE®)| = O(h").

(#4) From case (i), we have

I C) = XDl < [ 1065 (5) = Xy 5)) s
oo
oo
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d*X;(t X;(t)
<0. 4 _ 4
< 0.067n* 20 H/ ds = 0.0867h41| 0,

since ¢t € [kh, (k + 3)h] < T, then we have
d*X;(t
I / Xy (5))ds]| < 0.0867Th4||d7t34()||. 3)
According to relation (4.3), we obtain

|| / (3X;(5) — Xony(5))ds]| = O(1).

Hence, this completes the proof. g

5. NUMERICAL EXAMPLES

In this section, we demonstrate the efficiency and accuracy of the proposed method by three
examples and obtain the results for n = 15,63. All computations were carried out using a
program written in Matlab.

Example 5.1. Consider the minimization of functional [16]

J= ;/01 (XT(L‘) ( P )X(t)+U2(t)> dt,

subject to

where the optimal control of cost functional is J = 8.07054. A comparison between the cost
functional obtained by the proposed method via the Rationalized Haar functions method [26]
and Hybrid of block-pulse and Legendre method [20] is shown in Table 1.

Example 5.2. Consider the minimization of functional [17]

J = /01 (XT(t) ( (1) 8 >X(t) +0.005U2(t)) dt,

=l



244 F. MIRZAEE AND A. HAMZEH

subject to

A comparison between the cost functional obtained by the proposed method via the Ratio-
nalized Haar method [21] and Hybrid of block-pulse and Legendre method [20] is shown
in Table 2. The computational results for Xo(t) for n = 15 and n = 63 together with
r(t) = 8(t — 0.5)% — 0.5 are given in Figures 1 and 2.

Table 1. Estimated values and absolute errors of J for Example 5.1.

Methods Estimated value Absolute error CPU time
Rationalized Haar functions [26]
k=4 8.07473 4.19¢ — 04 0.389
k=8 8.07065 1.10e — 04 0.546

Hybrid of block-pulse and
Legendre polynomials [20]

k=4, m1=3 8.07059 4.99¢ — 05 1.592
k=4, m1=4 8.07056 2.00e — 05 4.304
Present method
n=15 8.07243 1.89¢ — 04 0.253
n=63 8.07055 1.00e — 05 0.612

Example 5.3. Consider the minimization of functional [23]

1
J:/ U?(t)dt,
0

=
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subject to

xo = (1 )oxw=( 1)

A comparison between the cost functional obtained by the proposed method via the Gradient-
restoration method [23] is shown in Table 3.

Table 2. Estimated values of J for Example 5.2.

Methods Estimated value CPU time
Rationalized Haar functions [21]
k=16, w=100 0.171973 -
k=32,w=100 0.170185 -
k=64, w=100 0.170115 -
k=128,w=100 0.170103 -

Hybrid of block-pulse and
Legendre polynomials [20]

k=4, m1=3 0.17013645 0.951
k=4, m1=4 0.17013640 1.545
Present method
n=15 0.1700143 0.192
n=63 0.1698312 0.524

=l
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Figure 1. r(¢) and X2(¢) obtained for n = 15 of Example 5.2.

15
1h |
05F g
ol \\\\\’r,, “\\\H\,..ynulvuu
-05p S 1
1F |
_15 Il Il Il Il
0 0.2 0.4 0.6 0.8 1
—r(t) Xz(t)
Table 3. Estimated values of J for Example 5.3.
Methods Estimated value CPU time
Gradient-restoration [23]
N=16 5.927 -
Present method
n=15 5.8451 1.025
n=63 5.7346 1.923

6. CONCLUSION

In the present work, the excellent properties of operational matrices of the adjustment of
hat functions used to solve optimal control problem subject to linear differential systems with
inequality constraint. The matrices P and Z in Egs. (2.12) and (2.15) have large numbers of
zero elements, hence the this method is very attractive and reduces the CPU time. Moreover,
it is proved that method is convergent and the order of convergence of this method is O(h*).
[lustrative examples are given to demonstrate the validity and applicability of the proposed
method.

(<)
EE
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Figure 2. r(¢) and X2(¢) obtained for n = 63 of Example 5.2.
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