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Abstract—This paper investigates the problem of neuroadap-
tive fixed-time control for full-state constrained strict-feedback
nonlinear systems subject to actuator faults. A fixed-time
control strategy combined with barrier Lyapunov functions and
neuroadaptive backstepping is proposed, and a neural network
is employed to approximate the packaged unknown nonlinear
terms and nonlinear actuator faults. By constructing barrier
Lyapunov functions, it can be ensured that none of the strict-
feedback systems’ states will transgress their constraint bounds.
Additionally, a fixed-time controller is designed such that all the
signals in the closed-loop system are bounded, and the output
is driven to track the reference signal to a small neighborhood
within a fixed time. The benefits and feasibility of the proposed
control method are also confirmed by simulations.

Index Terms—Fixed-time stability, Neuroadaptive, Strict-
feedback systems, Actuator faults, Full-state constraints

I. INTRODUCTION

The problem of fixed-time control for strict feedback sys-
tems has attracted widespread considerable attention in the
field of control theory. Actual system design often involves
actuator failures, state constraints, and input saturation, a-
mong other factors, and the research results have mostly
focused on stable system tracking under the abovementioned
complex conditions[1], [2], [3], [4], [5], [6], [37].

In an actual engineering system, during long-term opera-
tion, actuator faults will inevitably occur. If a failure is not
addressed in a timely and effective manner, the entire system
may collapse. Therefore, it is necessary to establish a fault
tolerant control (FTC) scheme. In view of this consideration,
many neural network or fuzzy adaptive control schemes
have been proposed, see, for example [7], [8], [9], [10],
[34], [36] and the references cited therein. Nevertheless, the
abovementioned system faults are linear faults, and these
methods are not suitable for nonlinear faults. In addition,
the status constraint, as a physical constraint, ensures the
safety of equipment operation. To limit the system states to
within the desired interval, a barrier Lyapunov function is
introduced [11], [12], [13], [14], [15], [16], [38].
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Over the past decades, finite-time control has attracted
interest from researchers due to its advantages, which in-
clude its fast convergence speed and strong anti-disturbance
ability[17], [18], [19], [35]. The convergence time of finite
time control depends on system’s the initial state. In terms
of degree, this phenomenon hinders the practical application
of this method because an actual system’s initial state cannot
always be known in advance. Fortunately, reference [20]
provides a fixed-time control method, where it is assumed
that the convergence time is uniformly ultimately bounded
and is independent of the initial state. In [21], aiming at
the attitude tracking problem of four-rotor UAV (Unmanned
Aerial Vehicle), a practical fixed-time disturbance rejection
controller was proposed and considering the output constraint
and input saturation of a pure-feedback system, a neuroadap-
tive fixed-time control scheme was provided in [22]. In [23],
[24], [25], a fixed-time stable high-order nonlinear system
was applied to the consensus for multi-agent systems.

To the best of our knowledge, the neuroadaptive fixed-time
control of full-state constrained strict-feedback nonlinear sys-
tems with actuator faults cannot be designed or prespecified.
The main contributions of this article in comparison with
existing works are summarized as follows:

o A neuroadaptive controller that enables the nonlinear
system to tracking a given desired trajectory within a
fixed time and ensures that all variables in the closed-
loop system are bounded is constructed.

o The neural network is used to approximate nonlinear
actuator faults, which often appear during actual system
operation.

o During the design process, a barrier Lyapunov function
is introduced to constrain all state variables to within
specified regions. Finally, the simulation results verify
the effectiveness of the proposed control scheme.

II. PROBLEM FORMULATION AND PRELIMINARIES
A. System description

Consider the strict-feedback systems with actuator faults
described by:

@ = w3 + fi(z1)

& = xip1 + fi(2)

Tn =u+ fn(z,) + &t — To)x(x,u)
y=x1,1=2,...,n—1

6]

where X = [x1, ..., ,,| represents the system state vector and
is subject to || X ||< ky and || X ||< Ky, where ky; and
kpo are the given positive constants. f;(X) is an unknown
smooth nonlinear function. v and y are control input and
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output, respectively. x(t — Tp) represents the time function
of the actuator failure at time 7}, which is described as
1— e—u(t—To),

K(t —Tp) = { 0,

where v > 0 is the evolution rate of the unknown fault.
X (g, ) is an unknown fault function.

Remark 1: This paper is concerned with nonlinear actuator
faults, which are different from the linear faults discussed in
references [7], [26], [27] and are more in line with actual
actuator faults.

