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Abstract

Fuzzy optimal control problems have been applied in
many fields such as electrical engineering, medicine,
economics and environments. This fact is because that many
of systems are not-crisp form in their modeling equations. In
this paper, a class of fuzzy optimal control problems
containing a nonlinear system and linear objective function is
studied and a more accurate procedure is proposed. a — cuts
and a new piecewise linearization approach are used to solve
the optimization problem. At first, the fuzzy nonlinear
optimal control problem is obtained and converted to a crisp
nonlinear problem by applying defined a — cut sets of fuzzy
system. Then, the problem is converted to an equivalent
linear system using piecewise linearization method. Finally,
the accuracy and effectiveness of the proposed approach is
confirmed by several numerical examples.

Keywords: Nonlinear Optimal control, « — cuts, fuzzy
control, Piecewise linearization.
I. INTRODUCTION
Many of applied problems in real world are in fuzzy
form. Several methods have been proposed in order to
approximately solve nonlinear control systems
including collocation method, measure theory, neural

networks method and so on. [2] presents an efficient

Newton-type scheme for the approximate on-line
solution of optimization problems in optimal feedback
control. Nonlinear model predictive control (NMPC)
is studied in [3]. Gerdts et.al have developed a direct
multiple shooting method in [4] for a broad and
important class of DAE optimal control problems, i.e.
semi explicit systems with

algebraic variables of different index. Also,
researchers have used collocation method for some
class of fuzzy optimal control problems [5, 6] and
others have used measure-theoretical approaches [7-
10] and discretization methods [11, 12] for solving
fuzzy optimal control problems. [13-16] discuss on
using numerical methods and approximation theory
techniques and neural networks methods to obtain
approximate numerical solution of some classes of
fuzzy optimal control problems [17-19].

Fuzzy control is a practical alternative for a variety of
challenging control applications because it provides a
convenient method for constructing nonlinear
controllers via the use of heuristic information. Fuzzy
control systems are developed based on fuzzy
of uncertainties is

mathematics. Consideration

inevitable in many practical systems, thus, it is very
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important to develop control methods for systems
having uncertainties.
Recently, control of nonlinear systems has been
continuously progressed due to the demands of
practical applications. Defining fuzzy logics resulted
in new approaches of nonlinear control algorithms
where linguistic rules, expert knowledge determine the
control strategies [1]. Also, great research studies have
been published on these issues [20-26]. Pakdaman and
Effati have worked on solving optimal control
problems using fuzzy systems in [27]. To solve an
optimal control problem, the well-known Euler—
Lagrange conditions are obtained and then, the
solution of these conditions is approximated by
defining a trial solution based on fuzzy systems. The
parameters of fuzzy systems are adjusted by an
optimization algorithm. Many successful applications
of fuzzy control in industrial processes have been
reported [28-29].

By considering a fuzzy optimal control problem

as (1),

Min [ 7 o(f (#(t), @(t), 0)dt
s.t D

¥ = g(®@),ut),t)
x(to) = %, ,%(t;) = %
where, ¥ € F(R™), t € [ty,t¢]] and u € U € F(R™)
that U is a compact subset of F(R™) . Also,
@:FRHYXUXR->R and gFR")XUXR->
F(R™).
conditions, known as

optimum ponteryagin’s

minimum principle, for fuzzy optimal control
problems have been derived in [36] based on the
concept of differentiability and integrability of a fuzzy
mapping. [37] investigates a fuzzy adaptive optimal
nonlinear

[38] is

devoted to investigation of minimum weight vertex-

output feedback control problem for

continuous time interconnected systems.

covering problem with uncertain vertex weights. Also,
[39] analyzes the vertex coloring problem in an

uncertain graph in which all vertices are deterministic,
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while all edges are not deterministic and there are some

degree  of  belief in  uncertain  measures.
A class of fuzzy optimal control problem with crisp
control function (u(t)), and fuzzy constraints can be
written as (2),
Min f;ofC(t)u(t)dt
st
x = g&@©),u®),t)
X(xo) = %o, % (t;) = %

@)
Where, X € F(R™), t € [ty,t;]] and u € U € R™ that
U is a compact subset of R™. Also, g(-) is a smooth or
non-smooth function on F(R™) X U X [t,, t¢].
Moreover, there exists a pair of state and control
variables ( %(-),u(?)) such that satisfies (2) and
boundary conditions X(x,) = %y, X (tp) = X;.
At first, the considered fuzzy nonlinear optimal control
problem is obtained and converted to a crisp nonlinear
problem by applying defined o — cut sets of fuzzy
system. Then, the problem is converted to an
equivalent linear system using piecewise linearization
method. Finally, the accuracy and effectiveness of the
proposed approach is confirmed by several numerical

examples.

