f

[

fractal and fractional

Article

Adaptive Neural Fault-Tolerant Control for Nonlinear
Fractional-Order Systems with Positive Odd Rational Powers

Jiawei Ma !, Huanqing Wang *, Yakun Su !, Cungen Liu 2

check for
updates

Citation: Ma, J.; Wang, H.; Su, Y,; Liu,
C.; Chen, M. Adaptive Neural
Fault-Tolerant Control for

Nonlinear Fractional-Order Systems
with Positive Odd Rational Powers.
Fractal Fract. 2022, 6, 622. https://
doi.org/10.3390/ fractalfract6110622

Academic Editor: Gani Stamov

Received: 13 September 2022
Accepted: 13 October 2022
Published: 25 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ming Chen 3

College of Mathematical Sciences, Bohai University, Jinzhou 121000, China

School of Information and Electrical Engineering, Shandong Jianzhu University, Jinan 250000, China
School of Electronic and Information Engineering, University of Science and Technology at Liaoning,
Anshan 114051, China

*  Correspondence: wanghuanqing@bhu.edu.cn

Abstract: In this paper, the problem of adaptive neural fault-tolerant control (FTC) for the fractional-
order nonlinear systems (FNSs) with positive odd rational powers (PORPs) is considered. By using
the radial basis function neural networks (RBF NNs), the unknown nonlinear functions from the
controlled system can be approximated. With the help of an adaptive control ideology, the unknown
control rate of the actuator fault can be handled. In particular, the FNSs subject to high-order terms
are studied for the first time. In addition, the designed controller can ensure the boundedness of all
the signals of the closed-loop control system, and the tracking error can tend to a small neighborhood
of zero in the end. Finally, the illustrative examples are shown to validate the effectiveness of the
developed method.

Keywords: fractional-order systems; neural network; high-order systems; actuator fault

1. Introduction

The concept of Leibniz’s derivatives yielded the fractional-order calculus. As a gen-
eralization of integer-order differentiation and integration operators, the fractional-order
calculus can describe many plants and processes precisely, such as physics, engineering,
and economics, as in [1-5]. In the meantime, fractional-order controllers have more design
freedom and a robust ability by comparing with integer-order ones [6]. Due to its wide
application, the scholars are more enthusiastic about the control research of fractional-
order systems. In [7], the authors proposed the Mittag-Leffler stability theory and further
extended the Lyapunov direct method via utilizing the fractional-order operators. Aguila-
Camacho et al. developed a new lemma for the Caputo fractional derivatives that can offer
a simpler choice of the Lyapunov candidate function to the reader [8]. Based on the afore-
mentioned research, in the field of the FNS, various interesting results were reported. The
authors studied a sliding mode control approach for a class of chaotic FNSs in [9]. In terms
of state [10] and output [11] feedback FNSs, the scholars presented corresponding adaptive
controllers via the indirect Lyapunov method in [12], respectively. For fractional-order mul-
tiagent systems, an adaptive consensus control scheme was considered in [13]. With regard
to uncertain fractional-order interconnected systems with unknown control directions, the
fuzzy adaptive control approach was designed in [14]. In addition to the above results,
there have also been massive and preeminent results in FNS fields (see [15-20]).

The nonlinear systems with PORP are also named as high-order nonlinear systems
(HNSs). Because HNSs have uncontrollable linearization around the origin [21], in the
design process of the controller a certain obstacle exists. Lin et al. presented a method called
the adding a power integrator (API) which can deal with this difficulty effectively [22].
In addition, because of the strong approximation abilities of fuzzy logic systems (FLSs)
and RBF NNs (such as [23-26]), the scholars used FLSs or RBF NNs as approximators
to estimate the unknown nonlinearities compared to traditional control methods (such
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as [27-29]). Furthermore, a series of fruitful research was reported based on APIs and
FLSs or RBF NNs. In terms of high-order multiagent nonlinear systems [30], the authors
developed an adaptive output-feedback consensus tracking control scheme according to
the state-observer method. For stochastic HNSs [31], Jiang et al. discussed the finite-time
stabilization problem about high-order nonlinear systems with finite-time input-to-state
stability inverse dynamics in 2019. In [32], although HNSs had input quantization, the
adaptive neural tracking controller was still proposed. The authors considered fuzzy
finite-time control theory for HNSs by the adaptive method in [33].