Control objective: to design an adaptive NN (Neural
Network) control law for the strict feedback system (1) under
actuator failure and full state constraints to ensure that the
output z; of the strict feedback system (1) is along the
desired trajectory x4 while the tracking error is stabilized
in a small residual set at a fixed time.

t>1Ty
otherwise

2)

B. Preliminaries

To convenient for the control system design, some assump-
tions and lemmas are imposed on system (1).

Assumption 1 ([28]): The reference signal z4 and its
derivatives &4 and Z4 are bounded.

Assumption 2 ([29]): There is an unknown non-negative
function g(z,u), and

| fu(en) + w6t = To)x(, u) [< g(x, u) 3)

Lemma 1: Radial basis function neural networks (RBFNN)
can approximate unknown continuous nonlinear functions
f(Z) with arbitrary precision on a compact set ).

[(Z2)=WTe(Z)+6(Z) ©))

where W = [Wy,Wa,...,W,] is the optimal weight of
RBFNN, 46(Z) is the approximation error, satisfies | §(Z) <
€|, and € > 0 is a constant. ¢ is the number of NN nodes.
(Z) = [®1(Z),P2(Z2), ..., ¢(Z)] is a known and bounded
basis function, and chosen as the Gaussian function form
T
(Z §1)2 (Z gz)] (5)

5

®i(Z) = exp|

where ¢; = [¢1, 62, ..., Q]T denotes the center of the receptive
field, and r; represents the width of the Gaussian function.
Remark 2: Here we define an unknown constant ©; as
0, = || W; |?/b,i=1,2,...,n.
Definition 1 ([30]): Consider the nonlinear dynamical
system

i = f(z),2(0) = xo (6)

where x is the system state and f(z) is a smooth nonlinear
function. Then, assume that the origin is an equilibrium point.

Lemma 2([22]): For system (1), suppose there is a Lya-
punov function V' (z), so that the following inequality holds

V(z) < —piV(x) = paVP(2) + ¢ (7

where p; > 0, p2 > 0,¢ >0, « € (0,1), and 8 € (1,00).
Then the origin of system (1) exhibits practical fixed-time
stability and the settling time satisfies

1 1

T < T’max = +
0L —a) " p0(3— 1)

®)

where 6 is a constant and satisfies § € (0, 1). The residual
set of the solution in (7) is expressed as
¢ 1 ¢ 1
7, g ©))
=0 T=apm "
Remark 3: From (8), the advantage of fixed-time control over
finite-time control is that the upper bound of the fixed-time
convergence time is independent of the initial conditions and
is only related to the design parameters.
Lemma 3([31]): For any scalars I'; € R,i = 1,2,..., N,
0 < p1 <1, and ps > 1. There holds

z € {V(z) < min{(

N N
QT <> T (10)
i=1 i=1
N N
(Z | T )2 < NPr2—1 Z | Ty |P2 an
i=1 i=1

Lemma 4([32]): For any positive real number a, b, and
Y(u,v) > 0, the following relationship holds

ap | p | by v [t
a+b a+b

|| v P< (12)

III. CONTROL SCHEME

To realize the stability analysis of the system (1), introduce
the change of coordinates:

21 =T1 — X4
2 =Xy — 8 (13)
wW; = S; — Qi_l,i = 2, N

where z; and z; are virtual error surfaces, g;_1 is virtual
control signals, and w; is error signals. s; denotes the state
variables, which are obtained by first-order filtering of the
virtual control signal varrho;_;. Therefore, the stability of
w; is constructed and analyzed using n steps based on the
backstepping technique.

Step 1: Tt follows from (1) and (13), that

21 =21 — T4
=z2+ fi(z1) — &q
Consider the following Lyapunov function candidate as

1 k2 b ~
Vi =~ log 0l 4 2
1= ki — 23 +2W1 !

(14)

15)

where 7y is the design parameter and (:)1 =0 — él, @1 is
the estimated value of ©;.

