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Abstract: In this paper, the adaptive finite-time control problem for fractional-order systems with un-
certainties and unknown dead-zone fault was studied by combining a fractional-order command filter,
radial basis function neural network, and Nussbaum gain function technique. First, the fractional-
order command filter-based backstepping control method is applied to avoid the computational
complexity problem existing in the conventional recursive procedure, where the fractional-order
command filter is introduced to obtain the filter signals and their fractional-order derivatives. Second,
the radial basis function neural network is used to handle the uncertain nonlinear functions in the
recursive design step. Third, the Nussbaum gain function technique is considered to handle the
unknown control gain caused by the unknown dead-zone fault. Moreover, by introducing the com-
pensating signal into the control law design, the virtual control law, adaptive laws, and the adaptive
neural network finite-time control law are constructed to ensure that all signals associated with the
closed-loop system are bounded in finite time and that the tracking error can converge to a small
neighborhood of origin in finite time. Finally, the validity of the proposed control law is confirmed by
providing simulation cases.

Keywords: uncertain fractional-order systems; finite-time control; unknown dead-zone fault; neural
network; command filter

1. Introduction

Over the past several decades, control problems of uncertain nonlinear systems [1], non-
smooth nonlinear systems [2], strict-/nonstrict-feedback systems [3,4], and pure-feedback
systems [5] have been widely studied, and to achieve the specified control objectives, vari-
ous control laws have been constructed by scholars. It should be pointed out that the order
of the above-mentioned systems is integer order, namely, the so-called integer-order sys-
tems. In fact, some systems, such as hyper-chaotic economic systems and heat conduction
and viscoelastic structures [6,7], cannot be modeled by integer-order systems. Therefore, as
the extension of integer-order systems, the control problems of fractional-order systems
have been developed by many scholars. Currently, whether it is the solution problem of
fractional calculus or the control problem, the research results of fractional calculus can be
found in many literatures [8-12].

Because fractional-order systems break through the limitation of integer-order systems,
they can better describe the historical information of control objects [13,14], which have
attracted more and more attention in recent years [15-17]. An adaptive control law based
on neural network was presented in [15], which guarantees that the tracking error of the
switched fractional-order nonlinear systems can converge to a small neighborhood of
the origin under arbitrary switching. In [16], an £ adaptive control law for the control
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problem of fractional-order systems with matched uncertainties and external disturbances
was solved. The authors of [17] addressed an adaptive sliding mode observer for a class of
Takagi-Sugeno fuzzy descriptor fractional-order systems, in which the assumption that
the local input matrices are identical was eliminated by applying a fuzzy sliding surface.
In addition, some excellent control strategies, such as the adaptive backstepping control
law [18,19], the adaptive event-triggered control law [20], the observer-based adaptive
fuzzy control law [21], the active disturbance rejection control-based backstepping control
law [22], and their references have also been studied and applied.

It should be emphasized that the occurrence of actuator faults can sometimes not
be predicted in advance. How to solve the control problems of fractional-order sys-
tems with unknown actuator faults is a problem worth studying. Moreover, for the
actual control needs, it is usually hoped that the given systems can achieve the desired
control in finite time. However, these problems have not been deeply studied in the
above-mentioned literature.

Actuator faults are inevitable in most engineering problems. If these faults are not
handled in time, these cases may lead to the weakening of the system’s performance or
even the complete failure of the control system. Therefore, it is important and necessary to
study the control problems of fault systems (see [3,5,23-25], for example). The same is true
for fractional-order systems. Recently, many interesting results have been gained for control
schemes for fractional-order systems. In [26,27], adaptive fault-tolerant control laws with
fuzzy logic systems were designed to solve the control problems of fractional-order systems,
where the actuator faults involve partial failures, the loss of control effectiveness, and stuck
faults. Considering the existence of saturation fault, the adaptive neural network constraint
control law for fractional-order nonstrict-feedback systems was addressed in [28]. In [29],
a stabilization criterion with linear matrix inequalities was proposed. This guarantees
the robust stability of a class of variable-order fractional interval systems. Based on the
designed neural network decentralized state observer and decentralized control law, the
authors of [30] investigated the output—feedback control problem for fractional-order
nonstrict-feedback large-scale systems with unknown dead-zone faults. Also, it should
be pointed out that the problem of unknown control direction may be triggered when the
system appears as an unknown failure. Since the sign of the control direction is unknown,
this will bring great difficulties to the design of control laws of the systems. To solve
the control problem of unknown control direction, the Nussbaum gain function control
technique was proposed [31], and many related results have been proposed by scholars to
solve the control problems of the systems with unknown control directions [32-35].

It should be noted that the solution to the above control problems is achieved in
infinite time. However, some practical engineering applications, such as the chemical
reaction process and spacecraft attitude control, need to achieve stability within finite time.
Compared with the infinite time control strategy, the finite-time control strategy has a faster
convergence rate and better robustness against uncertainty [36-38]. Correspondingly, some
interesting results on the finite-time control of fractional-order systems were developed
in [39-41]. Based on the backstepping control technique, a fractional finite-time adaptive
fuzzy sliding control scheme for uncertain fractional order systems with uncertainties
and external disturbances was designed in [39]. This ensures that the closed-loop system
reaches the desired sliding mode surface in finite time. Different from [39], an adaptive
finite-time control law with a fractional-order command filter was presented in [40], which
can eliminate the computational complexity problem in the traditional backstepping design
and the tracking error can be guaranteed to converge in a finite time. In [41], the finite-time
event-triggered control problem for fractional-order systems was studied, and a finite-
time control law combined with the event-triggered mechanism and the neural network
was proposed.

