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Abstract: In view of the complexity of the operating environment of the actual industrial
system, this paper considers a nonlinear system with two kinds of constrained factors (actuator
faults and unknown dead-zones) and proposes a fixed-time passive fault-tolerant control (FTC)
scheme based on adaptive fuzzy technique to improve the overall stability and fault tolerance
of the constrained system. Firstly, a passive FTC scheme is constructed in which the adaptive
fuzzy technique is used to deal with the non-dynamic influences and variations of the system
induced by two constrained factors. Secondly, the design of the fixed-time controller further
improves the convergence rate of the system on the basis of the finite time controller, and the
introduction of the FTC scheme solves the oscillation problem caused by the fast convergence
rate of the fixed-time controller and the influence of two constrained factors on the stability and
tracking performance of the system. Then, based on the Lyapunov fixed-time stability theory,
the feasibility of the proposed scheme is analyzed, that is, the constrained system can achieve
system stability in fixed-time and the tracking error is maintained within a compact set around
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the to origin. Finally, the proposed strategy is verified by two simulations.
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technique, unknown dead-zones, actuator faults.

1. INTRODUCTION

In modern control systems, there are often actuator fail-
ures caused by component degradation, sudden environ-
mental changes, or unknown disturbances (Yu et al., 2023).
These faults may damage the system performance or lead
to the instability of the whole controlled system. To ad-
dress this pain point and enhance the robustness and
production efficiency of industrial systems, fault-tolerant
control (FTC) schemes have attracted the attention of
both scholars in the control field and practitioners in
industrial systems. Meanwhile, many meaningful results
have been achieved. Abbaspour et al. design a new FTC
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strategy based on the fault types and the fault causes
in a control system, which makes the controlled system
more fault-tolerant (Abbaspour et al., 2020). Li et al. first
use the mutual quality factor decomposition technique to
solve the multiplicative faults in the system and propose a
fault tolerance margin for closed-loop systems to solve the
performance degradation problem caused by faults (Li et
al., 2019). For spacecraft attitude control systems subject
to actuator faults and fault estimation errors, Shen et al.
utilize an indirect fault identification method to estimate
the fault severity and reconstruct the controller based on
the fault severity, such that the reconstructed controller
can operate unaffected by the fault (Shen et al., 2019).

Moreover, when designing the controller, it is essential
to account for the dead-zone input, which is a prevalent
non-smooth nonlinear characteristic of actuators. Over the
past few years, many scholars have conducted research
on the control problems under dead-zone characteristics,
and numerous outcomes have been produced. To mention
a few examples, an adaptive two-class neural tracking
control method is proposed to compensate for the effects of
actuator faults and dead-zone disturbance on the nonlinear
multiagent system, thus ensuring that the required system
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performance is not compromised (Cheng et al., 2023).
An adaptive fault-tolerant boundary control method is
developed to compensate for multiple disturbances, such
as dead-zones, actuator faults, and so on, in flexible string
systems (Ren et al., 2022). Guo et al. propose an improved
quadratic spacing strategy with fault factor lower bounds
to solve the problem of maximum acceleration variation
due to actuator faults in heterogeneous vehicle formations
with dead-zone nonlinearity (Guo et al., 2020) .

In addition to the above problems, another concern is the
tracking accuracy and convergence rate of the controlled
system. In recent years, to meet the requirements of con-
vergence time and robustness on the system, many control
methods have been proposed, such as asymptotic tracking
control (Li and Tong, 2022; Zheng and Hu, 2023; Wang,
2022), finite time control (Wang et al., 2023; Lee et al.,
2023), fixed-time control (Nguyen et al., 2023; Wang et al.,
2024), and so on. The finite time control has the advan-
tages of fast convergence rate, high tracking accuracy, and
strong robustness compared with the asymptotic tracking
control (Liu et al., 2022). However, the effectiveness of
the finite time control depends on the choice of the initial
conditions of the system, and when the initial conditions
are far away from the equilibrium point, the control effec-
tiveness of the system will be affected accordingly. Thus,
based on finite time control, a fixed time control that can
alleviate the dependence of initial conditions has been pro-
posed (Polyakov, 2012) and has been applied in navigation
and guidance, aircraft attitude tracking and other high-
tech fields. For example, a fixed-time sliding mode control
law based on an extended observer is proposed to solve
the trajectory tracking problem of an unmanned surface
vehicle in fixed time (Fan et al., 2023). Cao et al. propose
a new control method based on sliding modes using a
new fixed-time surface, which can achieve continuous and
chattering-free attitude stabilization of flexible spacecraft
with unknown inertia and disturbance (Cao et al., 2020)
. A new fixed-time convergence controller based on the
traditional line-of-sight guidance law is proposed, which
ensures that the heading angle of an underactuated un-
manned boat converges to the given bow angle at a fixed
time (Liu et al., 2023). Sun et al. construct an altitude
and velocity tracking controllers based the fixed-time non-
smoothing backstepping technique for air-breathing hyper-
sonic vehicles (Sun et al., 2020).