Taking the derivative of V; with respect to (w.r.t.) z; and
él, one has

YA S _ay_bg
Vl*kgl_z%($2+f1(x1) Tq) %@1@1
21 - 1 Z1 2
=t Z)) — S (L
kgl_Z%(Z2+w2+Q1+f1( 1)) 2(,{?1_2%)
- 6,6,
71
(16)

where f1(Z1) = fi(x1) —dq+ %(k{ijz%) According to (4),
one has

f(2) = WEe(2)) + 6 (17)
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where §; < £;1. By utilizing Young’s inequality, one has
z1 b@l( zZ1
2 2 = 5 2\72 2
ki — 21 201 “ky — 2
Z1 2 T 6%
k% — 23 4beqs

fi(Z1) @7 (21)01(21) +

+b613(
(18)

—_

21
2 ;W 9
ki — 21 2

Z1 1 2
S S 19
ki _Z%) i 272 1

(12

By combining (17), (18), and (19), it is readily shown that

. bO 1
is o 21(1;2 )Q‘I’T(Zl)‘l’l(zl)
2 2

aj 21 2 €1
+ = +bc
2 13(k51 — 2

21

+ 2@1

2
Ky — 21
To proceed, we define the virtual control input p; as:

Z% a—1 Z%

) T s () e
ki — 22 ki — 21

01 = —c11(
él 21

- ﬁ(m)zq’{(zﬂ‘ﬁl(zl) -
1 bl 1

1
013(7)
kg1 - Z%(Zl)

With (21), (20) can be continued as follows:

. bél 24T A
Vl S (7 (I) Zl @1 Z1 @
] e R CALNCARL)

2 2

71 €1 21
+ 2 + 4()013 k?l —Z%)
ki — 23

a+1
2

(22)

— 2 J—
2w2 011(

21

- 012( 5 <2

2
kyy — 21

The parameter adaptive law of 0, is designed as

A V1 21
0, = (7
ki — 21

242 20T (21)®1(Z1) — 2116,

(23)

Substituting the virtual control input and adaptive law into
(22), it is readily seen that

2()7“1(:)1@1 ﬁ 82 1 2

Vi <
b= " 4bcy3 * 272
2
21 atl 1 8 21
—011(7) 2 —cia ) k)
kl%1 — 23 kg1 23 kz?l — 23
(24)
From Lemma 3, it hold that
2leélél b’l’l @2 bT‘l @2
71 Tm 71 (25)
b7'1 =9 b?"l 2 b’f’l 2
=——0 G) —07
T2y b2y 71
then, according to Lemma 4, ones has
b’l’l 2 1+«
—r1(=— 1-— 2
2%@ 7’1( > 6?2 ) S 4y )1 (26)
and
o7y —07< —r (ié)?)ﬁ +ri(l =B (27)
271 1 27 1 1 2

Invoking (26) and (27), (24) can be rewritten as

. 22 a+1l 22
Vi< —ciil5t—5)2 — 012(71)ﬁ
ki — 21 ki — %
—r(i@) —T(LGZ) —&-*—i— i
! 2’)’ ! 2’71 46013 (28)
1 2 21 14+«
el =1 bl — — =
+2w2+k§1— 12’2+T1( 5 )
b
+ le(l — 5)1/12 + QG)Q
Then, (30) can be rewritten as
. lta
Vi<—daV, 2 = A2 0V 4 s b A (29)
ki — 21

7“1}, )\12 = min{0122ﬁ,r1} and
PLOT +r1b(1— 152 ) +r1b(1 —

where All = mln{0112 2
A1 al + 4bc + wg
B)iba.

To avoid the problem of “explosion of complexity”, we
introduce a new state variable ss and letting p; pass through
a first-order filter with a time constant 7, that yields

Tada + S2 = 01, 52(0) = 01(0) (30)

where 75 > 0 is a constant. Combined with (14), we can get

g = Q1T—282 :_%2 G1)
then . -
w2 =—;+N2(') (32)
where No(-) = 91, specifically expressed as
Na() = —pu(2a = 1)(5)" 24
—-pm(Zﬁ«—lJ(%)ﬁz25‘221——21 (33)
W) + T P g,

Step i(i=2,...,n-1): According to (1), (4), and (14), the time
derivative of z; can be obtained by
Zi = Tip1 + fizi) —
+1+ filz:) . (34)
= Zip1 + @Wiy1 + 0i + filwi) —

Consider the Lyapunov function candidate V; as

kl?z 1 2
k.l?z It + §WZ -

Z

Vi=Via 1%

b ~ 2
20 09

The time derivative of V; along (30) can be derived as

. y4
Vi=Vioi+ W(fz(dfz) + zit1 + wig1
bi i
b (36)
+ 0i — sz) + wiwz - 7(—)%@1
Vi

According to Lemma 1, one has
fz(Zz) =Wle,(Z:) + 6

where fi(Z;) = fi(x;) — 4 + 1(ﬁ
inequality, we can get

(37)
). By using Young’s

A 2 O, Z;
() : 20T(Z:)®4(Z;
fi( )ké~—z? "2ai(ki-— ?) (Z:)®i(Z:)
(38)
L9 ()2 2
G e
2 TN 220 T dbeg
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Zi 1 Zi 2 1 2
i1 < = (—— — 39
kgj—sz“_Q(kfi 22) + 5 @ik (39)