1. PRELIMINARIES

According to Zadeh (1965) [1], a fuzzy set is a generalization
of a classical set that allows membership function to take any
value in the unit interval[0,1]. The formal definition of a
fuzzy set is as follow:

Definition 2.1.[40] Let U be a universal set. A fuzzy set A in
U is defined by a membership function pz that maps every
element in U to the unit interval [0,1]. A fuzzy set AinU
may also be presented as a set of ordered pairs of a generic
element x and its membership value, as shown in the
following equation:

A={(xpz(®) : xeU} (3)
Definition 2.2.[40] The (crisp) set of elements that belong to
a fuzzy set A at least to the degree a is called the o — level

set:
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Ag={x€eU| pz(®) = o} (4)

Definition 2.3.[40] A fuzzy set A is convex if

ux(Ax; + (1 = D)x;z) = min{ puz(x1) , pa(x2) } 5 X1,%; €
U,A € [0,1] ()
Alternatively, a fuzzy set is convex if all a-cut sets are
convex.

Definition 2.4.[40] A fuzzy number A is a convex

normalized set A = (A, A) of the real line R such that:

1) It exist exactly one x, € R with pz(x) = 1.

2) uz(x) is piecewise continuous.

Nowadays, several modifications have been proposed for
definition 2.4.

Definition 2.5.[41] Fuzzy set 4 is called a fuzzy number if :
1. A isnormal.

2. Ais convex.

3. uz(x) is piece wise continuous.

Thorem 2.6.[41] A fuzzy number A is a Ordered pair [4]* =
[A% A" of function A(a),A():[0,1] > Rthat 0 < & < 1
and satisfies below conditions:

1.

A(a) is a nondecreasing and left-continuous
function on [0,1].

2.

Z(a) is @ nonincreasing and right-continuous
function on [0,1].

3. A(a) <A(a)forany0 < a < 1.

Definition 2.7.[41] Let L(.),R(.):R* - [0,1] be two
continuous, increasing functions fulfilling
L(0)=R(0)=1,L(1)=R(1)=0
A fuzzy number 4 isa L — R fuzzy number, if there exist

a, 8 > 0 that
L) x=m
ma(x) = Z (6)
R (%) , x=m
Definition 2.8. Set of all fuzzy number on R™ is shown
by F(R™).

Theorem. (Negoita-Ralescu characterization theorem)[41]
Given a family of subsets {M,: « € [0,1]} that satisfies
conditions (i)-(iv)

(i) M, is a non-empty closed interval for any
a€[01];
(ii) fO<a;<a, <1, wehave M,, © M,

For any sequence {a,} which converges

from below to «a €[0,1] we have

n?le Man = Mg;

(iii)
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(iv)

For any sequence a, which converges
from above to 0 we have

cl(Usy M) = M, @)
Then there exists a unique u € F(R), such that u, = M,, for
any a € [0,1].

Definition 2.9.[40] A triangular fuzzy number has the

following form:

0 x<a
2 a<x<m
(x) ={m@ 8
pa(x) =4 p-x m<z<bh 8)
b-m
0 b<x
A triangular fuzzy number is denoted by A=

(m, a,b) where, ¢ # a, c # b. For a triangular fuzzy number,
we have:

Al(a) =a+ (c—a)a

and

A(@) =b + (c —b)a

a and b are called left and right spreads of the fuzzy number
A. A triangular fuzzy number is shown in Figure 1.
Definition 2.10.[40] A fuzzy numberA is called positive
(negative) if its membership function is such thatpz(x) = 0,
vVx<0 (Vvx>0).

a m b

Fig. 1. The figure of triangular fuzzy number A

One of the most basic concepts of fuzzy set theory that can
be used to generalize crisp mathematical concepts to fuzzy
sets is the extension principle.