Inspired by the above literature, this paper studies the
fixed-time FTC problem for nonlinear system with two
kinds of constrained factors (actuator faults and unknown
dead-zones), with the following contributions:

(1) Different from single-constrained nonlinear systems
(Jia and He, 2023; Song et al., 2023; Cai et al., 2024), this
paper considers a nonlinear system with two constrained
factors (actuator faults and unknown dead-zones) to fur-
ther improve the universality of the controlled systems. In
addition, the coupling of two constrained factors in the
system also increases the difficulty of controller design.
(2) Compared with active FTC (Jia et al., 2024; He and
Jia, 2024), this paper proposes a passive FTC scheme
based on adaptive fuzzy technique to weaken the influence
of external factors on the steady-state and transient perfor-
mance of the system, in which the adaptive fuzzy technique
is used to deal with the non-smooth nonlinear characteris-

tics of the system induced by the two constrained factors.
(3) The fixed-time stability is introduced into the FTC
scheme to develop a fixed-time fault-tolerant controller
which makes the constrained system reach stability in a
fixed time and makes up for the oscillation problem caused
by the fast convergence rate. Unlike finite time control
(Zhai, 2023; Zhao and Song, 2023), fixed-time control gets
rid of the dependence on initial conditions and speeds up
the convergence rate.

The remainder of this paper is organised as follows. Sec-
tion 2 gives the system model and the relevant lemmas
needed for controller design. The controller for nonlinear
systems with actuator faults and unknown dead-zone is
constructed in Section 3. The feasibility of the controller
is analysed in Section 4. The effectiveness of the proposed
scheme is verified in Section 5 by a second-order numer-
ical system simulation and a robotic manipulator system
model simulation. Finally, the whole paper is summarised
in Section 6.

2. PROBLEM STATEMENT AND PRELIMINARY
KNOWLEDGE

2.1 System description

Consider the following constrained systems including un-
known dead-zones and actuator faults:

1 =2+ fi(x) + Ay (2);
o :"THJ + fi(z) + Ai(z);

Tn :.u + fulz) + Ay (2)+
C (t - TO) T(l‘,’l});
Yy=x.

where, © = [r1,72,...,7,]7 € R" and y € R represent
the state variables and the system output, respectively;
fi(-) and A;(z) are unknown smooth nonlinear functions
and satisfy the local Lipschitz condition; u € R represents
the control inputs; Given a reference output signal y,,
e1 = y — y, is the corresponding tracking error. 7(z,v)
and ((t — Tp) are the fault function and the homologous
time profile at the moment ¢, and there are two cases:

(1) When t < Ty, it satisfies (¢t —Tp) = 0, and the system
is in a fault-free state;

(2) When t > Ty, satisfy ¢(t — Tp) = 1 — e ?(t=70) then
the system is in faulty state.

where p is a non-negative constant that represents the
corresponding evolutionary rate caused by an unknown
fault. Different values of p, the fault type generated by the
actuator is different. If p is a relatively small value, then
the actuator’s fault type is an incipient fault. If p tends to
infinity, i.e., ((t — Tp) = 1, the actuator’s fault type is an
abrupt fault.

The following reasonable assumptions are given to facili-
tate the subsequent handling of actuator faults.

Assumption 1: Assuming the unknown function g(z,v) >
0, the inequality |fy (z)+C (t— T) 7(z,0)] < g(z,0)
holds.
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Remark 1: It is clear that Assumption 1 considers the
drift term f(z) and the fault term ((¢ — Tp)7(x, v) in the
system (1) as a unified whole and redefines it as a new
fault function g(z,v) containing the unknown nonlinear
function f(x). Then, during the controller design process,
the powerful approximation capability of the fuzzy logic
system (FLS) is introduced to handle with g(z,v) to
counteract the negative impact of failures on the system.

Choose the following asymmetric dead-zone model:
m (v—d.),v>d,
u= H(v) <0, —d; <v<d, (2)
m(v+dp),v<—d

where H(v) is an asymmetrical dead-zone function with
v as the dead-zone input; m and d represent the slopes
and breakpoints on the x-axis of the dead-zone model,
respectively; the subscripts r and [ refer to the left and
right of the line dividing the axes origin; m,., d,, m;, and d;
are positive scalars that remain unspecified.

Assumption 2 and Assumption 3 are introduced to facili-
tate the next step of controller design.

Assumption 2: Suppose the dead-zone input signal v(t)
is bounded , i.e., |v(t)] < D, where D is a non-negative
constant.

Assumption 3: The coefficients 7., d,., m; and d; of the
dead-zone model (2) are all uncertain positive constants
and satisfy the condition 7, # 7.