From (37), (38), and (39), it is derived that

bO; 2 a?
Vi <Vi_ 1+ 5.7 )2 0T (Z)®:(Z;) + =+
kbz - i 2
Z € 1 2
b » 1 2 i - 1 i
Tbeis(z—22) +4bcz3+2w’+1+k; 7+l
Zi b ~ =
% A N - *6161
e N
(40)
By using Young’s inequality, we have
1
wiN;(-) £ —w?N? + <z5 (41)

2¢
where ¢ is a positive constant. The virtual control input g;
and adaptive law for O, are designed as

Z? a=1 2'12 _
0i = —ci1( 7 2) Zi_ci2( 5 Q)ﬁ 121
ks — 2 Ky — 2
. (42)
Oi (A a7 (2)0:2 =i
2@3(]651_212) L( Z) z( 1) CLS(kgi 212)
A Vi Zi 25T
i= 2(112 (kgz _ zzz) (bi (Zi)(bi(zz) - 2rz®z (43)
Then, (40) can be rewritten as
J
. 2br; @
%=
=1 €3
Zi : 232 atl
+ it — Y i)
ki — 2 = kbj Bz
) . 44)
K3 ij /[3 1 3 )
=2 (i) 59+ > T
j=1 bj J j=1
‘11
B D
o 20
According to Lemma 3, we have
2brzéz@z § 7%622 bT’Z @2
Yi Vi Yi (45)
_ by o2 - brl @2 bn@2
271' Vi
Then, Upon using Lemma 4, it is shown that
bri ~, 9\ Lta 1+a
< -7 i(l——— )i (4
2%@ < 7‘(2%@) + 7i( 5 Ybin - (46)
and b b
Ti A2 A2\
— c < —r;)(=—07 (1 — i 47
5 07 < (56Nt = Bvn @)
2 1 1 2 1 1 1ta
(Z N2 I (SN2 (2w =
(- = GNP 25w < (- — 5N - 2)(5=)
2 1 1+«
Z N2 -2)(1 - i
(= g N =) 5
(48)
2 1 1 2 1 1
(= —ZN?—2)=w? < — (= = ZN?-2)(=w?)*
(- = GNP = 25w < (- — 5N - 2) (=)
2 1
+ (; - ng —2)(1 = B)thia

The (44) can be rewritten as

. 1+ .
Vi<V, 7 =20V 4
kbi i

Ziv1 + Ay (50)

where A; = Z; 1 2

Z; 117»:1@ +Z] 1 Tib(1—
lta

Ait = min{} 75 277 },

Z] 1T’L} )\Zz_mln{ZJ 10122 Z] 17’1}

To avoid repeatedly differentiating o;, we define the first-
order filter as

+ E; 1 4ch3 + EJ VWi T
1111131)wl+2] 17 ( 5)1/%“,

Tit18i41 + Sit1 = 0> Si+1(0) = 0;(0) (1)

where 7,411 > 0 is a constant. Combined with (13), we can
get

$i+1 _ 0i — Si+1 _ _wi+1 (52)
Ti+1 Ti4+1
then -
Wip1 = L+ N1 () (53)
Ti+1

where N;y; is a continuous function, and specifically ex-
pressed as

= p2(26 - 1)(5 )Pyt — 4 (54)
o OD ..
- W1 Dy (z1) + WlTil(Il)i’l + Ja
8;101
Step n: According to (1) and (13), we can get
Zn=u+ folzn) + 6t —To)x(z,u) — $p (55)

Letting G(z,u) = g(z,u) — $, + l(kg - 2) Then, from
Assumption 2 and Lemma 1, ones has

G(z,u) =W, (Z,) + 6, (56)
Choose the Lyapunov function candidate as
b o2 b a2
Vi = Voo 1 - 4 = —0 57

The time derivative of V,, along (55) and (56) can be derived
as

V—Vn1+k§7%(WT<I>( ) + On
" (58)
+u) + wyw, — 7@n®n
By using Young’s inequality, we have
z bO z
G(Zn) 5 ()20 (Z,) @ (Z
5 9 (59)
+ aj —‘rbC 3( Zn )2 + En
2 "NkE 22 dbcps
Hence, (58) becomes
bO,, Zn 9T a?
< )0 (Z,)P,(Z;) + =
V Vn 1+ (k2 722) 'n,( 71) n( 2)+2
2
z €
bey, = 2 ” 60
+ bc 3(]€§n — 7%) 4bcn3 ( )
Zn ~ A
+ o) _22u+w”( , —|—Nn( ) 7n@n@
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By using Young’s inequality, we have