Definition 2.11.[40] Let X=X; XX, X .. XX, and A,
A,, ..., A, ber fuzzy sets in X;,X,, ..., X,, respectively. fis a

mapping from X to a universe Y, y = f(x4,X5, ..., X). Then
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the extension principle allows us to define a fuzzy set Bin Y

by

N
o
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difference (gH-difference for such)is the fuzzy number w €
E(R) if it exists, such that
) u=v+w

B={(vug®) |y =G, Xz, %) , i, Xz, X)) €X} (9) U T=W e or (16)
Where i) vEumw
In term of & —cuts we have

ng(y) = Theorem 2.15[30]. For any ii,¥ € F(R) we have

1 ) [u® — v 7" -7
Lo omin s, G, G s, G} 6D B o an

G [@ -y uc—v9

Q} (10)  Definition 2.16. [30] The mapping f:T — F(R™) that T < R

Where f~1is the inverse of f.

For r = 1, the extension principle, of course, reduces to

B=fA) ={(y.ms) |y = ,xeX } (11)

Where

) ={ Erfrylr(l )HA(X) () ¢ ? 12)
0 , otherwise

According to [40], extended addition, product and subtraction
are shown by @, © and ©, respectively.

Theorem 2.12. [30] Let A,B € F(R), then in terms of a —
cuts we have:

Va € [0,1], we have

[»Ae E]a _ [K](x N [E]Ot _ [éa + EH,KQ +§a]
(T
k[A] a (13)
[kA ,ké“] , k<0
Ao B]" = [A]"®(-1)o[B]"
[AoB]*

= [min{_A"‘E“, é"‘ﬁa, K“g'x, Kaﬁa}, max {A“B¢, é"‘ga, Kaﬁ"‘, Kaﬁa}]
Definition 2.13.[40] The metric structure is given by the
Hausdroff distance

D: F(R) x F(R) = R* U {0},

D(u,v) = sup max{ [u* — v¥|, [a* — V|
a€l0,1]

(14)

(Rg, D) is a complete metric space and the following
properties are well known:
D(u+w,v+w)=D(u,v),Vuv,we F(R)

D(kOu, k®V) = |K|D(u,v) ,vk € R,u,v € F(R) (15)
D(u+v,w+e)<D(uw)+D(v,e),Vuv,we€ F(R)

Definition 2.14. (Stefanini, Stefanini-Bede) [30]. Given two
fuzzy numbers u,v € F(R) , the generalized Hukuhara

76

is called a fuzzy mapping. By a — cut sets definition it can
be written as follows

O =[f*®.f ®] ;teT ; 0<a<1 (19
Definition 2.17. [30] (Puri-Ralescu , Hukuhara ]) A function
f:T = F(R) is called Hukuhara differentiable if for h > 0
sufficiently small the H-differences f(t, +h) ©
f(to), f(ty) © f(ty — h) exist and if there exist an element

f'(to) € F(R),such that
f(to)Of (to—h)

f(to"'h)ef(fo) . Y
i LRSIy 10991 g
(19)

The fuzzy number f'(¢,) is called the Hukuhara derivative of
f at t,.

Theorem 2.18. [30] Let f: T — F(R) be a fuzzy function,
where [F(0)]“ = [f@©).f ©)]

Suppose that the functions s fj_”"(t) and fa(t) are real-

valued functions, differentiable uniformly « € [0,1] .Then
the function £ (t) is gH-differentiable at a fixed t € T if and
only if one of the following two cases hold:

. -
]:“ (t) isincreasingf (t)is decreasing as functions of «, and
. —a
fro=f @® (20)
. —a
f%(t) isdecreasing f (t)is increasing as functions of a, and

o< fom

Also, V «a € [0,1], we have
(@] = [min{f<@.7" @} max{f<©.7 ©}] @2

(21)

Let us denote ||. || the norm of fuzzy number. The follow
definition shows it is not a norm but is a semi norm.