Under Assumption 2 and Assumption 3, the nonlinear
function expression for the asymmetric dead-zone model
(2) is displayed beneath:

u=mv+y (3)
—pdy, v > dy
with m = {Z“Zi%,’y {—wv,—dl <wv<d,
" mdp, v < —d
Define T = max{m.d,, mdi}, X = max{m,m,}, x =
min{m;, 7.}, and so we get
v<T (4)
m(t) X
o1 O N <X~ 5
N (t), A(?) N (5)

where A(t) is a bounded and segmented positive function.

Combining (3) and (5) generates the following new expres-
sion:

u=x(1+A@)v(t) + () (6)

2.2 Relevant Lemmas

To fulfil the control task of this paper, which is to develop
a fault-tolerant control in the sense of fixed-time stabilisa-
tion for constrained systems with triangular structure, the
following Lemmas are necessary.

Lemma 1 (Tian et al.,, 2023): Suppose that V(z) is
a positive definite functlon If the inequality V(x) <
—rV(z)? — tV(x)P + W is satisfied, then accordingly the
semi-global fixed-time stability of the controlled system
can be guaranteed, where the scalars r, t, p, ¢, and W
are all positive real numbers with 0 < ¢ < 1 and p > 1.

In addition, for 0 < n < 1, the settlng—tlme upper bound
function as T' < Tax 1= m + m

Lemma 2 (Shao and Ye, 2022): For arbitrary z € R,
y € R, scalar parameters a > 0, by > 1, by > 1, and
by, by satisfy e+ bl = 1, there is always the inequality

|3z:|b1 + ly[2 holds.

lzllyl < G-

b2ab2

Lemma 3 (Sui et al., 2023): If a € (0,
m; € R, the following inequalities hold:

(3) <%

Lemma 4 (Liu et al., 2023): In the system (1), the
function f(x) is a nonlinear function that is unknown with
all system state variables. More importantly, due to the
smooth and continuous characteristic throughout of f(z),
it can be approximated and fitted by FLS RT¢(x), i.e

sup,cp | f (@) — RT¢(x)| < e, where € is the approximation
error and |e| is not greater than a bounded positive
constant 0, R = [Ry, Ry, ..., R,)7 is the ideal weight vector,
o(x) is the fuzzy basis function vector, whose expression
can be written as

1), b € (1,00),

M:
EA
—
J
~—

1

Mﬁ
&@
—
09]
=

1

where i =1,...,n

In (9), ¢ and s;(z) represent the number of fuzzy rules and
the membership function satisfying the Gaussian function
condition respectively, i.e. s;(x) = exp [wy

i =1,2,...,n, where p; = (i1, i2, - - -, fbin] 1S the centre
vector and 7; is the width of the Gaussian function.

In a FLS, assume that ¢ = ||R||2, J is the optimal estimate
of ¥, and hence the estimation error is 9 =19 —19.

3. DESIGN OF FIXED-TIME FAULT-TOLERANT
CONTROLLER

The ultimate goal of this section is to construct a fault-
tolerant controller adapted to the constrained system in
the sense of fixed-time stability using backstepping method
as the design framework. The backstepping method is a re-
cursive design method that requires n iterations before ob-
taining the final desired controller. Unlike the traditional
backstepping method, in this paper, a set of coordinate
transformations are introduced as follows:

(10)

where a;_1 is the virtual control protocol for the corre-
sponding subsystem of the n-order constrained system.

€1 =T1 —Yr, € = Ti — Q1,1 =2,...,N

Step 1: Considering the first order subsystem of the
constrained system (1) and the first transformation of the
coordinate transformation (10), the first order derivative
é1 of e; can be obtained as follows:

é1=ex+a1+ fi(z) + Ar(x) — 9r (11)
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1.2 . .
Constzruct the Lyapunov candidate function V; = 261 + Vi <Vl + e (€i+1 Yo+ > 26 :04() ¢i($))
2m1191, where m; > 0 is a constant. Finding the time
derivative V; of Vi and combining it with (11), we get + 1 24 52 _ 719T19 — €16 (21)
2 a; 1—164

) 1 )
1= 61(62 + a1+ hi(z) — 54 _yr) -

where hy(z) = fi(z) + A1 (z) + Fei.

To deal with the new unknown function hj(x), firstly,
Lemma 4 is used to obtain hi(z) = RT¢i(z) + &1, and
secondly, Lemma 2 is used to deal with ejhy(x). Thus, for
a1 >0, 6; > 0, it follows

1 1 1
ﬁe?mm( 2)" 1 (z) + Cl1+2 el

1 ~+=
— 9Ty 12
el (12)

erhi(z) < T+ 52 (13)

Substituting (13) into (12) yields

1 .
Vi <ei(e2 + a1 + ——e19161(z) o1 () — 4y)
1
+ 5@% + 561

2a?

— =97y 14
m1191191 (14)

Virtual controller a; and adaptive law 191 are selected as

a1 = —Mlﬁlefp_l — M2716%q_1 + yr
1 .
- ﬁelﬂl(bl(z)Td’l(fC) (15)
1
X m N Aoy
¥ = T:Zefgbl(x)Tm(x) — My — R 03P (16)
1

where M171 > 0, M271 >0, A\ >0,k >0, p>1,
0<qg<l.