1 1
TulNa(-) < 5o@ NG + 56 (61)

=%
We design the control input u and the parameter adaptive
law of én as

2’2 a—1 2'2
= (— T _ % \B-1
u__Cll(/fg"—Z?L) 3 Zn_cw(kgn—zﬁ) Zn
én Zn, T Zn (62)
- 242 mq)n(zn)q)n(zn) - CnB(W)
— Rn—1
S, = (P V2T (7,00, (Z0) — 2O, (63
n—ﬁ(m) 0 (Zn)®n(Zy) — 2r,©,  (63)
Applying (62) and (63), we obtain
. 2brn(:)n@n " a2 g2
Vi -+ ¢
n n 2
a+1 z5
— . 2 . T B
2ol T~ el o
1 11
o = 7N2 -1 2
+ 2¢ ;(Tz 2¢ K3 )w7
From Lemma 3, we have
20r,0,0,, < g, bragn
_ gy brngs  brag, )
29 " 2y Y
Then, according to Lemma 4, ones has
bry, ~o b <o 1te 1+«
- — < —rp(=— n(l— n1 (66
Q’Yn@ni T (2,}/”@77,) z 4+ ( D) )¢ 1 ( )
and
bry ~o b ~o 3
Same as (66) and (67), we have
2 1. 5 1 5 2 1, 1 5 14a
(= —_ 9= < (= _ = _ Z
2 1 l1+a
= N2 -2)(1 - n
F =N =2
(68)
2 1 1 2 1 1
(= —=N?-2)=w?2 < (= - =N2-2)(=w?)’
(- = N~ 2)5mn <~ = SN2 - 2)(5w)
2 1
+ (? - gN?L = 2)(1 = B)Yna
(69)
Consequently, (64) becomes
. lta
‘/;L S _>\n1Vn 2 - >\n22175Vf =+ A (70)
where >\7L1 = min{cll21+Taa"'7C7L12H—Tavrl7"'7rn7% -
éNE - 2, % - %Nﬁ - 2hX2 .

min{612267~~~7cn22ﬁ;r13"'arna.,%, - %Ng - 27"'77% -
2 2

%Ni -2y and A = Y, % + 2 41)5&3 + %w% +

LT + rib(1 — )1 + r1b(1 — B)ia.

ol

Using Lemma 2, it is guaranteed that all signals in the
system (1) are practically fixed-time stable and that the
signals converge within the set tight set.

26-1A 1

zxe{V(z) < min{(/\n2(1_0) N

= 71
)\'nl(l—Q)) Han

The tracking error converges to a small neighborhood near
the origin, satisfying

A
2a=hxm

ly — 24 |< ko[l —e” ()

and the fixed time is selected with

2 281
T Toax = 00 =) T AmbB=1)

Based on the above discussions, we are going to express the
main results of this paper with the following theorem.

Theorem 1: For the nonlinear system (1) with virtual
control inputs (21) and (42), the actual control input is
described in (62) and the adaptive laws are discussed in (23),
(43), and (63). Under Assumptions 1-2, i) the closed loop
system has semi-globally practical fixed-time stability, and
ii) the tracking error | y — x4 | converges to a small residual
set in a fixed time.

Remark 4: To avoid divergence of the control input u, the
range of values of « is narrowed to « € (0.6, 1).

(73)

IV. SIMULATION VERIFICATION
A. Mathematical example
Consider the following strict-feedback nonlinear systems:
iy = z9 + 0.122
&; = 0.1lz129 — 0.221 + u + K(t — To)x(z, u)
Yy=m

(74)

The initial state of the system is z1(0) = 0.2 and z2(0) =
—0.3. The desired trajectory of the system tracking target is
xq = 0.5sin(t). The states are constrained by ky; = 0.6 and
kpo = 1. The control parameters are chosen as o = 0.6 and
B8 =2.

The effectiveness of the designed algorithm is verified by
two actuator failures.

Case 1: Incipient fault

The fault tolerance function is selected as follows:

x(x,u) =5(xz1x2 + 0.3sin(u)) + 5 (75)
The actuator failure time function is as follows:
0,t < Ty
MET) =0 | emsto-mo g s 7o

The failure rate of unknown faults is ¥ = 8 and the failure
time is Ty = 10.