Definition 2.19.[41] (Anastassiou-Gal) ||.]||p has the
following properties
(i) [lullg = 0 if and only if u = 0;
(ii) lAulle = [Alully ,2€R,u€FR);
(i) Nu+vlle < llullp+ vl ,u,veFR)
(23)
Theorem 2.20. Let to consider [&]* = (u%u”) . The
mapping ||. ||; that is defined as below, is a semi norm.
Ialelly = | s @), = lu| + [z (24)

Proof.
For any i € F(R)
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Ial“lly, = |2, = Ju|+ [z = 0 (25)
Also,
@i, =0 - [ @), = [u*], + [&*|, =0~
lu*|, = 0,[a%], =0 (26)

Su*=0,2"=0-[{]*=0

Forany 1 € R,u € F(R)

lAf@“lly = | w)|, = [|(us, 2|, =

| 2w, + |2,

= |Al|u®], + 121 [, (27)

Also
e, = 1l @, = 121 (lu, +12,)
AlJu?], + 12127, (28)
Hence, relation (27) and (28) conclude

NAL@]* My = ATl |l
Let u, v € F(R). So

IE + w170, = || (ws2%) + (@ 9%)|,
= [|(u* + v u" + 79|,
Ju® + v + [2° + 9| < [u®] + [v7] + [2°] + |77
Also,
W&l My + N1l = ([ @), + 1@ 7)), =
|uw| + [ + [v*] + [7] (30)

(29)

Hence, relation (29) and (30) conclude

@l® + 210, < Mal“ly + 1z 1, (31)
I11. PIECEWISE LINEARIZATION
The linearization of nonlinear systems is an efficient tool for
finding approximate solutions and treatment analysis of these
systems. Different methods based on the optimization
problem are presented in previously published papers, while
this paper deals with major issues of using non-linear and
non-smooth functions exist in many practical applications.
Therefore, piecewise linearization is a more efficient tool for
finding approximate solutions. Hence, the piecewise
linearization approach, which is introduced in [34], is applied
to solve the considered class of non-linear fuzzy optimal
control problem of this paper.
Let F: A € R™ — R be a nonlinear function. Suppose that x €
A < R™ and a subset is compact. It is aimed to approximate
the nonlinear function F by a piecewise linear function as:
Fy&) = Zi\]=1(aio +ajpX; + Xy + ot

ainXn)Xa; (¥),a;; ER;1=12,..,N (32)
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where, A; is ith subset in partitioning of A as Py =
{AL A, ... AN .

properties:

This partitioning has the following

1)Vl,]=1,2,,N, AlﬂA]=Q),AIERn B Al¢®

2)A=UN, A (33)

At first, a class of classic nonlinear optimal control problem
is considered as:
. tr
Min [ i, C(Ou(Odt

x = gx(H,u(®),

. (34)
st {X(to) = Xo,x(tf) = X¢

where, x(t) € R™, t € [ty, t7] and u(t) eU € R™ that U is a
compact subset of R™. Also, g(-) is a nonlinear smooth or

non-smooth function on R™ X U X [t, tg].

Definition 3.1. The general error  functional
E(x(.),x(.),u(.)) is defined as,

E((.),x(),u()) = [UCOu®| + 1) ~

g(x(®), u(®), |l }dt (3%)

Lemma 3.1. If the function h(t) is continuous on [a,b]
interval and ["[h(t)|dt = 0, then h(t) = 0.

Proof: Suppose that there exists any point s € (a, b) that
h(s) # 0. Hence, |h(s)| > 0. Also, because h(t)

continuous, hence, [h(t)| is continuous.

is

Then, there exist 0 < r such that vt e (s—r,s+r) ,r <
min {s —a,b — s} : |h(t)| > 0. Hence, it can be concluded

that because of contradiction of (36), h(t) =

0 on[a b]interval.

L7 he@lde + |

a S—r

S+r

[PIh()|dt = Ih(®)ldt + [ [h()|dt >

L h®lde> 0

S

(36)

Theorem 3.1. The necessary and sufficient condition for
classic optimal control problem of (34) to obtain solution,
(x(t),u(t)), is:

Ex(),x(t),u®),t) =0

Proof. It is sufficient to consider function h(t) in lemma 3.1
as,

h(® = {w,ICOU®] + w[I%(0) — g&x®,u(®), Oll.}  (37)
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where,
W1 +W2 =1 , W1, Wy = 0.
As the norm function ||-||; , x(-) and X(-) are continuous

functions, hence, h(t) isa continuous function and according

lemma 3.1,
E(x(1), x(D),u(®),v)
= [ wilc@u]
+ wa |[x(t) — g(x(D), u(v), Dl }dt = 0
= {w;[COu®)|
+ w,[I%(t) — gx (D), u(t), O} =0
= h(t)
=0 (38)
where,

wyt+tw,=1,w,w, 20
Now, a class of fuzzy nonlinear optimal control problem is

considered a:

Min f;f IC(u(t)] dt

N {fc(t) = ax(t) + gu(®),t)
T R(te) = %o, %(t) = %

(39)
where, X(t) € A € F(R"), t € [ty, t¢] and u(t) e U € R™
that A is a compact subset of F(R") and U is a compact
subset of R™. Also, X(.), %(.),u(.) are continues functions
on [to, t¢] and g(*) is a nonlinear smooth or non-smooth
functionon U x [to, t7].