With the above results (15) and (16), V; can be finally
written as

. 1
Vi <-— Ml,lefp — Mg,lefq +ereg + 5&%4—
1 A
i et (KR q9ﬁ92p ! (17)

Step i (2 < i < mn — 1): Considering the ith-order
subsystem of the constrained system (1) and the ith
transformation of the coordinate transformation (10), the
first order derivative ¢; of e; can be obtained as follows:

éi = eip1 + o+ fi(w) + Ai(x) — diy (18)

Construct the positive definite Lyapunov function V; cor-
responding to the ith-order constrained subsystem with
the expression V; = V;_1 + %62 + Q%nﬁf, where m; > 0 is
an adjustable parameter. Define a new composite unknown
nonlinear function h;(z) = e;—1+ f;(z)+A; (@) +5e;—dy—1,
so that the first-order derivatives V; of V; can be expressed
as

Vi=Vii1 —ei_1e; + e (€i+1 + o
1 1 -nx
hi(x) — =€) — —070; 1
+hula) = ger) = 0 (19)
Let h;(z) = RT@( ) + €4, and using Lemma 2, we get
1 1
eihi(z) <= e2;¢i(x) T di(x )+ 3 —al+ e + 52 (20)

221 21
where a; > 0, 6; > 0.

Thus,

Select the following virtual controller ; and adaptive law

191- as follows:

a; = —M e’ — My e
1
-5 26119 6i(2) s (x) (22)
D = 226, ()T i) — A — m P (23)

2a 2 G
where M, 4, MQJ, i, Ki are positive constants.

Substituting (22) and (23) into (21), V; can be written as

. 4 i 1 i
Vi< =3 M S My LY (a2 4 5)
jfl j:1 j=1
+Z J19Tq9 +Z J19T192” "teein (24)

Jl ]1

Step n: According to the nth-order subsystem of the
constrained system (1) and the nth transformation of the
coordinate transformation (10), the first order derivative
é, of e, can be obtained as follows:

Vi =Voo1 — en—1en + en(en_1 + fn()

1 1
An 5fn T 5%n
+ (m)—i—u—l—Qe 5¢

—Qp_1

+ C(t - TO)T(‘T7

where m,, > 0 is a design constant.

(25)

According to Assumption 1 and FLS, the following in-
equality holds:

en(fu(2) + ([t = To)(x, ) < leallg(e, v)|

1 1
< 2beng (I,’U) + §b

1
= eng(xvv) + 56 (26)

where g(z,v) = %enf(x,v), b > 0 is an adjustable

parameter.

From Assumption 2 and (4)-(6), the ideal fault-tolerant
controller u can be constructed as

u=xv+(x—x)D+7T (27)
Substituting (26) and (27) into (25), we get
Vi, <Viiq — €n_1€n + €n (en_l + 71+ %en
+XU+(Y—X)D+A (x )+9($ v)
— %en — 1) + b - m—nﬁTﬁ (28)
Defining h,,(z) = €,—1 + g(x,v) + A (z) + %en — (1 @S
a new function, (28) can be written as
Vi <Viet — en1en + en( — %en + hy () + xv
+(X—-x)D+7T) - minﬁfén + %b (29)
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The FLS is utilized to handle the function h,(z), i.e.,
for two parameters a,, > 0 and §, > 0, the inequality
enhn(z) < ﬁeiﬁnqﬁn(z)ﬁbn(x) +1a2 +1e2 4+ 152 holds.
Therefore,

Vi, <Vi1 — €n_16n + €n (xu +(x—x)D

1 1

1 1
+ faQ + 6% — —ﬁTﬁ
2 My

Sa? (30)

Choose the following actual control protocol v and adap-

tive law 1§n

v = i( — My €297t — My e2P™ — (x — x)D
1
2 26n19 ¢n( ) ¢n(x) _T) (31)
Un = 5 ehon(®) on(e) = DT = Al (32)

where M, > 07 My, >0, Ay, > 0, Ky, > 0.
Thus, the final form of V, can be obtained with the

expression
ZMzu ¢; +Z ”W

n
Vi <= My el
j=1
n
Ri grgw-1 2 2 4 52) 4 =
+;mj19j19] +2;(a]+5])+

At this point, the controller design is complete.

(33)

Remark 2: Actuator fault and dead-zone input are two
common constrained factors in systems. The actuator fault
is usually caused by the limitation of the actuator material
itself, while the dead-zone input is the non-smooth nonlin-
ear characteristic caused by the complexity of the system
working environment. The existence of actuator fault and
dead-zone input can impair system performance and even
cause system crash in severe cases. Therefore, it is very
important to choose the appropriate processing method
to eliminate the influence of dead-zone input on system
performance and develop the corresponding fault-tolerant
control scheme to deal with actuator faults. This is one of
the motives of this paper.