If actuator stoppage occurs in the practical situation, it may lead to performance
deterioration and instability of the system, as described in [34]. For this reason, a lot of
FTC schemes were designed and obtained numerous achievements. Tang et al. considered
nonlinear multiple-input and multiple-output systems with an aircraft control application
and designed an adaptive actuator failure compensation method in [35]. In [36], the authors
studied the actuator failure compensation control of nonlinear systems with guaranteed
transient performance in 2010. In terms of near-space vehicle attitude dynamics with
actuator faults, Shen et al. investigated a fuzzy adaptive FTC issue in [37]. There are more
interesting results on FTCs that are reported (see [38—41]). In addition, an FTC also yields a
lot of results on an FNS. In [42], the fault-tolerant control methodology has been designed
for FNSs. For the nonlinear interconnected FNS [43], Li et al. proposed an adaptive neural
network scheme to deal with an FNS with intermittent actuator faults. In [44], the authors
presented a series of fractional-order control approaches for a class of general nonlinear
systems. The authors developed a new fractional-order adaptive control scheme based on
a sliding mode configuration [45].

Despite the FTC mentioned earlier, there are problems that still need to be solved.
Motivated by the above statements, in this paper, the adaptive tracking FTC problem
for an FNS with PORP is considered. By combining RBF NNs and adaptive technology,
an adaptive neural FTC controller is proposed, which can ensure all signals of the FNS
with PORP are bounded, and the output signal can track the reference signal. The main
contributions are outlined as follows:

(1) In this paper, the tracking control issue of the FNS with PORP is considered for the
first time. In addition, the controlled system considers the condition of an actuator fault,
which can be more suitable in practice.

(2) The proposed controller can not only guarantee that all signals of the FNS with
PORP are bounded but also that the error of the FNS with PORP is near the origin. The
ideology of the proposed control can also extend to a class of more general strict-feedback
nonlinear systems.

The remaining part of the article can be outlined as follows. The preliminaries and
problem formulation are given in Section 2. The design process of the proposed controller
is introduced in Section 3. Section 4 provides the simulation results. The conclusions are
drawn in Section 5.

2. Problem Formulation and Preliminaries
Consider the following FNS with PORP as follows:

Dﬁxi = xiil + fi(x),i=1,2,...,n—1
DPxy = u+ fu(%n)

¥y =X,
where the fractional order 8 € (0,1), £, = [x1,...,x,]T € R" is the state vector with
% = [x1,...,x]T € Rland y € Risoutput. f;(-), (i = 1,...,n) is unknown nonlinear

function and u denotes the system input.
The system (1) is considered to occur the actuator fault:

u'(t) = gu+z(t) ey
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where z(t) represents a bounded function and 0 < ¢* < ¢ < 1 indicates the remaining
control rate and ¢* is a constant. When u?(t) = u + z(t), this indicates bias fault, and when
u(t) = ¢u, this means gain fault. In addition, suppose that the actuator fault occurs at
time instant £,,.

The control objective is to construct an adaptive FTC controller for FNS with PORP,
such that:

(1) All the signals in the FNS with PORP are proven to be bounded.
(2) The tracking error can be able to tend to a small neighborhood near the origin.

Assumption 1 ([46]). The sign of ¢ is known.

Assumption 2 ([47]). The given reference signal y, is continuous and bounded; it also has nth
order derivative.

Definition 1 ([48]). There is a function f : [ty, +00) — R that is abundant and smooth. Then,
the Caputo fractional-order derivative with order B of f can be shown

1 t () (,
DPf(t) = Yo =B /C i f l)ﬁ()y+1dl @)

where p —1 < B < u, y € N. In addition, Y(B) = fooo yP=leYdy is the Gamma function
meeting Y(1) = 1. When Bisin (0,1), u = 1.

Remark 1. In order for legibility, the fractional derivative of order B with the lower terminal at 0 is
written as DP that can take the place of on .

According to the Laplace transform, (2) can be transformed as

-1
L{DPS(1)} = F(s) ”20 $-i=1£0)(0)
= sPF(s) —sP71£(0) €)

where F(s) denotes the Laplace transform of f(t). In our paper, p € (0,1) is only consid-
ered.

Definition 2 ([48]). The Mittag-Leffler function with two parameters can be shown

¢
Fop = ;O Y(ig +b) @

where ¢ and b denote positive parameters, ¢ represents a complex number, and Eq 1 (¢) = e?.