Definition 3.2. The error functional E(%(t), (t),u(t), t) on

A X U X [to, tf] is defined as,

E([x®]% [X(©1% u(®), )

| “(wilcou|

0

+ w||[30]" Ogu (a EKOI*Dg(®), 1) }dt

Wy +w, =1,w,wy, 20

(40)

Theorem 3.2. The necessary and sufficient condition for
fuzzy nonlinear optimal control problem of (39) to have

solution, (%(t), u(v)), is

E([x®]", [X®1%u®,t) = 0 1)
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Proof. It is sufficient to consider function h(t) in lemma 3.1

as follows,
h(®) = {w,ICOu®] +

wa[50]° On (@ EOI@g(®, )}

where,

(42)

Wl +W2 = 1,W1,W2 2 0
As the norm function ||-]|;, %(-) and %X(-) are continuous
functions, hence, h(t) isa continuos function and according

lemma 3.1,

E([%(®]", k1% u(®), 1)

| " fwalcuo)

+ w2 |[50)]° Ogn (@ KOI“®gu(®), n)|| }dt=0

> {wilc®u|

+ wo | [¥(©)] Ogu (a EKO®I“@g(®),0)],} =0
=>h(®) =0 (43)

Now, the following optimization problem can be considered,

Min ff{w(t)u(m

+[£O]" ©gu (a EOI@gu®),n)],} dt
" x(ty) = %o
() = %

Theorem 3.3. The necessary and sufficient condition for

(44)

fuzzy nonlinear optimal control problem (39) to have solution
(X*(t),u*(t)) is that the optimization problem (44) has zero
optimal amount.

Proof. It is obvious according lemma 3.1 and theorem 3.2.
Hence, according theorem 3.2, the solution of fuzzy nonlinear
optimal control problem (39) can be obtained by solving the
optimization problem (44). If the optimization problem (44)
does not have zero solution, then the best-approximated
solution is achieved for fuzzy nonlinear optimal control
problem (39).

a — cut sets are used to solve the optimization problem (39).
Also, function g(+) is approximated using a new piecewise
linearization definition. Hence, the following optimization

problem is resulted.
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Min [ {icu(ol +
I5®]" ©gn (a [ZOI“® TN, {byu + it +

di} xa; (u, t))”1} dt

(X(ty) =X,
¢ {f«(ta = %
(45)
where

N
g(e),t) = Z{biu +cit+di}xa, and A

i=1

N
cUX [to,tf],AinA]‘ = @.UAi
i=1

=4 (46)

Min [S{Ic@u®] + |40 - (@ 2%@) + ZN4lou +
at+ddxa D)% © = (%) + I y{bu + gt +
didxa, (@ 0| Jde

St {f((to) =Xy

%(tp) = X (47)
Now,(47) is discretized using by Riemann approximation and
is converted optimization problem:

n
Min Z |Cyuy + |2
j=1
N
—|ax;*+ z{biuj + Gt + di}xa, (w0
i=1
~a
+ Xj
N
—l1a Eja + Z{biuj + Citj + di}XAi(l.l, t)
i=1

{[i(to)]“ = (x%(to), X*(to))
s.t: (48)

[%(t]* = (x%(t0). X (1)
where, [x(t)]" = [x]" . u(t) =u; and (t) = ,j
0,1,...,N ,tj = to +j -2
According to boundary condition relations of [%(t;)]"
ERCRICN NG BT EX O RACH) IECHIE
(x“(to), X*(t)) , and [X(t)]* = (x*(te), X*(t)).
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For sufficient small h, we have

“(t; +h) —x%(t;) .
i]‘a — £oz(t]) ~ X (} 21 X ( ]) ,E]‘a — Ea(tj)
x(t +h) —x%(y)
=~ h ,
=01,..,N—1. (49)