Moreover, the control problems of fractional-order systems with unknown actuator
fault can be found in some papers without further discussion of the finite time control
problems [26,27,30]. Although a few studies have investigated the finite-time control prob-
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lems of fractional-order systems [39-41], they did not consider the existence of unknown
dead-zone fault. Inspired by the above discussion, the objective of this paper is to address
the finite-time control for fractional-order systems with unknown dead-zone fault and
uncertain dynamics. Based on the application of the fractional-order command filter, the
radial basis function neural network, and the Nussbaum gain function technique, an adap-
tive neural network finite-time control law was developed. The main contributions of this
paper are as follows:

(1) A class of uncertain fractional-order systems with unknown dead-zone fault is
investigated. Compared with [30,39,40], the model considered in this paper is more general.

(2) A fractional-order command filter is introduced to obtain the filter signals and their
fractional-order derivatives, which avoids the computational complexity problem existing
in the conventional backstepping recursive procedure.

(3) To deal with uncertain nonlinear functions in the step of recursive design and
unknown control gain caused by the unknown dead-zone fault, the radial basis function
(RBF) neural network and Nussbaum gain function technique are applied in this paper.
Then, the virtual control laws, adaptive laws and finial adaptive neural network finite-time
control law are designed.

(4) By using the designed adaptive neural network finite-time control law, it can be
guaranteed that all signals associated with the closed-loop system are bounded in finite
time, and the tracking error converges to a small neighborhood of origin in finite time.

The rest of this paper consists of the following sections. The problem formulation and
preliminaries are given in Section 2. In Section 3, the main design processes of the control
law are provided, and the stability analysis is also shown in this section. In what follows,
we give the simulation results and brief conclusions in Sections 4 and 5, respectively.

Notations: Throughout this paper, R, C, and N represent, respectively, the sets of real
numbers, complex numbers, and integers; R" represents the set of n— dimensional real
vectors; | - | stands for the absolute value of a constant; ||- | is the induction norm of a matrix
or the Euclidean norm of a vector; CT stands for the transpose of matrix C or vector C; and
min(X) or max(X) represent the minimum value or maximum value of X.

2. Problem Formulation and Preliminaries

This section will introduce the problem formulation for uncertain fractional-order
systems, and some preliminaries, such as the fractional calculation, Nussbaum gain function
technique, and some lemmas are given for the subsequent analysis.

2.1. Problem Formulation

Consider the uncertain fractional-order systems with unknown dead-zone fault, which
is described as o 3 3 ——
Dha = g1(©)x+ AF) + 1) ¢1(%)
Dixa = g2(X)x3 + f2(%) + 1, 92(%)

3 ¥
CD?xn—l = 8n-1 (f)xn + fn—l(y) + 75_1¢n—1 (f)
CDixn = gn(@)uf (1) + fu(X) + 15 9n (%)
y=x

where « is the fractional order; ¥ = [xq,--- ,xn]T € R", uF(t) € R,and y € R are the
state vector, the control input, and the output of system, respectively; g;(¥) and f;(¥),
i =1,---,n, represent the known nonzero smooth functions and uncertain nonlinear
functions, respectively; v; and ¢;(¥), fori = 1,---,n, stand for the unknown constant
vectors and known nonlinear function vectors, respectively. For convenience, the functions
gi(%), fi(¥) and ¢;(¥) are denoted by g;, f;, and @;, respectively.
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In this paper, the control input u (#) is subjected to the dead-zone fault, where “F” is
the first letter of “Fault”. Based on [42], uf (t) is given as

kg(u(t) —by), u(t) > b,
uF(Hy =24 0, —by <u(t) < b 2)
ka(u(t) +by), u(t) < b

where k; > 0 represents an unknown bounded constant and is defined as the slope of the
dead zone; by > 0 is the left breakpoint of dead-zone, and b, > 0 is the right breakpoint of
the dead zone.

By applying the mean value theorem, the control input (2) can be rewritten as

ul (1) = kqu(t) + ¢ (t) ®)

and there exists |uf (t)| < |u(t)| < U, where U represents the maximum value allowed by
the system; ¢(t) is a bounded function that satisfies [¢(t)| < ¢, and ¢(t) is shown as

Ckgby,  u(t) > b,
P(t) = { —kqu(t), —b; <u(t) < b, 4)
kab,  u(t) < b

For the system (1), the control goal of this paper is to construct an adaptive neural
network finite-time control law u(t) such that all signals of the closed-loop system are
bounded in finite time, and the system output y = x1 can track the reference signal y; in
finite time.

To achieve the desired control objective, some assumptions are provided as follows.

Assumption 1. The reference signal y, and its fractional-order derivative ©D¥y, are smooth
and bounded.