To verify the superiority of the algorithm in this paper,
the simulation results are compared with the literature [33],
as shown in Figs. 1-4. The tracking error of the system is
given in Figure 1, from which it can be seen that the system
stabilizes within 0.43 seconds and still achieves accurate
tracking when the actuator fails. However, the tracking errors
reported in reference [33] are large, and the system is less
fault-tolerant. Fig. 2 shows the change curve of controller w,
and Fig. 3 shows the tracking curve of the desired trajectory
x4 against ;. From the figure, it can be seen that at the 4th
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second, the system fails, and the system state x; is always
within the constraint. The curve for state x5 is shown in
Fig. 4, and it can be seen that x5 is also always within
the constraint interval. Finally, Fig. 5 shows the O, and O,
curves. The simulation results show that the method in this
paper has good tracking performance, which further validates
the effectiveness of the method.

Tracking error

Time(sec)

Fig. 1. Curve of the tracking error z1

10

-_,_

1

1

.
o
)

-10} |

_20 - 4

Control input

-30t+ 4

0 5 10 15 20
Time(sec)

Fig. 2. Curve of the controller u

Tracking performance

Time(sec)

Fig. 3. Curve of state 1 and desired trajectory x4

Case 2: Abrupt fault

The system parameters are the same as those in the design
for Case 1, except that the selection of the failure evolution
rate is different. Here, the selection of v is similar to a step
function, which simulates sudden failure by choosing a larger
value, i.e., 1 — e V(t=T0) equals 1 if v — +oo.

Figs. 6-10 present the simulation results. From Fig. 6,
it can be seen that the system has stabilized within 0.43
seconds, and accurate tracking can still be achieved when
the system actuator fails. The simulation results show that
the method has a good tracking effect in cases of sudden
actuator failure. Meanwhile, Table 1 shows that the tracking

—y

0 2 4 6 8 10 12 14 16 18 20
Time(s)

Fig. 4. Curve of 2 and Constraint

= 0
16F \ |
A 0 ;
+ T ~ "
L ’ - - i
14 , . 0y |,
P \ S/
12f . 1y ]
” [y o
1 k <
NS

0.8

0.6

Parameter estimation ©1 and ©2 curve

Fig. 5.

error convergence time of the algorithm in this paper is faster,
and reference [33] does not consider the convergence time
problem.

TABLE I
TRACKING PERFORMANCE COMPARISONS

Method | Max tracking error | Error convergence time
[33] 1.25 —
Ours 0.3 0.43

Tracking error

Time(sec)

Fig. 6. Curve of the tracking error z1

B. Physical example

We choose an actual electromechanical system, and its
schematic diagram is shown in Fig. 11. The system model
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10

Control input

-30

Fig. 7.

o
3]

Tracking performance
)
o o

'
=

-10

-20

==

5 10
Time(sec)

Curve of the controller u

15

20

o

Fig. 8.

05

Time(sec)

Curve of state x1 and desired trajectory =4

20

2 4 6 8 10 12 14

Time(s)

Fig. 9. Curve of z2 and Constraint

16

14

12

0.8
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TABLE I
PARAMETERS OF THE ELECTROMECHANICAL SYSTEM AND THE
UNKNOWN DISTURBANCE

J = 0.1625kg - m? Mo = 0.434kg
m = 0.506kg R = 0.000582

G =9.8N/kg K; =09N -m/A
Kp =0.09N - m/A By = 0.01625N - m - s/rad
L=05H di(z1,t) = 0.5sin(z?) + 0.01 cos(0.1z1t)
Lo = 0.0305m do(x2,t) = 0.02 cos(xat)
Ro =0.23m d3(x3,t) = 0.03sin(x3t)

expression can be expressed as follows

&1 = xo 4+ di(x1,1)
1

. BO
Tog = (x3 — 22x9)
2 P +ng MoLZ  2MgLZ \'3 T K, <2
Ky T3R, Ky 5K,
LG | MgLoG

+ .

2K K

Ty ngT JWOL%T 2MoL2 Sln(xl) + dg(l‘g,t)
1 KiTJrI?KTJr KTR+ 5K+

r3 = Z'Ll/ — TB(EQ — f$3 + d3(.’t37t)

y=x

(77)

where R is the armature resistance, d;(x;,t) is the unknown
disturbance, L is the armature inductance, J is the rotor
inertia, K g is the back-emf coefficient, m is the link mass,
G is the gravity coefficient, Vj is the input control voltage,
My is the load mass, Lg is the link length, and Ry is the
radius of the load. By is the coefficient of viscous friction
at the joint and K is the coefficient that characterizes the
electromechanical conversion of armature current to torque.
The above parameters of the electromechanical system and
the unknown disturbance are shown in Table 2. Choose the
desired trajectory as x4 = sin(t). The states are constrained
by k1 = 1.2, kpe = 5, and kps = 20. The control parameters
are chosen as o = 0.6 and 5 = 2. Here, an abrupt actuator
fault is considered, and the incipient fault treatment method
is no longer elaborated on.