4. STABILITY ANALYSIS

In the previous section, the detailed design process of the
controller is revealed. The task of this section is to anal-
yse the fixed-time stability and tracking accuracy of the
fault-tolerant controller constructed for the constrained
system in the previous section. The relevant results are
summarised in Theorem 1.

Theorem 1: Consider the nonlinear system with the
triangular structure and two kinds of constrained factors
(actuator faults and unknown dead-zones. Under Assump-
tions 1-3, by utilizing backstepping method and Lyapunov
fixed-time stability theory, the desired actual control signal
(31), virtual controllers (15) and (22), adaptive laws (16),
(23), and (32) can be obtained to guarantee the stability
of the constrained system (1) in a fixed-time sense, with

the following properties:

(1) All involved signals are bounded;

(2) The tracking error converges to within a compact set
centred at the origin.

Proof: It follows from Lemma 2:

n

n
oy 2p —1 K
j 3T 32p—1 D i 92p
—19.19. S — — 9
Zz:m J - % ij J

j—l
2p -1 =5
T 34
2p Z mj 7 (34)
j=1
n o . n n )\
Aj 5T A g2 A 52
> m*% v < Z 19 -3 3 U3 92 (35)
= = =
Substituting (35) and (34) into (33), we get
. M1 es\ P 2p_ 1 n Ki =o
V, < — —Li(d — 7 g2
B Z 2r ( 2 ) p Z Qmj J
j=1 j=1
n n 2
A 52 My, (€
B Z om; I Z 2¢ \ 2 + W
j=1 =1
n 62 P n 62- q n 1’92
J J Vi
=T <> -2 <2> T2 om;
j=1 j=1 j=1
—r Z <2 'ﬁj) + W (36)
=1 g
e Vs = 3 30 L 0 & (o )
%b7T:min{A/éLJ?]\éZZJ]?)\]aiK]me 73—1,27..., },

and W is a bounded constant.

q
n n
: 152 1
Since (Zl T 19]») < 7w
]:

3, we have

j@?—i—(l—q)q%q, by Lemma

2 p
' 1- Z % 1- Z L 5
Vn S —rn P : 5 —r P : %ﬁj

p
n 62 1
< —pplt—Pol-p 24— 9?2 W
™ Z 5 +2mj J + Wi
Jj=1
q
el 1o
APl B
j=1

(37)

where t = rn!=P21=P W = W + (1 — q)ql%q.
By the definition of Lyapunov function and Lemma 1, the

conclusion holds and the proof is closed.|:|
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5. SIMULATION STUDY

This section focuses on verifying the reasonableness of the
FTC scheme proposed in the previous section in terms of
fixed-time tracking by adopting the form of simulation.
Regarding the asymmetric dead-zone disturbance suffered
by the nonlinear system (1) during the control process,
the model is shown in (2), whose parameters are chosen
as . = 21, m = 2, d. = 5, and d; = —5. For the
actuator faults, a non-affine nonlinear fault is chosen. The
fault function is 7(z,v) = 2 (122 + sin(v)) + 50, and the
fault is assumed to occur at the 10th second, considering
the incipient fault ¢ (t — Tp) = 1 — e 3710 at p = 8 and
the abrupt fault { (t —Tp) = 1 at p = co. In this paper,
the same dead-zone model and fault models as above are
chosen for both Example 1 and Example 2.

Example 1: Focuses on the following dynamic model
of a second-order constrained system with the triangular
structure and constrained factors including actuator fault
and unknown dead-zone

1 = To + 01$:1)) + 0.5 COS(l‘l) + Al(l’)

To =u— 0.1x729 — 0.221 + Ag(l’)

+¢(t —10)7(z,v)
Yy=1a

(38)

where z; and x5 represent the state variables of the
nonlinear system; Aj(xz1) = 0.01cos(z1) and Ag(xy) =
0.5 cos(10z1) are the external uncertain disturbance; u and
y are the system input suffering from dead-zone nonlin-
earity and the system output, respectively; ¢ (t — Tp) and
7(x,v) are the homologous time profile where the fault
occurs and the fault function, respectively.

Assuming that the reference signal is introduced, the
expression is y, = 0.5sin(¢). The purpose of Example 1
is to authenticate the stability and tracking ability of the
FTC protocol proposed in this paper in a second-order
constrained system.