Assumption 2. The smooth functions g;, i = 1,--- ,n are bounded and the signs are identical;
namely, there exist positive constants g; min and gi max Such that gj min < [gi| < i max-

Remark 1. Assumptions 1 and 2 are common in the control law design of fractional-order systems
and can be found in most existing results [18,20,28]. Assumption 2 implies that the time-varying
control gains g; are either strictly positive or strictly negative with the same sign. Moreover, the
purpose of introducing positive constants g; min and g; max is to analyze the boundlessness of all
signals and the stability of the system.

2.2. Fractional Calculation

Definition 1 ([43]). The ath Caputo derivative of a smooth function f(t) is described as

DY) = g fo (T D) ®

q—a)

where ©“D* denotes the Caputo fractional operator with g —1 < a < q for ¢ € N; T(-) is the
Gamma function, which is given as T'(q) = f0+°° s le~sds.

For the Caputo fractional operator, the following properties hold.
DAL =0 (6)

CDF (Axi(t) + Aoxa () = A “Dfx1 (1) + A Diixa(t) )

where A1 and A, are constants; x1(#) and x; () are smooth nonlinear functions.
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Remark 2. In the following analysis, only the case of 0 < a < 1 is considered. In addition, the
notation “D* for the Caputo operator is replaced by D*.

Definition 2 ([43]). The two-parameter Mittag—Leffler function is

k

_y X
Eal,ﬂz(X) - k;(] F(a1k+a2) (8)

where ay > 0, ay > 0, and x € C. In particular, E11(x) = eX. The Laplace transform of (8) is

S”l —az

£<tﬂ271Eu1,uz(_btu] )) = m,

beR )

Lemma 1 ([43]). There exist a1 € (0,2) and ap € R such that if 7wa1/2 < a3 < min{r, ta,} is
satisfied, then

d
<
Eal,az(X)‘— 1_HX| (10)
where d > 0, asz <|arg(x)|< 7, and |x|> 0.
Lemma 2 ([44]). Let h(t) be a smooth function, then
1 a(1,T T o
2D (W (Oh(1)) < BT (1)DER(?) (a1)

Lemma 3 ([45]). If the ath fractional derivative of a smooth function V(t) : [0,00) — R satisfies
DiV(t) < —agV(t) +ag (12)
where 0 < o < 1, a9 > 0and ag > 0, then one can obtain

v(t) < 2 (13)
as

where ¢ = max{1,d}, and d is defined as shown in Lemma 1.

Lemma 4 ([46]). Consider the fractional-order system Dix(t) = f(x(t)), 0 < a < 1 and
x(t) € R". If there exist continuous and positive-definite function V (x(t)), K— functions ¢ and
ca, and constants by > 0, by > 0,0 < B < 1 with B being a constant to be designed, satisfying

cr(flx()) < V(x(t) < ea([lx()]])

14
DEV(x(t)) < —b1V(x(t)F + by (19
and ||x(t)|| < X* holds with X* being a sufficient small positive constant, and there exists
b 1
V(x(t)) < 2] S t>T 15
) < [ ' (15)

where p € (0,1), Ty is the finite setting time, which satisfies

v [W - (bm)ﬁ] | [mﬁ)r(“ ELCRE)

where Vo = V(x(0)).
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2.3. Nussbaum-Type Gain Function

Definition 3 ([47]). A function N (s) is defined as a Nussbaum-type gain function if the following
properties satisfy
Slgrglosup%fg N (s)ds = +o0

liminf} [§ A (s)ds = —oco (17)

Lemma 5 ([9,48]). Let V(t) and «;(t), fori = 1,--- ,n, be smooth functions defined on [0, to)
with V(t) > 0 for Vt € [0, to). N (x;) is a special Nussbaum-type gain function, if the following
inequality holds:

DEV(H) <~V + Y. (E(ON (k) + D + Gy a8)
i=1

where @ > 0 and C; > 0 are constants, and ;(t) stands for a bounded smooth function
that has gi,min < ‘gl(t)‘ < gi,max with gi,min > 0 and gi,max > 0. Then Ki(t)/ V(t)/ and

"1 (Ei(HN (ki) + 1)k; will be bounded on [0,ty) fori =1,--- ,n. Particularly, for i = 1, the
boundedness of (E(£)N (k) + 1)k (t)can be maintained.

To facilitate the analysis of finite time problems, the following lemmas are provided.

Lemma 6 ([30]). For any continuous function F(x) over a compact set Q) € R", there exists an
RBF neural network (W*)T @ (x) such that

F(x) = (W) ®(x) +¢(x), Vx € O (19)

where W* € R! is the optimal weight vector, | > 1 is the neural network node number, &(x) is
the approximation error and there exists |e(x)| < &, and ®(x) = [@1(x),-- , ¢;(x)]" € R!
represents a Gaussian-like basis function vector with

. T X —L;
pilx) = exp (—W) 0)

where t; = [11, - -, tin]T and h are the center of the basis function and the width of the Gaussian
function, respectively.

Lemma 7 ([48]). A fractional-order second-order command filter with ¢;1(0) = v;(0) and
;i2(0) = 0 as its initial conditions is given as

Dipig = wipin 1)
Dihin = —2Twihin — w(Pig — vi_1)

wherei = 2,--- ,n,v;_q, and ;  are the input and output of the fractional-order command filter,
respectively. Then for any R; > 0, there exist w > 0and 0 < T < 1 such that [ip;; — v;_1| < &,
in finite time.