Based on the Laplace transform, (4) can be shown below

gQ~b

L{P T Epp(—ct?)} = 50 +c'(r(5) > [c| ™) ®)

where c is a real number and r(s) is the real part of s.
The following two lemmas are proper for Mittag-Leffler function (4) and can be
revealed as below:
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Lemma 1 ([48]). For all the number B € R and the given number q € R, there exists a real number
0 (0 € (0,2)), such that (6) holds with © > 0 and q < |arg(¢)| < 7.

0
1+ ||

Eop < (6)

Lemma 2 ([7]). Think about the FNS: DPy(t) = 1(t,y(t)), I(-) meets Lipschitz condition and
y = 0 is an equilibrium point. Suppose some class—K functions g (||y(t)]|)(m = 1,2,3)
and V(6 (1)), which meet g ([y(t)) < V < g2(ly(B)) and DPV < ga(lly(b)]]), then
DPy(t) = I(t,y(t)) is convergent and eventually stable, where V (t,y(t)) is a function and
g€ (0,1).

Lemma 3 ([8]). Let g(t) € R" be a differentiable vector. For any time instant t

1

SDP(8T(HPg(t)) < g"(1)PDPg(t),¥p € (0,1],£ > 0 @
where P € R™" is a positive definite constant matrix.

Lemma 4 ([49]). It is supposed that the differentiable function V(t) satisfying V(0) is non-
negative. If V (t) can satisfy DPV (t) < —xV(t) +d,, V(t) < ¢(V(0) + %), where x > 0,¢ >0
and d, > 0 are parameters.

Lemma 5 ([50]). With regard to any real-valued function v, { and any positive odd integer & > 1,
then [vé — 78| < ¢lv — (v 1 4+ 257 1).

The RBF NN is utilized to shape the unknown nonlinear function f(P) : R7 — R,
which is described as
fun(P) = WTT(P) ®)

where P € Qp C R7 denotes the input vector and W = [wy,...,wj]T € R! represents
weight vector with the RBF NN node number [ > 1. ¥(P) = [s1(P),...,s;(P)]T € R. 5;(P)
is chosen as commonly used Gaussian function:

_(PopT (P
si(Py=e % ,(1<i<I ©)
where the center of the receptive domain is denoted by v; = [v, ..., vl-q] Tand 1; represents

the width of the Gaussian function.
From [51], if ] is selected sufficiently large, WT'¥(Y) can approximate any continuous
function f(P) to any desired accuracy over a compact set Qp C R7 to arbitrary accuracy in

f(P) = WT¥(P) +«(P),YP € Qp C RY (10)
The W* in (10) is the optimal weight vector that can be shown as

W* = arg min { sup |f(P) — WI'¥(P)|} (11)
WeR! PeQp

where the approximation error can be shown as «(P) and it can satisfy «(P) < @ for any
given constant @ > 0.

3. Design of Controller
The coordinate transformations are given below

&1 = X1 = Yr,
oci:xi—/\i_l,izz,...,n
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where A; is the virtual control law.
Step 1. It is easy to obtain

DPay = DPxy — DPy, = x5! + fi(%1) — DPy, (12)
A Lyapunov function can be defined as follows

_ 1, 15

where 7 = 01 — 07, p1 is a positive constant. With the help of Lemma 3, then
B B, — L& Do
DPVy < a1DPaq — ;UlD 0
1
- 1. .
= a1 (25" + f1(%1) — DPyy) — EfﬁDﬁ‘Tl

1 N
= a1 (x5 = A8 + A8 + fi(71) — DPy,) — a(rlDﬁal (14)

Let us define f1(%1) = f1(%1) — DPy, + % + (ﬁ% Due to the existence of unknown
nonlinear function f; (%), we can use RBF NNs to approximate f; (%), one has f;(%;) =
W{¥1(%1) +x1, 11| < @1 and @ is a constant.