Following the design process described in the previous
section, the following controllers and adaptive laws cor-
responding to the first order subsystem and the second
section subsystem are obtained

) = =My et — My 27 4 g,
1 .
- ﬁ€1191¢1($)T¢1(33)
1
1 _ _ _
U= Q( — Myges? ™" — Myped™ — (x — x)D

- T;@zéz@(z)T%(@) -7)
2

A m N Ao
b = T 3n (@) 61 (@) — A — s 3!
1
o = L2 e30a ()T $a(x) — Aol — 0P (39)

2
2a3

Before numerical simulation verification, the initial con-
ditions of the second-order nonlinear system can be se-
lected as 91(0) = [0,0,0,0,0]7, 92(0) = [0,0,0,0,0]7,
2(0) = [0.1,—0.5] and the relevant parameters involved
in the controllers and adaptive laws can be chosen as
M171 = 1, Ml’g = 057 p = 14, q = 08, )\1 = 002,

)\2 = 0.01, K1 = 0.2, Ko = 0.1, my = 1, mo = 2, a; = 0.05,
ag = 017 D = 100, M271 = 207 M272 =1.

e,-under abrupt fault
0.09 = = =e,-under incipient fault [

Time/s

Fig. 1. Tracking error trajectories.

y-under abrupt fault
= = =y,-under abrupt fault

y-under incipient fault
= = =y,-under incipient fault

- s
94 10 fo1 102 143

0.2

0.4

10 Timels 15 20 25

0 5

Fig. 2. Trajectories of the system output and the reference
output.

X,-under abrupt fault

x,-under abrupt fault

10 Time/s 15 20 25

X,-under incipient fault

X,-under incipient fault

0 5 10 Timels 15 20 25

Fig. 3. Trajectories of the system state variables.

For the system (38), under the action of (39), the simu-
lation results Figs. 1-4 are obtained. Fig. 1 illustrates the
tracking error affected by the abrupt fault and asymmetric
unknown dead-zone, as well as the tracking error affected
by the incipient fault and asymmetric unknown dead-zone.
Fig. 2 shows the tracking situation corresponding to the
tracking error elaborated in Fig. 1. Fig. 3 and Fig. 4
display the trajectories of the system state variables and
control signals, respectively. According to Figs. 1-4, we
can easily see that under the control scheme of this paper,
the tracking performance, stability and boundedness of the
system in the fixed-time can be guaranteed and are not
affected by the two types of constrained factors.
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v-under incipient fault
40 b = = =v-under abrupt fault

NI

10 10.2 10.4 10.6

0 5 10 Time/s 15 20 25

Fig. 4. Actual control signal of the system.

Example 2: A robotic manipulator system (Fig. 5) is
used as the object of this model simulation to assess the
reasonableness of the suggested FTC strategy in practical
applications, and it is known that the system conforms to
the following second-order Lagrangian equations:

JG+ Bg+ Mglsin(q) = u(t) (40)
where the physical meanings of the symbols ¢, ¢, B, J, M,
l, and g refer to the the angle, the angular velocity, the
damping coefficient, the total rotation inertia, the mass,
the distance from the joint axis to the mass centre, and
the acceleration of gravity, respectively. Assigning values
to the above physical parameters: J = 1Kg-m?, B =
2N/(m/s), Mgl = 10J. According to the system studied
in this paper, introducing two types of disturbances, dead-
zone input and actuator faults, based on the robotic
manipulator model, equation (40) can be rewritten as

T = T2
o =u — 2x9 — 10sin (1) +
¢(t =10)7(x, v)
Y=

where x1 and x5 correspond to ¢ and ¢ in (40), respectively.
Assuming that the reference trajectory of the robotic
manipulator is y, = 0.5sin(¢) + sin(0.5¢), the adjustable
parameters involved in the controllers and adaptive laws
in the simulation can be chosen as M;; =1, My ; = 100,
Mo =05, p =11, ¢ = 09, Ay = 0.05, ke = 0.1,
mg = 0.5, ap = 0.5, D =100, M2 2 = 20 and initial values
are z2(0) = —0.1, J(0) = [0,0,0,0,0]”, z1(0) = 0.3.

(41)

DC Motor

Fig. 5. The robotic manipulator system.

The purpose of Example 2 is to analyse whether the
actual motion path of the robotic manipulator with the
dual influence of actuator fault and unknown dead-zone
can follow the prescribed reference path under the fixed-
time FTC scheme. The simulation results are shown in

Figs. 6-9. Fig. 6 illustrates the situation that the actual
motion path tracks the reference path for the robotic
manipulator with the dual influence of actuator fault and
unknown dead-zone, where Fig. 7 displays the tracking er-
rors corresponding to Fig. 6. Fig. 6 and Fig. 7 demonstrate
the possibility of applying the fixed-time control strategy
combined with FTC in the constrained actual system. Up
until the tenth second, the plant is solely influenced by
the unknown dead-zone. It is evident that the tracking
performance remains unaffected and still rapidly stabilises
during the initial stages of the controller’s action. At the
tenth second, an actuator fault is introduced into the
system, and accordingly, the tracking performance shifts
for a short period of time and then quickly stabilises.
At this point, the system suffers from both the unknown
dead-zone and the actuator fault as constrained factors.
Compared to the tracking performance before ten seconds,
which was only influenced by the unknown dead-zone, the
tracking performance after ten seconds is slightly degraded
due to both the unknown dead-zone and the actuator fault.
However, this degradation is subtle and does not impair
the overall control of the system. Fig. 8 and Fig. 9 show the
trajectories of the system state variables and the controller
control signal, respectively.

y-under incipient fault

= = =y,-under incipient fault

10 Time/s15 20 25 30

y-under abrupt fault
= = —,-under abrupt fault

10 Time/sis 20 25 30

Fig. 6. Actual motion trajectories and reference trajecto-
ries of the robotic manipulator.