Lemma 8 ([40]). For any real variables x and y, and any positive constants 01, 02, and o3, the
following inequality holds:
02

01 01+o - orto
03]x|1 7% + 03 °2|y|"17%2 22
ol 2y ) 22)

x| y[* <
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Lemma 9 ([38]). Foray € R, k=1,--- ,nand 0 < p < 1, the following relationship holds:
n P n n p
Yolael | < Y olal” <t TP Y (23)
k=1 k=1 k=1

Lemma 10 ([19]). Let b € R and ¢ > 0; for the hyperbolic tangent function tanh, there exists
0 < |b| — btanh(b/®) < 0.27859.

3. Control Law Design Process and Stability Analysis

For this section, the adaptive neural network finite-time control law for uncertain
fractional-order systems with unknown dead-zone fault (1) is proposed. This can not only
ensure that all signals of the closed-loop system are bounded in finite time, but it also
makes the output of the system track the reference signal in finite time.

3.1. Adaptive Neural Network Finite-Time Control Law Design
We define the following coordinate transformation:

e =xi—Yig i=1---,n (24)

where y1 4 = vy, yiq fori =2,--- ,n,and y; 4 = ¥; is the output of the fractional-order
second-order command filter (see Lemma 7) with the virtual control law v;_; as the input.
The compensated tracking error z; is defined as

zi=e—s;,i=1,---,n (25)

where s; is the compensating signal to be designed.
Step 1 (i = 1): Considering (1), (24), and (25), the ath fractional-order derivative of
Z1 is
Df‘zl = Df‘el — D?S]
= Df‘xl — D‘txyd — D?Sl (26)
= g1e2+ 81(Y2a — v1) + g101 + fi + v @1 — Dfya — Disy
According to Lemma 6, an RBF neural network is introduced to approximate the unknown
nonlinear function f;. Then we have

fi=(Wi) @1 +ey, fer] <¢f (27)
Design the compensating signal s; as
Dis1 = —A1s1 + 8152 + 81(y2,4 — v1) — L1sign(s1) (28)

where A1 > 0 and ¢; > 0 are design constants.
Substituting (27) and (28) into (26) yields

Diz1 = st + @122 + g101 + (W) @1 + &1 + {91 — Dfya + basign(s) (29
Design the Lyapunov function candidate as
1, 1 o7 1 7
Vi= %1 + A, W; Wy + 3B, "M (30)

where A; and B; are the designed positive constants; Wy = W) — Wi and 41 = 71 — $1,
where W; and ; are the estimations of W] and v, respectively. Considering (6), (7), and
Lemma 2, the fractional derivative of V] is given as
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T e _ _
DiVi < 21(Dfz1) + 4 Wi (DEWA) + 47 (D)
= Mz151 + 12122 + 71 (glvl + (WT)T(I’l +e1+9ip1 — Df‘yd) + l1z15ign(sy) (31)
T . . R
—a; Wi (DfWh) — 5.9 (D)
Design the virtual control law vy as

26-1 T . X €12
0= — (_Alel —az’ - Wi~ 4{g1 — ejtanh(L2) + D%yd) (32)

wherec; > 0and B € (0,1).
Substituting (32) into (31) has

. ~T ~
Dy < —)\12% — c1z§ﬁ + g1z122 + (1z15ign(s1) + A%Wl (A1z1<1>1 — D‘t"W1)

+5-7 (Bizip1 — Dffn) + €121 — ejzitanh(1) )
Design the adaptive laws W, and 4 as

DiW = Ayz1 @1 — Wy (34)

D41 = Bizip1 — 0111 (35)

where 171 > 0 and J; > 0 are design constants.
Substituting (34) and (35) into (33), and considering Lemma 10, gives

LN .
DIV < —MZ2 — 12 + 12170 + %wfwl + B—WM + l1z1sign(s1) + 0.27859  (36)
1 1

Stepi (i =2,--- ,n —1): Considering (1), (24), and (25), the fractional derivative of
Zj is
Diz; = gieiv1 + &i(Yiyra — vi) + &ivi + fi + v/ @i = Diyia — Dfsi (37)

Similarly, an RBF neural network is introduced to approximate the unknown nonlinear
function f;. Then we obtain

fi= (W) @i +ey feil <ef (38)
Design the compensating signal s; as
Difsi = —Aisi + &iSi+1 — &i—15i-1 + &i(Yi1,4 — Vi) — Lisign(s;) (39)

where A; > 0 and ¢; > 0 are design constants.
Substituting (38) and (39) into (37) yields

Diz; = Ajsi + gizis1 + 8i-18i-1 + &ivi + (W) @i + e+ 9] @i — Diyia + bisign(s;) (40)
Design the Lyapunov function candidate as

1 2 1 ~T~ 1 ~T ~
Vizizi +27Aiwi Wz’+2T3i’Yi Vi (41)
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where A; and B; are the designed positive constants; W; = Wi — W, and 7; = v; — 4;, where
W; and 4; are the estimations of W7 and 1;, respectively. Then, the fractional derivative of
Viis
~ T ~ . _
DiV; < zi(Dfzi) + A W, (D?‘Wi) +59; (Df)
T
= AiziS; + 8iZiZit1 + i—15i-1%i + Zi (&'vi + (W) @ +¢ +v] @i — D?‘yi,d) (42)
~ T . ~ . .
—a W (DFW;) — 597 (Df i) + Cizisign(s))
Design the virtual control law v; as