Based on Young's inequality, we can obtain

N

2 "2 "2 (15)

a1 f1(%) < b2

where 01 = ||Wy||?, by > 0is a design constant.
Then, we can rewrite DPV; as

1
DPV, < oq(xgl — Afl + /\%‘1 2b2 a0 ¥TY)
1 ¥oowr 2ad
_ Bg 1 k17
pl(le O+ 5+ 5 =T (16)

In addition, with the help of Lemma 5, then
ar (x5 — A§) < Elan ] (x5 + AT

C“ 1 -1
< 121+2 (a5 A2 (17)

From (17), DPV; can be written as

1
tX]O’llfl Tl)

DAV <m(Mf! £ 5

P1 T Bx
— YTy D
+p1 71(55 202 a7ty ¥ — DPor)

b2

@? _
2t 21+§ 35T AT (18)



Fractal Fract. 2022, 6, 622 6 of 16

We design the virtual control law A; and the adaptive law DF#; as follows

1 L
AM=—(a1 + 0(10'1“1’1 Tl)g
2b1

DBoy = %o&‘lf{‘{q — 00y (19)
1

where c; is a positive design constant.
Furthermore, inequality (18) can be written as

2

DBV, < —cia + bz + (Zl + g—“m
a3 ARy 0)
Step 2. DPa;, can be shown as
DPay = DPxy — DPAy = 532 + fo(%2) — DPAy (21)
The designed Lyapunov function as
Vy = %tx% + 21p2 2+ (22)

where 0> = 0y — 02, p» > 0 is a constant.
Similar to (14), then

1
DPV,y < apDPay — ;&ZD% +DPVy
2

_062(353 +f2(x2) Dﬁ)\l_i_ 0‘2( 51 1+A§1_1)2)

—laDﬁU—Ctx +b%+ %—1—0—1(70'
22 2+ 2 "o 101
= a2(x = AT+ AT + fo(%))

2 2.2 2
o ¢hu 1 b
2 n Pty

0
+— + —0101 (23)
P1

Let us define f>(%,) = fo(%2) — DPA; + % + 62“2 +1/2a5(x5 -1 A({Tl*l)z. By using
RBF NN to approximate f»(%,), then fz(xz) W2 I¥) (%) + K2, [k2| < @7 and @5 is a
constant. With the support of Young’s inequality, then

2 2

by @3

2 "2 "2 (24)

2f2(%) < b2

where 0 = ||W;]|2, b, > 0 is a design constant.
The same as (17), with the help of Lemma 5, then

w2 (6§ — A5?) < ol s (257 + A)

_38 1.

621 G142
<=3 5% (x5 + A5 (25)

Next, the virtual control law A, and the adaptive law DP@, can be designed
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1 1
/\2 (Clez + 0620’2‘1"2 ‘Pz) (26)
212
DBoy — 2%2%05‘1’{ ¥,y — 0007 27)

where c; > 0is a design parameter.
By substituting (26) and (27) into (23), we can obtain

2 2b2 Z(DZ
DﬁVzS—ZCM%—!—Zih%—Z?h
- h=1
Lo @1, 6132
—= Az? 2
—i—;phahah—i-za 3(x3 T H AP (28)

Stepi (3 <i < n—1). The Lyapunov function is designed as follows

1 1
Ea? + =07+ Vi (29)

v = o

where 0; = 0; — 0;, p; > 0 is a constant.
It is obvious to obtain

1
DPV; < a;DPu; — p—(riDﬁ‘al- +DPV;_,4
i

“i(xi1 + fi(%;) — DPA;_q)

1
~—0:DPo; + DPViy
i

= ;(x z§5r1 )‘éz +/\€' + fi(%;) — DPA;q)

L 5.0fo; + DV, (30)

i

L F(w) — £ — DB o, G ybi-171 Gi-1—1y2
Define f;(%) = fi(%;) — DPAi_1 + % + 55 + Loy (] + A )% The same as
step 1, by using RBF NN to approximate f;(%;), then fl( %) = WIY (%) +x;, x| < @,
where @; is a constant. According to Young’s inequality, then

i fi(%) < B 2091y, +

bz i (31)

where 0; = ||W;||2, b; > 01is a design constant.
Next, we start to deal with «; (xl.g_"H - )Liéi) with the support of Lemma 5, then

(x5 =A%) < Gl o (x5 ASTh
2.2

0 1 2 i—1 i—1\2
< P e (EL AT (32)

On the basis of (31) and (32), we obtain
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1
D‘BVZ < uci()xf’ + 2?0(1‘0'1"1’(?‘1}1')

1
+Pi0( ‘Zz 2¥TY, — DPe;) + DBV,

@ 1, (i1 yGim1y2
+— 2 +2al+1( i+1 +/\i ) (33)

2
N
2

We can design the virtual control law A; and the adaptive law DF;, one has

1
A = —(cia; + 20c YT, (34)

2b;