The simulation results are shown in Figs. 12-16, from
which it can be seen that the states of x1, x5, and x3 are
still within the constraint intervals when an actuator sudden
failure occurs in the electromechanical system. Meanwhile,
the tracking error of the system is small and fault-tolerant.

V. CONCLUSION

The neural adaptive practical fixed-time control problem
for strictly feedback nonlinear systems with full state con-
straints and actuator faults is investigated. Using the practical
fixed-time theory and the backstepping method, it is demon-
strated that the closed-loop system has desirable tracking
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performance under actuator faults and full-state constraints.
Simulation results show that the method is fault-tolerant to
actuator faults.

[4]

[5]

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

REFERENCES

Liu H, Gao Z, Cao L, Jiang Z, Zhang J and Song Y 2021 Tracking
control of uncertain Euler-Lagrange systems with fading and saturating
actuations: A low-cost neuroadaptive proportional-integral-derivative
approach. Int J Robust Nonlin. 32(5): 2705-2721

Cui Q, Cao H, Wang Y, Song Y 2021 Prescribed time tracking control
of constrained Euler-Lagrange systems: An adaptive proportional-
integral solution. Int J Robust Nonlin. 32(18): 9723-9741

Wang L, He H, Zeng Z and Ge M 2021 Model-independent formation
tracking of multiple Euler-Lagrange systems via bounded inputs. [EEE
T Cybernetics. 51(5): 2813-2823

Xia D and Yue X 2021 Dynamic scaling-based adaptive control
without scaling factor: with application to Euler-Lagrange systems.
Int J Robust Nonlin. 31(10): 4531-4552

Sun C, Feng Z and Hu G 2021 Time-varying optimization-based ap-
proach for distributed formation of uncertain Euler-Lagrange systems.
IEEE T Cybernetics. 52(7): 5984-5998

Wang C and Kuang T 2021 Neuroadaptive control for uncertain Euler-
Lagrange systems with input and output constraints. IEEE Access. 9:
51940-51949

Tan S, Sun L, and Song Y 2022 Prescribed performance control
of Euler-Lagrange systems tracking targets with unknown trajectory.
Neurocomputing. 480: 212-219

Wen Z and Tan S 2023 Neuroadaptive tracking control of uncertain
nonlinear systems with spatiotemporal constraints. P Romanian Acad
A. 24(3):283-294

Zhang J, Yang G 2020 Adaptive fuzzy fault-tolerant control of
uncertain Euler-Lagrange systems with process faults. I[EEE T Fuzzy
Syst. 28(10): 2619-2630

Ren W and Xiong J 2020 Neuroadaptive Tracking Control of Uncertain
Nonlinear Systems With Spatiotemporal Constraints. IEEE T Automat
Contr. 65(8): 3685-3692

Wang S, Xia J, Sun W, Shen H and Zhang H 2015 Observer-based
adaptive event-triggered tracking control for nonlinear MIMO systems
based on neural networks technique. Neurocomputing.433: 71-82
Song Y, Huang X and Wen C 2016 Tracking control for a class of
unknown nonsquare MIMO nonaffine systems: a deep-rooted informa-
tion based robust adaptive approach. IEEE T Automat Contr. 61(10):
3227-3233

Yan Z, Lai X, Meng Q and Wu M 2019 A novel robust control method
for motion control of uncertain single-link flexible-joint manipulator.
IEEE T Cybernetics. 51(3): 1671-1678

Koksal N, An H and Fidan B 2020 Backstepping-based adaptive
control of a quadrotor UAV with guaranteed tracking performance.
ISA T. 105:98-110

Wang G 2020 Adaptive sliding mode robust control based on multi-
dimensional Taylor network for trajectory tracking of quadrotor UAV.
IET Control. Theory Appl. 14(14): 1855-1866

Lv C, Yu H, Zhao N, Chi J, Liu H and Li L 2022 Robust state-error
port-controlled Hamiltonian trajectory tracking control for unmanned
surface vehicle with disturbance uncertainties. Asian J Control. 24(1):
320-332