1 26-1 T . «
vi= <—/\z‘€z‘ — 8i-16i-1 — Ciz,ﬁ — W; ®; — 4/ @; — €/ tanh(
1
where ¢; > 0and g € (0,1).
Substituting (43) into (42) has

efz;
3 “) + D?yi,d) (43)

%
€Z-Zi

2 .
DiV; < —Ajz? — Ciziﬁ + &iziZip1 — §i-1Zi—12i + &z — € zjtanh(5~) + £;z;sign (s;)

L . _ | (44)
+a Wi (Aiz;®; — DIW;) + g7/ (Bizigi — Dy 4:)
Design the adaptive laws W; and 4; as
DiW; = Aiz;®; — ;W (45)
Diqi = Bizipi — 6ii (46)
where #; > 0 and J; > 0 are design constants.
Substituting (45) and (46) into (44), and considering Lemma 10, one has
DV, < A — i 4 gizizios — iz + TLWIW, + L5744 Lizisign(s;) + 027859 47
tVi > iZj szi +gzzzzz+1 8i—1Zi—-1%i + A i z+ B")’i Vi + 121518”(51) +0. ( )
1 1

Step n (i = n): In this step, the adaptive neural network finite-time control law is
derived. Considering (1), (3), (24), and (25), the fractional derivative of z, is given as

Dizy = kagnt(t) + ¢(£)gn + fu + Vapn — D{Yua — Disn (48)

The unknown nonlinear function f, in (48) is approximated by using the RBF neural
network, that is
fo= (W) @y +en, len] < (49)

Design the compensating signal s, as
Disy = —AnSn — §n—15n—1 — €nsSign(sn) (50)

where A, > 0and ¢, > 0 are the design constants.
Substituting (49) and (50) into (48) yields

Df‘zn = Gﬂu(t) + (W:)TCDn + &y + 'YZ(Pn - ;X]/n,d + Ansy + &n-15n—-1+ gnSign(Sn) (51)

where G, = k;gn and €, = gn¢(t) + €},. Considering the boundlessness of gy, k4, and ¢(t),
there exist |G,| < G* and |g,| < €, with unknown constants G* > 0 and g, > 0.
Design the Lyapunov function candidate as
Lo

Vi’l - Ezn—‘—

T~ 1 7.
A, W, W, + E’yn Yn (52)
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where A, and B, are the designed positive constants; Wn =W — W,, and Yn = Yn — Yn,
where W,,, and 4, are the estimations of W}, and +,, respectively. The fractional derivative
of V}, is given as

D?Vn < Anznsn +gn 18p—12n + G Znu(t) + zZn ((W*)Tq)n + & + ’quvn - D?‘yn,d) (53)
— i (D"‘Wn) B YH(DE4n) + Luzusign(sn)

Design the adaptive neural network finite-time control law u(t) as

u(t) = N(x)6(t) (54)

~ T R . gz
0(t) = Anen + gn_16n-1 + cnzz’g ! +W,®, + 'yy{qon + € tanh( "19") —DiYna (55)

k() = z,0(t) (56)
Substituting (54)—(56) into (53), one gets

DV, < —Ap23 _gn 1Zn—12Zn _annﬁ (GnN(K) +1)k(t) + €rzn — € Zntanh(enzn)

(57)
—i—Aian (Anzp®, — DIW,) + E'Yi T (Buzu@n — D4n) + Luznsign(sy)
Design the adaptive laws W, and 4, as
D?‘Wn — An2n¢n - ﬂan (58)
f}x'?n = Buznpn — Ongn 59)
where 77, > 0 and 6, > 0 are the design constants.

Substituting (58) and (59) into (57), and considering Lemma 10, one obtains

DIV < —Anzd — ezt — u1zu1zn + (GuN (k) + i(t) + W, W+ 2574, (60)

+lnzysign(sy) + 0.27859

3.2. Stability Analysis

Based on the virtual control laws, adaptive laws, and adaptive neural network finite-
time control law designed above, the main results can be summarized as follows.

Theorem 1. Consider an uncertain fractional-order system (1) that is subject to unknown dead-zone
fault (2). Under Assumptions 1 and 2, if the compensating signals are selected as (28), (39), and
(50), the virtual control laws are designed as shown in (32) with adaptive laws (34) and (35), and
(43) with adaptive laws (45) and (46), and the adaptive neural network finite-time control law is
designed as shown in (54) with adaptive laws (58) and (59). Then, all signals of the closed-loop
system are bounded in finite time and the tracking error eq can converge to a small neighborhood of
origin in finite time.