The optimization problem of (48) can be written as:

n

=1

x*(t; +h) —x“(t)
h

N
- (a £ja + Z{biu]' + Citj + di}xAi(u, t))

i=1

x(t +h) — x%(t)
| h

N
— (a E]a + Z{bluj + Citj + di})(Ai(u, t))

i=1

|

{[Ti(to)]“ = (x%(to), X% (to))
: (50)

[K(tD]* = (x%(t). % (1)
According  x%(tj+h) =x%, ,X*(t; +h) =%, , h =

tf—to
N

.and

r—s=Cu ,j=1,..,N.
v —wf

_x%(t; +h) —x%(t)

h

_ .a
ax;

N
+ Z{bluj + Citj
i=1

+di} xa; (W ) (D

. x(t +h) —x(t)

a __ =
k h

J J

a
ax

N
+ Z{bluj + Citj + di}XAi (U, t)

i=1
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The optimization problem of (50) can be written as: In this example, n is set to 100. The fuzzy state variable and

RS control variable have been shown in figures 2 and 3.
Min D {Jry = 5| + [ = w| + | = pg [}
j=1

rj—s; = C]-u]- ,Jj=1.,N

N
x*(t; +h) —x*(
v —wft = _(1—2_(]) - <a x;“+ Z{biuj +qt; + di})(Ai (u, t))
i=1

N
o . h —_ o )
vt —wit = M - (a 5"+ Z{biuj + ot + di}Xm(“ﬁ))
i=1

h

[X(to)]* = (x*(to), X(to))
[%(t)]® = (x%(t). X" (t0))
Finally, the linearized form of (52) is

n
Min Z{(r]- + sj) + (v]-“ + W]-“)
=1

+ (kf
+p7)} (53)
K5 =Cuy j=1,.,N Fig. 2. The fuzzy state variable %(t) of example 4.1
N
x%(t; +h) — x*(t)
vi—wr="—2 2 = lax + > {bu + ity + di}xa, WD)
J J h J ; J ]
s.t: *(t; + h) —x*(t;) 3 ' e
o 'Uja b M/ja = % - <a fja + Z{biuj + Citj + di}XAi (u, t)
i=1 )
[X(to)]* = (x“(to), X%(to)) ==
[%(t)]* = (%t X (tp)) u

Therefore, the approximate solution of fuzzy nonlinear

optimal control problem of (39) can be calculated as optimal

solution of the linear programming problem of (53).

IV. ILLUSTRATIVE EXAMPLE
Example 4.1. Consider fuzzy nonlinear optimal control Fig. 3. The control function u(t) of example 4.1
problem of (54).

! Example 4.2. Consider fuzzy nonlinear optimal control
Min flsm(t) u(] de problem of (55).
0
1
L) — % 2
X(O = cos(OX(O + ui(®) Min f lIsin(t) £(0) ||, dt
st{ XO=1 (54) 2
(1) =2 .
0<u<1 %(t) = cos(2mt) X(t) — tan (g ud(t) + t)
s.t: %(0) =1 (55)
where, 1=(1,1,1) and 2=(2,1,1) . According to X(1) =
0<ux<1
definition 2.6.

I=(2-a)and 2 = (a + 1,3 — ).

80



o
Isi °<(‘£/\°
Journal of Distributed Computing and Systems(JDCS), Vol. 4, Issue 2, 2021, Pages 73-82 PR il
= | u istribu puting and Systems(JDCS) u g W EHS M S

Vravet

In this example, n is set to 500. The fuzzy state variable and

control variable have been shown in figures 4, 5 and 6. 0

Fig. 6. The fuzzy state variable x(t) of example 4.2

V. CONCLUSION
In this paper, a class of fuzzy nonlinear optimal control

Tror 02 03 0 05 R T problems is studied and a new approach is proposed based on
a—cut sets and using a novel piecewise linearization
Fig. 4. The control function u(t) of example 4.2 approach to reduce this typical fuzzy nonlinear optimal

control problem to an approximated linear programing
problem. The optimal solution of the later linear programing
problem is the best approximated solution of the original
fuzzy nonlinear optimal control problem. The class that has
2 7 been considered in this paper contains crisp control variable
15 1 and the presented approach has to be improved to the class of
fuzzy nonlinear optimal control problems that contains fuzzy
control parameter.
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