Luan Z, Zhang J, Zhao W and Wang C 2020 Trajectory tracking
control of autonomous vehicle with random network delay. IEEE
Transactions Veh Technol. 69(8): 8140-8150

Volume 32, Issue 3, March 2024, Pages 503-511



Engineering Letters

[18] Wang Y, Zong C, Guo H and Chen H 2020 Fault-tolerant path-
following control for in-wheel-motor-driven autonomous ground ve-
hicles with differential steering. Asian J Control. 22(3): 1230-1240

[19] Kidambi K, Fermuller C, Aloimonos Y and Xu H 2021 Robust nonlin-
ear control-based trajectory tracking for quadrotors under uncertainty.
IEEE Control Syst Lett. 5(6): 2042-2047

[20] Dou L, Su X, Zhao X, Zong Q and He L 2021 Robust tracking
control of quadrotor via on-policy adaptive dynamic programming.
Int J Robust Nonlin. 31(7): 2509-2525

[21] Tran V, Santoso F, Garratt M and Petersen I 2021 Fuzzy self-tuning
of strictly negative-imaginary controllers for trajectory tracking of
a quadcopter unmanned aerial vehicle. I[EEE T Ind Electron. 68(6):
5036-5045

[22] Liu H, Shen X, Guo Q and Sun H 2021 A data-driven approach
towards fast economic dispatch in electricity-gas coupled systems
based on artificial neural network. Appl Energ. 286

[23] Best R and Norton J 2015 Predictive missile guidance. J Guid Control
Dynam. 23(3): 539-546

[24] Hayoun S and Shima T 2018 Necessary conditions for "hit-to-kill”
in missile interception engagements. J Guid Control Dynam. 41(4):
916-928

[25] Lee S, Cho N and Kim Y 2018 Missile guidance based on tracking of
predicted target trajectory. Mediterranean Conference on Control and
Automation. 229-234

[26] Song Y, Zhang B and Zhao K 2017 Indirect neuroadaptive control of
unknown multi-input multi-output(MIMO) systems tracking uncertain
target under sensor failures. Automatica. 77: 103-111

[27] Zhang D, Shen Z and Song Y 2017 Robust adaptive fault-tolerant con-
trol of nonlinear uncertain systems tracking uncertain target trajectory.
Inform Sciences. 415: 446-460

[28] Song Y and Guo J 2017 Neuro-adaptive fault-tolerant tracking control
of Lagrange systems pursuing targets with unknown trajectory. /[EEE
T Ind Electron. 64(5): 3913-3920

[29] Boutalbi O, Benmahammed K and Boukezata B 2021 An adaptive
finite-time stable control law for manipulator robots with unknown
parameters. Int J Robust Nonlin. 31(11): 5218-5243

[30] Xia H and Guo P 2021 Sliding mode-based online fault compensation
control for modular reconfigurable robots through adaptive dynamic
programming. Complex Intell Syst. 8(3): 1963-1973

[31] Ye M, Gao G, Zhong J, Qin Q. Finite-time dynamic tracking control
of parallel robots with uncertainties and input saturation. Sensors.
2021;21(9)

[32] Sui S, Tong S and Chen C 2018 Finite-time filter decentralized control
for nonstrict-feedback nonlinear large-scale systems. [EEE T Fuzzy
Syst. 26(6): 3289-3300

[33] Zhao K, Song Y, Chen C and Chen L 2020 Control of nonlinear
systems under dynamic constraints: A unified barrier function-based
approach. Automatica. 119

[34] Constantine, Gregory M, Buliga, Marius G, Bohnen, Nicolaas I
2005 Predictive models of postural control based on electronic force
platform measures in patients with Parkinson’s disease. Int J Ap Mat.
18(4): 487-500

[35] Xu Z, Gao C, Jiang H 2023 High-gain-observer-based output feedback
adaptive controller design with command filter and event-triggered
strategy. Int J Ap Mat. 53(2): 463-469

[36] Shen J, Zhang W, Zhou S, and Ye X 2023 Vibration suppression
control of space flexible manipulator with varying load based on
adaptive neural network. Int J Comput Sci. 50(2):449-458

[37] Xu Z, Xu S, and Jiang H 2023 Event-trigger-based output feedback
controller design for a class of strict-feedback systems. Int J Comput
Sci. 50(2):477-483

[38] Ha V and Lee M 2009 Optimization based approach for constrained
optimal servo control of integrating process using industrial PI con-
troller. Int Multi-Conf of Engi and Comput Sci. 1166-1171

Volume 32, Issue 3, March 2024, Pages 503-511