DFg; = ’ZZ ETY; (35)

where ¢; > 0 is a design constant.
Substituting (34) and (35) into (33), we can obtain

i ) i b% i (D}Zz
Dﬁwg—Zchah+’;5+£7
i

Op ~ 1 -1 -1
Z* W0h + 5 (AT (36)

'b

Step n. We ultimately design actual control law u and the adaptive laws Df6;, and
DF% in this position as

=
I

Oil,

_— 1, 5 T

= —Cplty — Wocnan‘fn‘Pn —z(1),
n

DPGyy = e ¥ ¥ — 0n0,

DP9 = —sign(¢@)iin, — 0.0

(37)

=

Wherev:%,’5207@,5}1:o-n*a'nandr}/>0,pn>O,Cn>0,bn>0,0n >0a1’1d0c>0

are constants. It is noted that gu = i — ¢7il.
Next, the following Lyapunov function candidate is chosen
1 52 9l 7>

Vi= a2+ — v,
: 2““+2pn”+27 + Via (38)

Using Lemma 3, it is not difficult to obtain
DPv, < an(Qu+z(t) + fu(%n) — Dﬁ)\n_1)
1
——5,DPo, + DPV,,_1 — |f’;|z7Dﬁz7 (39)

On

The same as the previous steps, we define f,(%,) = fu(%;) — DPA,_1 + % + ‘:%2“ £+
zlxn(xg” O Ai"j 11_1)2. By employing RBF NN to approximate f,(%,), then f,,(%,) =
WY, (%) + Kk, |kn| < @, where @, is a constant. Next, we define that ¢;, = ||W,||> and
utilize Young’s inequality, then

1 b2 zx2 a)z
5 X Un‘{’T‘I’n—i———i-f—l-f (40)

<
n fu(Tn) 202 2 "2 "2

We can substitute (37) into (39), and one has
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DPV, < an (1 + 2(£) + — 0, ¥T,,)
- 2b2
+p ( plfz 2¥1¥, — DP,) + DPV, 4
—f;f'ﬁ(Dﬁz? + ysign(¢)iay,)
on 9l
E chivs + Z UhUh Y il
@2
+ Z 3’“ - Z - (41)
h=1 h=1
Because the definitions of &, (h = 1, . .., n) and 9, we can obtain the following inequalities:
i O]’lﬁ, P < i O]’l 5_2+ i Oh 0.2 (42)
e, < -y Zh
n—1 Ph h=1 <Ph h h=1 zph h
19l 55 < o 1912, 0] 2
56 < — 43
y CUS Ty T 0y *)

From the above inequalities (42) and (43), we can derive the following inequality

n n
2 On -2 ol
D'BVn < _hglChlxh Z zp 5 U —O0c 2()/0 +d0 (44)

wh

here d. — Y b n op 2 lol.2

where do = Y,y 3 + Ly 2' + Lhm1 25,7 T 0c 550

Theorem 1. Design the actual law u, the virtual control laws Ay, (h = 1,2,...,n — 1), and the
adaptive laws DPoy, (h = 1,2,...,n) and DP9 for the FNS with PORP (1) with Assumption 1,
then we have the following properties:

(1)  All signals of the FNS with PORP are bounded.
(2)  The FNS with PORP output signal can track the reference signal.

Proof. We define xy = min{2}Y_; c;, Y)'_; 0, 0c }, then we can obtain
DﬁVn < —xVi+do (45)

According to Lemma 4, we have V,,(t) < ¢(V(0) + ‘jc—”), where ¢ > 0 is a parameter. It is
not difficult to get that ay,...,ay, &1,...,0, and 7 are bounded. Based on 63, = 05, — 0y,
and ¥ = v — @, we can obtain the boundedness of ¢ and ¢, (h = 1,2,...,n). Obviously,
the virtual law A is bounded due to the boundedness of x; and &7. In addition, the
boundedness of x; can be confirmed because of x; = a3 + A1. Repeating the above analysis
process, we can have that Ap,...,A,_; and x3, ..., x, are bounded. Then, we can say that
all signals of the FNS with PORP are bounded. O

4. Simulation Example
Case 1: Consider a second-order FNS with PORP in this part

DPxy = x5 + f1(x1),
Dﬂxz = M—I—fz(xZ)
y=x1,

where f1(%1) = sin(xq), f2(%2) = —x1 — xp and §; = 3. The actuator fault can be expressed:
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4= ut <ty
o puz(h),t >ty

where z(t) = 0.01sin(t), f, = 5s.