< 0.1 10 102 104 106 108 11 112 11.4 116

s
>0.05

-0.05

-0.1 e,-under abrupt fault

- = =& -under incipient fault

10 Time/s15 20 25 30

Fig. 7. Tracking errors of the robotic manipulator.

6. CONCLUSIONS

This paper is concerned with FTC of constrained systems
in the fixed-time sense, constructing a fixed-time FTC
scheme to study the tracking ability and stability of the
controlled plant under the dual effects of the unknown
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dead-zone and the actuator fault. Firstly, two types of
constrained factors are converted into nonlinear functions
with unknown parameters, so that the difficult-to-handle
disturbance model can be converted into a nonlinear func-
tion dynamic that can be fitted and estimated by a FLS.
Then, applying for the backstepping method and Lya-
punov fixed-time stability analysis, a new adaptive fuzzy
fixed-time fault-tolerant tracking controller is proposed,
which not only ensures the semiglobal fixed-time stabil-
ity of the system but also guarantees that the tracking
error tends to a compact set centered at the number
zero. Finally, the effectiveness of the proposed controller is
verified by numerical simulation of a second-order system
and model simulation of a robotic manipulator system.
However, with the increase in automation level, the re-
quirements of the system are getting higher and higher.
Therefore, our next research topic is the fixed-time FTC
of large and complex systems not considered in this paper.

X,-under incipient fault

X,-under incipient fault

0 5

10 Timels 15 20 25 30

X,-under abrupt fault

X,-under abrupt fault

SIS

0 5

10 Time/s 15 20 25 30

Fig. 8. Angle and angular velocity trajectories of the
robotic manipulator.

80

v-under incipient fault
= = =v-under abrupt fault

10 Time/SWS 20 25 30

Fig. 9. Actual control signal trajectories of the robotic
manipulator.

REFERENCES

Abbaspour, A., Mokhtari, S., Sargolzaei, A., & Yen, K.
(2020). A survey on active fault-tolerant control sys-
tems. Electronics, 9(9), pp. 1513.

Cao, L., Xiao, B., Golestani, M., & Ran, D. (2020). Faster
fixed-time control of flexible spacecraft attitude stabi-
lization. IEEE Transactions on Industrial Informatics,
16(2), pp. 1281-1290.

Cheng, F., Liang, H., Wang, H., Zong, G., & Xu, N.
(2023). Adaptive neural self-triggered bipartite fault-
tolerant control for nonlinear MASs with dead-zone

constraints. IEEE Transactions on Automation Science
and Engineering, 20(3), pp. 1663-1674.

Cai, M., Shi, P., & Yu, J. (2024). Adaptive neural finite-
time control of non-strict feedback nonlinear systems
with non-symmetrical dead-zone. IEEE Transactions on
Neural Networks and Learning Systems, 35(1), pp. 1409-
1414.

Fan, Y., Qiu, B., Liu, L., & Yang, Y. (2023). Global
fixed-time trajectory tracking control of underactuated
USV based on fixed-time extended state observer. ISA
Transactions, 132, pp. 267-277.

Guo, G., Li, P., & Hao, L. (2020). Adaptive fault-tolerant
control of platoons with guaranteed traffic flow stability.
IEEE Transactions on Vehicular Technology, 69(7), pp.
6916-6927.

He, X., & Jia, F. (2024). Active fault-tolerant control for
nonlinear systems with nonlogarithmic sensor resolu-
tion. IEEE Transactions on Instrumentation and Mea-
surement, 73, pp. 3503711.

Jia, F., & He, X. (2023). Fault-tolerant control for un-
certain nonstrict-feedback stochastic nonlinear systems
with output constraints. IEEE Transactions on Sys-
tems, Man, and Cybernetics: Systems, 53(8), pp. 5212-
5223.

Jia, F., Cao, F., & He, X. (2024). Active fault-tolerant
control against intermittent faults for state-constrained
nonlinear systems. IFEEE Transactions on Systems,
Man, and Cybernetics: Systems, 54(4), pp. 2389-2401.

Li, L., Luo, H., Ding, S., Yang, Y., & Peng, K. (2019).
Performance-based fault detection and fault-tolerant
control for automatic control systems. Automatica, 99,
pp. 308-316.

Li, Y., & Tong, S. (2022). A bound estimation approach
for adaptive fuzzy asymptotic tracking of uncertain
stochastic nonlinear systems. IEEE Transactions on
Cybernetics, 52(6), pp. 5333-5342.