Proof. Design the following Lyapunov function as

V=3V (61)

1 2 n 2[3 1 5 ~T L :
< -y Az - Zcz +2”lWW+ZB%%+Z€iziszgn(si)
i=1 i=1
+(GnN(K)+1) ()+0278519n

(62)
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By applying Lemma 8, the following results can be obtained:

1T~

~ T ~ T . 1
Wi W, = Wi (W) — W) < (W) W — Wi W, 63)
~Ta _ ~T ~ Trr 1 7.
Vit =% (i m) S 5V - 5 v (64)
Gizisign(s;) < 4z3 + 6 (65)

Substituting (63)-(65) into (62) yields

i=1 izk i=1"" p i=1 5
n ~ T ~ n ~ T ~ n o
+v1<z wW; Wi —1/1(2 Wi wl> +u( ;qu%)
i=1 i=1 i=1 (66)
n ‘B n 17 T n 5 T T
—Vz<2 57 i +212—’1.(W?) Wi + L o i i
i=1 1= 1=

+ 3 4+ 0.27856n
i=1

where v; and v, are positive constants. [

Considering Lemma 8 again, letx =1,y = Y ' (WZT Wi) /2A;ory =Y (7] %) /2B,
01 =1—B, 0y = Band 03 = pP/(1-P), respectively. Thus, the following inequalities hold

noq g\’ ] T £
2 W, Wi | <n) W Wi+v(1—-p)pT7 (67)
i=1 2A i1 24
B
LI B L B
vl Y oW 9| <w) s %+ va(1—B)BTF (68)
i=1 2Bi i=1 2Bi

By substituting (67) and (68) into (66), and applying Lemma 9, the following result is
satisfied by choosing appropriate parameters satisfying A; > ¢;, #; > v1, and §; > v», thatis

n n n ~ ~ ‘B
DV < — ¥ (A~ )22 — ¥ AW W — 2 SR ATy — 2 ciz?ﬁ—vl(z ;Awaz-)
1 =1 =1 i=1"""
n n ) . B
(£ 47%) + £ A W)W+ £ ATl 41 g ©9)
+v2(1 = B)BTP + (GuN (k) + 1)x(t) + Z -+ 0.27850n
= —aV —bVP + (GuN (k) + 1)k (t )+D1

where @, b and D; are respectively given as

a=min{2(A; — ¢;), (n; —v1), (6i —12)}

E = min{Z'BCi,Vl,Vz}

ﬁ

n n
‘ ,€‘
Pr=) ap (W)W, + Z a1 1 () (L= BBTE )+ 027850m

Next, we verify our results in three steps.
Step 1. Considering (69) and the definition of V, it can be easily obtained that bvP > 0.
Then, we have
D}V < —aV + (GuN (k) + 1)x(t) + Dy (70)
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By applying Lemma 5, there exist a positive constant G* such that
max (G N (k) + 1)x(t) = G* for t € [0, tg). Therefore, (69) can be written as

DYV < —aV —bVP + D (71)

where D} = G* + D;.
Step 2. Based on the results of Step 1, from (71), we have

D{V < —aV + Dy (72)
Applying Lemma 1 and Lemma 3, then there is a positive constant ¢ such that

Dig
7

V< (73)
which means that V is bounded, and it further implies that the signals z;, W;, and 7v; are
also bounded. Noting W, = Wi — W; and 4; = 7; — 44, then the boundlessness of W; and
4; can be also obtained.

Step 3. From the definition of z; = ¢; — s1, if z; and s; are finite-time stable, then the
tracking error e; is also finite-time stable. Considering (71) and the fact that aV > 0, then
we have

DYV < —bVP + D (74)

By applying Lemma 4, it can be held that

1
Dy |°f
V(t) < | — (75)
b(1 =)
and the setting time Ty is
17 & 1
I pr 7 r(z—ﬁ)r(1+ﬁ)r(1+zx) N
n= N\ 5o Y (76)
where y1 € (0,1) and Vy = V(0).
According to the definition of V, one gives
%
D*
2] < V2| —1— (77)
b(1— 1)
Now, we show that the compensated signal s; is finite-time stable.
Choose the following Lyapunov function candidate:
n 1 5
Y=1) 55i (78)
n=1
Invoking (28), (39), and (50), the ath fractional-order derivative of Y is
n
DY = ¥ si(Dfsi)
n=1
< —)\15% + 915152 + 5181 (Y0 — V1) — €1515ign(s1) — A283 + £25253 — §15152 79)

+5282(Y3,4 — V2) — Laspsign(sy) 4 -+ - — Ans2 — Qn—15n—15n — LnSnsign(sy)

n 2 n—1 n
==Y Aisi+ L sigi(Yirra —vi) — L ilsi
n=1 n=1 n=1
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Considering Lemma 7, it can be obtained that |yi+1,d — vi| < &, in finite time Tfp. In
view of Assumption 2 and Lemma 8, from (79), we have

n ’ n—1 n
ID?Y < - Z /\isi + Z (gi,maxxi)|5i| - Z £i|si| + (gn,maxxn) |Sn‘
n=1 n=1 n=1

n 5 n
= — % A+ L (Simai — ) Isi (80)
n;l n=1

1 2
s - 2 (Ai - Al‘)sz2 + Z 41T, (gi,maxxi - El)
n=1 n=1

2
where (gi,maxxi - gl) |Si| < (gi,maxxi - gz) /4N + Aiszz is apphed'
Letc = min{2(A; — A;)} > 0, and considering Lemma 8 again, we get

n 1 ‘B n 1 i

(Z 2s%> <) oS+ (1-p)pTT (81)
i=1 ‘

Substituting (81) into (80) and applying Lemma 9, one has

£
-

B

DiY < —¢ é (%Szzyg + nél 4}\1. (gi,maxxi - 51‘)2 +c(1-p)B (82)