The reference signal y, = sin(t) + cos(0.5¢ ) The initial conditions are selected for
case 1 as follows: [x1(0), x2(0), o1 (0 ),[72(0 5(0 )] =10,0,0,0,0]T. The RBF NN contain 11
nodes ([} = I, = 11). ®;(P;) = [s;1(P;),s2(P;), .. si7.(P, )]T € Rli(i = 1,2) where sij(P;) =
exp — w (i=1,2,j=1,2,...,I;). Inaddition, v;; spaced in [-5,5] x [~5,5] and

771
vyj spaced in [—5,5] x [-5,5] x [—5,5] [—5,5]. The widths are #; = /2 for all.

The control goal of this paper is to design an adaptive neural FTC scheme which can
ensure that the output signal y of the FNS with PORP can track the expected signal y;.
Given the virtual control law:

1
M =—(c101 + b2 0610'111;1 Yq)é (46)

The actual control u is defined as:
u="9(—coay — 0620’2‘1”2 Y, — Z(t)) (47)

b2
In addition, the adaptive laws DBy, (h = 1,2) and DP9 can be selected as

D‘Bﬁ'l = Ll DCZTT‘IH — 015’1,
11

b2
D‘BUZ = b2 ‘Yg‘frz 02[72,
DFo = —sign(¢)iay — ocd (48)

The above design parameters can be selected as follows: ¢; =50,cp =10,p1 =p2 =1,
by =by=1,00 =0, =10,0, =5,and ¢y = 5.

The simulation results can be exhibited in the Figures 1-5. It is shown that the FINS
with PORP output signal y follows the desired signal y,, and the tracking error is near the
origin in Figure 1. Figure 2 shows the curves ¢7 and 0 for the FNS with PORP. Figure 3
can exhibit the curve of 9. In Figure 4, the designed control input u is stable and bounded.
Figure 5 shows the state x; is bounded.

-15 . . . .
0 5 10 15 20 25

Time(Sec)

Figure 1. The output signal y and the desired signal y,, and the tracking error «; (Case 1).
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Time(Sec)
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0 5 10 15 20 25
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Figure 2. The curves of 07 and &, (Case 1).

7

5 10 15 20 25

Time(Sec)

Figure 3. The curve of 9 (Case 1).

160
140 |
120 b
100 f
80 |
60|
40"

20

-y A
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Figure 4. The control input u® (Case 1).
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Time(Sec)

Figure 5. The system state x; (Case 1).

Case 2: Consider the following FNS with PORP in this part

Dﬁxl = xgl +f1(f1),
DPxy = u+ fo(%),
y=x,

where f1(%1) = cos(x1), f(%2) = sin(x7) + x and ¢; = 3. The desired signal y, = sin(t).
We take the same actuator fault, RBF NN, the virtual control law A4, the actual control u,
and the adaptive laws (DPo,, DP6ry, DP9) as Case 1. The initial conditions are selected for
Case 2 as follows: [x1(0), x2(0),81(0),82(0),5(0)]T = [0,0,0,0,0]T. However, the selection
of parameters is different from Case 1. They are shown as: ¢y = ¢, =20, p1 = p2 =5,
by = by =2,00 =0y =2,0 =5, and v = 5. The simulation results are presented
in Figures 6-10. The curve of output signal y and the desired signal y, and the curve of
tracking error are shown in Figure 6. Figures 7 and 8 show the curves &y, &2, and 9. In
Figures 9 and 10, the designed control input u and the state x, are stable and bounded.
According to the above two examples, we can clearly verify the effectiveness of the designed
method.

-0.05 . . . .
0 5 10 15 20 25

Time(Sec)

Figure 6. The output signal y and the desired signal y,, and the tracking error «; (Case 2).
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Figure 7. The curves of &7 and 6, (Case 2).
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Figure 8. The curve of 9 (Case 2).
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Figure 9. The control input u* (Case 2).
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Figure 10. The system state x, (Case 2).

5. Conclusions

In this paper, an adaptive neural FTC method was developed for the FNS with PORP.
In particular, the FNSs subject to high-order terms are studied for the first time. The
unknown functions of the systems have been approximated by RBF NNs. Under the frame
of an adaptive approach and backstepping technology, the proposed controllers can ensure
that all signals of an FNS with PORP are semi-global bounded and the tracking error is
near the origin. The simulation example verifies the rationality of the developed control
scheme.
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