Liu, Y., Li, H., Zuo, Z., Li, X., & Lu, R. (2022). An
overview of finite/fixed-time control and its application
in engineering systems. IEEE/CAA Journal of Auto-
matica Sinica, (99), pp. 1-15.

Liu, Y., Zhu, Q., & Fan, X. (2023). Event-triggered adap-
tive fuzzy control for stochastic nonlinear time-delay
systems. Fuzzy Sets and Systems, 452, pp. 42-60.

Liu, Y., Yao, D., Wang, L., & Lu, S. (2023). Distributed
adaptive fixed-time robust platoon control for fully
heterogeneous vehicles. IEEE Transactions on Systems,
Man, and Cybernetics: Systems, 53(1), pp. 264-274.

Lee, J., Haddad. W., & Lanchares, M. (2023). Finite
time stability and optimal finite time stabilization
for discrete-time stochastic dynamical systems. IEEFE
Transactions on Automatic Control, 68(7), pp. 3978-
3991.

Nguyen, L., Yu, X., Eberhard, A., & Li, C. (2023). Fixed-
time gradient dynamics with time-varying coefficients
for continuous-time optimization. IEEFE Transactions on
Automatic Control, 68(7), pp. 4383-4390.

Polyakov, A. (2012). Nonlinear feedback design for fixed-
time stabilization of linear control systems. IEEE Trans-
actions on Automatic Control, 57(8), pp. 2106-2110.

Ren, Y., Zhu, P., Zhao, Z., Yang, J., & Zou, T. (2022).
Adaptive fault-tolerant boundary control for a flexible
string with unknown dead zone and actuator fault.
IEEE Transactions on Cybernetics, 52(7), pp. 7084-



76

CONTROL ENGINEERING AND APPLIED INFORMATICS

7093.

Shen, Q., Yue, C., Goh, C., & Wang, D. (2019). Active
fault-tolerant control system design for spacecraft at-
titude maneuvers with actuator saturation and faults.
IEEFE Transactions on Industrial Electronics, 66(5), pp.
3763-3772.

Sun, J., Pu, Z., Yi, J., & Liu, Z. (2020). Fixed-time control
with uncertainty and measurement noise suppression
for hypersonic vehicles via augmented sliding mode
observers. IEEFE Transactions on Industrial Informatics,
16(2), pp. 1192-1203.

Shao, X., & Ye, D. (2022). Event-based adaptive fuzzy
fixed-time control for nonlinear interconnected systems
with non-affine nonlinear faults. Fuzzy Sets and Systems,
432, pp. 1-27.

Sui, S., Chen, C., & Tong, S. (2023). A novel full er-
rors fixed-time control for constraint nonlinear systems.
IEEFE Transactions on Automatic Control, 68(4), pp.
2568-2575.

Song, J., Chen, Y., Liu, Y., & Zhang, L. (2023). Fixed-time
fuzzy adaptive fault-tolerant control for strict-feedback
nonlinear systems with input delay. IEEE Transactions
on Systems, Man, and Cybernetics: Systems, 53(11), pp.
6999-7010.

Tian, X., Tao, F., Fu, Z., Wang, N., & Song, S. (2023).
Fixed time control based on finite time observer for
Buck converter system with load disturbance. Control
Engineering and Applied Informatics, 25(1), pp. 3-11.

Wang, S. (2022). Asymptotic tracking control for nonaffine
systems with disturbances. IEEFE Transactions on Cir-
cuits and Systems II: Express Briefs, 69(2), pp. 479-483.

Wang, H., Xu, K., & Zhang, H. (2023). Adaptive finite-
time tracking control of nonlinear systems with dy-

namics uncertainties. IEEFE Transactions on Automatic
Control, 68(9), pp. 5737-5744.

Wang, Y., Fu, Z., Tao, F., Wang, N., & Guo, Z. (2024).
Dynamic surface-based adaptive fuzzy fixed-time fault-
tolerant control for nonstrict feedback nonlinear systems
with non-affine faults. International Journal of Fuzzy
Systems, DOL: 10.1007/s40815-024-01720-4.

Yu, D., Yang, M., Liu, Y., Wang, Z., & Chen, C. (2023).
Adaptive fuzzy tracking control for uncertain nonlinear
systems with multiple actuators and sensors faults.
IEEE Transactions on Fuzzy Systems, 31(1), pp. 104-
116.

Zheng, M., & Hu, J. (2023). Event-triggered neuro-
adaptive cooperative control for nonlinear multi-agent
systems with full state constraints and prescribed per-
formance. Control Engineering and Applied Informatics,
25(1), pp. 40-48.

Zhai, J. (2023). Adaptive finite-time control for a class
of p-normal nonlinear systems. IEEE Transactions on
Circuits and Systems II: Express Briefs, 70(2), pp. 705-
709.

Zhao, L., & Song, X. (2023). Backstepping-based finite-
time control for high-order discrete-time systems. IEEE
Transactions on Clircuits and Systems I1I: FEzpress
Briefs, 70(6), pp. 2127-2130.