2
where Dik = Zzn:l (gi,maxxi - gz) /4Ai +E(1 - ﬁ)ﬁﬁ/(liﬁ)
Noting Lemma 4, and similar to the proof of zj, it can be obtained that the compensat-
ing signal s; is finite time stable and satisfies

D %
ls1] < \fz[c(l—z‘uz)] (83)

and the setting time Ty is

* L % — 1 @
Tps < [Yéﬁ— (C( = )) ﬂ ] [F(z ﬁ)F(1+1_ﬁ)F(1+a)] (84)

1=

where p; € (0,1) and Yy = Y(0).
Considering (25), (77), and (83), the tracking error e; satisfies

p; 1% D; 1%
ler1] < |z1| +]s1] < ﬁlb(l —,141)] + ﬁ[c(l — }42)} (85)

Observing (85), it can be seen that the tracking error e; is the sum of the compensating
signal s; and the compensated tracking error z;. Accordingly, the convergence time T also
satisfies this relationship. Moreover, it can be found that the tracking error ¢; depends on
parameters A;, ¢;, ¢;, 175, 0;, Ajand B;, i = 1,- - -, n. It also implies that the tracking error e;
converge to the specified small neighborhood of origin in finite time within the setting time
T = Tg1 + Ty + Tps by selecting the appropriate parameters. This completes the proof.

Remark 3. Noting (85), the tracking error ey can be made arbitrarily small by adjusting parameters
Ai, by, ci, i, 6;, Ajand By, i = 1,- - - ,n. We can decrease DY by decreasing the values of parameters
1; and &; or increasing A; and B;, and we can decrease D} by increasing ¢;. We can also increase b by
increasing the value of parameter c;, and we can increase ¢ by increasing A;. Based on the adjustment
of D}, D3, b, and ¢, it can be guaranteed that the tracking error ey can converge to the specified
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small neighborhood of origin in finite time within the setting time. However, it should be emphasized
that the change of {; simultaneously affects DT and D3, and the change of A; simultaneously affects
D3 and c. Moreover, the adjustment of these parameters may be bringing about an increase in the
amplitude of the control signal. Therefore, when selecting suitable parameters, a trade-off should be
made between the control performance of the tracking and the amplitude of the control signal.

4. Simulation Analysis

In this section, the simulation cases are given to verify the validity of the control law
designed in this paper.
Case 1: Consider a class of uncertain fractional-order systems as follows:

Dixy = gix2+ fi + vl

Dixy = gx3+ o+ 1292 (86)

Dixs = gsu () + f5+ 1393

y=x
where g1 = 09, & = 05, ¢35 = 14+ 07sint, fi = —xpsin(xy), fo = e_"%/lg’,
f3 = ZXZ — ZX3 — Sil’l(X1X3), Y1 = Y2 = Y3 = [0.5, I}T, P11 = [cos(xl),xz]T,
@2 = [—sin(x1x2), —x2 COS(Xg,)]T, and @3 = [xy, xﬂT. The dead-zone fault model is shown

in (2), and k; = 1.5, b; = 0.15 and b, = 0.3. The reference signal is y; = 1.5(sin f 4 sin 2¢);
the initial states are x1(0) = 1.2, x2(0) = 0.5 and x3(0) = 0.25; and the simulation time
ist =20s.

The RBFNN is used to approximate the unknown nonlinear functions f, f, and f3.
The node number for each RBF neural network is considered to be 9 with the width of basis
function being 7 = 4. The centers of the basis function ¢; (i =1, - - - ,9) for the function f;
are evenly spaced in [—8, 8] x [—8, 8]; for the function f;, they are evenly spaced in [—8, 8];
and for the function f3, they are evenly spaced in [—8,8] x [—8,8] x [-8,8].

The other design parameters are ¢ = 0.01, 8 = 0.95, Ay = 1.5, A, = 3.0, A3 = 4.5,
51 = 1.5, 62 = 2.0, 53 = 0.5, 1 = 20, Cr = 12, C3 = 2.0, A1 = 1.5, A2 = 2.5, A3 = 0.5,
n =04,1m =151 =16,B; =45 By =29,B3 =15,6; =05, =3.0,0 =55,
¢] = &5 = 0.5, = 1.0. The parameters for the second-order command filter are set as
w = 3.0 and T = 0.7. The initial conditions for adaptive laws are set as s1(0) = s,(0) =
53(0) = 0.01, 91(0) = 42(0) = 43(0) = [0.01]21, W1 (0) = W»(0) = W3(0) = [0.01]gx1
and x(0) = 0.

The simulation results for this case are shown in Figures 1-6. Figures 1 and 2 give the
curves of the tracking performance and the tracking error e;. It can be seen from Figure 1
that the system (86) can obtain a good tracking performance in finite time, although the
system suffers from the unknown dead-zone fault. From Figure 2, we can see that the
tracking error can converge to a small neighborhood of zero in finite time under the
proposed control law. The results of these two figures also further verify the validity of the
designed control law. Furthermore, the trajectories of the state variables x1, x, and x3 are
displayed in Figure 3, the curves of the control law u(t) and adaptive laws ||W;|| and |||
(i = 1,2,3) are shown in Figures 4-6. Noting Figures 2-6, the signals of the closed-loop
system are bounded in finite time, which shows the validity of the theoretical analysis.
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Case 2: Consider the uncertain fractional-order Arneodo system as [49]

Dixy = gixa+ f + +7i 1

Dixy = gox3+ o+ vl (87)
My — a _ .3 F T

Dixz = —q1X1 — 2X2 — 43X3 — 44Xy + g3u (t) + f3+ v393

y=x

Iffi=fi=f=0, 'leq)l = fszgoz = 'yggog, =0, uF(t) =0anda =098, g1 = =1,
g1 = =55, q2 = 35, g3 = 0.8, g4 = —1.0, the initial conditions are considered to be
x1(0) = —0.2, x2(0) = 0.5, and x3(0) = 0.2. The system (87) will appear to have a chaotic
phenomenon, as shown in Figure 7.

10
20

-20
10 5
o 5
0 -10
x. -10 5 -4 2 0 2 4
2 Xl
X
20 20
10+ 10+
xﬁ‘) 0 L ><m 0 .
10+ -10+
-20 -20
-4 2 0 2 4 -10 5 0 5 10
X %

Figure 7. Phrase plots of x1, x2, and x3.

In system (87), let g3 = 12sinx; +2, f1 = —xle_loxl, fo = —2.5xpcosx3,
fs = —xysin(x3), 1 = 12 = 13 = [05,1]7, @1 = [—sinx;,0]", @ = [0, —sin(x1x2)]",
and @3 = [3xy, —2x3]"; the initial states are x1(0) = 0.5, x5(0) = 0.25 and x3(0) = 0.1. The
parameters of the dead-zone fault model, the reference signal, and the simulation time are
consistent with Case 1.

The RBF neural network is applied to approximate the unknown nonlinear functions
f1, f> and f3. Since there are only two variables in functions fi, f, and f3, the node number
for each RBF neural network is chosen to be 9 with the centers of the basis function ¢;
(i=1,---,9)evenly spaced in [—8, 8] x [—8, 8] and the width being / = 4.

The other design parameters are ¢ = 0.01, B = 0.95, A; = 10, A, = 5.5, A3 = 7.5,
0y =250, =15,03 =20,c;1 =250 =18, c3 =15 A1 =09, Ay =12, A3 =02,
7 =05, =254 =3.0,B; =22,B) =16,B3 =05,6; =07, = 15,63 =21,
e] = 0.5, &5 = 0.7, and & = 1.0. The parameters selection of the second-order command
filter and the initial conditions of the adaptive laws are the same as those described
for Case 1.

The simulation results of this case are displayed in Figures 8-13. Figure 8 shows the
curves of the system output x; and the reference signal y;. It is not difficult to see from
Figure 8 that the system (87) can obtain a good tracking performance by applying the
proposed control law. The tracking error curve is given in Figure 9. One observes that
the tracking error e; can converge to a small neighborhood of zero in finite time. From
Figures 8 and 9, although the system (87) is affected by unknown dead zone fault, the
tracking performance of the system can be guaranteed under the designed control law.
This also proves the effectiveness of the proposed control law from another perspective.
Furthermore, the curves of state variables x1, x, and x3 are given in Figure 10, and the
curves of the control law u(t) and adaptive laws ||W;|| and ||4;|| (i = 1,2,3) are depicted in
Figures 11-13. It can be found that the signals of the closed-loop system shown in these
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figures are bounded, which verifies the validity of the theoretical analysis. However, it is
not difficult to observe in Figures 9-11 that there are oscillations in these simulation results.
In fact, considering the existence of unknown dead-zone faults and uncertain dynamics in
the system, this makes it necessary to make a reasonable trade-off between system tracking
performance and control output.

3 T T T T T T T T T

N

Output x, and reference signal Y

~o 2 4 6 8 10 12 14 16 18 20
Time(s)

Figure 8. Curves of the tracking performance.
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Figure 9. Tracking error e;.
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Figure 10. System states x1, x5, and x3.
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5. Conclusions

The adaptive finite-time tracking control for uncertain fractional-order systems with
unknown dead-zone fault was considered in this paper. The fractional-order command
filter was applied to avoid the computational complexity problem existing in conventional
recursive procedures, and the neural network approximator was used to approximate the
unknown uncertain nonlinear functions. Through the application of the Nussbaum gain
function technique, the adaptive neural network finite-time control law was developed
to solve the finite-time control problem of the given fractional-order systems. It has been
proven that the desinged control law can not only ensure that all signals of the closed-loop
system are bounded in finite time but can also ensure that the tracking error converges
to a small neighborhood of the origin in finite time. However, it should be pointed out
that the control law presented in this paper is only suitable for the systems with known
state gains and measurable states. When the nonlinear system under consideration has
unknown state gains and unmeasurable states, the proposed control law will not work
effectively. Therefore, one of our future research directions is to design feasible control
laws to realize the adaptive finite-time control of uncertain fractional-order systems with
unknown control gain and partially unmeasurable states.
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