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ABSTRACT An adaptive fault-tolerant control method considering actuator fault is proposed for a class
of strict-feedback nonlinear time-delay systems. The prescribed performance is introduced by error trans-
formation, which guarantees the transient performance of the system. Pade approximation and intermediate
variables are used to eliminate the effect of input delay on the system performance. The universal approxi-
mation nature of fuzzy logic systems is used to approximate the unknown function in the system. A general
fault model is introduced to describe the partial fault and stuck fault that may occur during the operation
of the systems. The controller based on backstepping can ensure that the system operates normally with
actuator fault. Through the Lyapunov function, all signals in the designed closed-loop system can be proved
to be semi-globally uniformly ultimately bounded, and the tracking error can quickly converge to a compact
set near the origin. Compared with the non-fault-tolerant control system, the simulation results show the

effectiveness of the proposed control strategy.

INDEX TERMS Adaptive control, fault-tolerant, prescribed performance, time-delay nonlinear system.

I. INTRODUCTION

The adaptive control technology of nonlinear systems has a
huge impact on the industrial field, and has also obtained
a lot of meaningful results [1]- [4]. The backstepping
method is applied to different types of nonlinear systems to
enhance the application range of adaptive control technology
[5]-{7]. However, there are usually unknown items in prac-
tical systems, we can get better adaptive tracking perfor-
mance through combining the approximation performance of
neural networks or fuzzy logic systems [8]-[13].The calcu-
lation based on Lyapunov function ensures the stability of
systems [14].

Considering the safety and reliability of the control system,
there are many researches on adaptive fault-tolerant control
for actuator fault [15]{ 17]. In engineering systems, the actua-
tor is an indispensable part of the system operation. The actu-
ator is an important factor to determine whether the system
operate normally or not. Because of the scale and complexity
of modern systems, the occurred fault will cause incalcula-
ble loss. So it is very important to study the fault-tolerant
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control [18], [19]. In actual systems, there are many uncertain
factors which include the time, number and type of faults.
Hence, it is necessary to design a system model with unknown
parameters and actuator faults [20]-[22]. Aiming at a class
of nonlinear systems with unmeasurable states, the problem
of fault-tolerant control is researched [23]. Reference [24]
solved a problem of fault-tolerant control caused by actuator
failure and interference in high-speed train traction system
with unknown time-varying parameters. In [25], a fuzzy con-
trol method for uncertain time-delay active steering system
with actuator fault is proposed.

The fault-tolerant control solves the problem of actua-
tor fault. However, the signal fluctuation and the possi-
ble external interference may have a serious effect on the
transient performance of the system. In order to solve this
problem, the prescribed performance control method based
on error transformation is proposed [26]-[28]. This method
can ensure that the tracking error is always in the preset
region. Meanwhile, the overshoot and the convergence speed
of the system will meet the given conditions. At present,
the prescribed performance has been widely used in most
of nonlinear systems [29]-[31]. Because of its advantages
of both the steady and transient performance of the system,
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the prescribed performance method is more indispensable in
the fields of robot flexible joint control [32], aircraft attitude
tracking [33] and so on. Therefore, it is necessary to preset
the performance of the nonlinear system with actuator fault,
which can effectively reduce the tracking error of the system
and improve the system performance [34], [35]. In [36],
a class of adaptive robust fault-tolerant control is proposed by
combining the fault model with the prescribed performance,
which can ensure the steady and transient performance of the
system even if the actuator occurs a fault.

From the previous results, these methods are rarely used
in nonlinear time-delay systems [37]-[40]. However, many
actual systems inevitably have time-delay phenomenon.
So time-delay and time-delay system are common practi-
cal problems in engineering technology, which has a great
research significance [41]-{45]. Inspired by aforementioned
works, this paper presents an adaptive fault-tolerant control
technique for nonlinear time-delay system with prescribed
performance, which solves the problem that the system can
remain stable with actuator fault, and the steady and transient
performance of the system are also guaranteed. The main
contributions are summarized as follows.

1) Different from the previous researches [46], the problem
of adaptive tracking control for time-delay nonlinear systems
is investigated by combining backstepping, fault-tolerant
control and prescribed performance.

2) Compared with the methods of non-fault-tolerant
control system [47], [48], the experimental results show the
superiority of the proposed method. Once the fault occurs,
the non-fault-tolerant controller loses the control of the sys-
tem after the violent fluctuate. However the fault-tolerant
controller proposed in this paper recovers the control effect
on the system rapidly after the short fluctuation. Therefore,
it can be proved that the proposed control strategy is effective.

Il. PRELIMINARIES AND PROBLEM FORMULATION

A. PROBLEM FORMULATION

Consider a class of strict-feedback nonlinear time-delay
systems as follows:

xi(t) = fixi(1) + gi(xi()xip1() + di(x;(t), 1)
(I<i<n-1),
Xn(1) = fu(Xn(0)) + gn(Xn(O)u(t — T) + dp(Xn(2), 1),

y(@) = x1(2),
()
where X; = [x1,x2, ..., x]7 € R (I<i<n-—1andx, =
[x1,x2, ..., x,])7 € R" are the system states. f(-) and g;(-) are

smooth, bounded and unknown nonlinear functions. d;(-) is
unknown and bounded external disturbance. u is the system
input. T is an input time-delay which is a positive constant.
y is the system output. For simplicity, f;(-), gi(-) and d;(-) are
abbreviated as f;, g; and d; below.

Assumption 1: When 1 < i < n, the function g; satisfies
gi > 0, and there are positive constants g,, and g7 such that:

O<gn=lgix)l <gu (A =ic<n). 2
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Remark 1: The unknown constants g,, and gy in the
assumption 1 are only used for analysis which are not used
to design controllers.

B. ACTUATOR FAULT

During the operation of the system, actuator fault is
inevitable. It is necessary to consider actuator fault at the same
time. In this section, two types of actuator fault are considered
in the system model [20], [23], named lock-in-place and loss
of effectiveness, which can ensure that the system operates
normally even the actuator fault. This method effectively
improves the security and stability of the system. The fault
model is as follows:

vs(t) = ngvs(t), 1>t s€{1,2,...,m}
(loss of effectiveness), 3)
i@ =ux, t>1t, kel{l,2,...,m}

(lock-in-place).

There are m actuators in the system. Among them,
vii = 1,...,m) is the actual control instruction of the
ith actuator; vy is the designed value of the sth actuator;
ns(0 < ns < 1) is the effective proportion after losing partial
effectiveness of the sth actuator. uj; represents the constant
value after the kth actuator has a lock-in-place fault, and #,
and #; represent the time when the actuator occurs fault.

Assumption 2: Each actuator has at most one fault during
the operation of system. And once a fault occurs, the fault
type will not change.

Assumption 3: At most m — 1 actuators in the system are
lock-in-place at the same time to ensure that the remaining
actuators can achieve the required control target.

The actuator fault model can be described as

vi(t) = nivi(t) + B — nvi(0)), je{l,2,....m}. (4

In the system, u(t) = qu(t), q=Iq1,92,--., qm]T. qj is
known control gain. v(¢) = [vi(¢), va(¢), ..., V(1" . When
B; = 0, the jth actuator has a lock-in-place fault. In other
hand, when B; = 1, the jth actuator loses effectiveness.

C. PRESCRIBED PERFORMANCE AND ERROR
TRANSFORMATION
In this section, the tracking error z; of the system is lim-
ited by prescribed performance and error transformation,
so that the tracking performance of the system can meet
the expected performance requirements. This method can
effectively improve the transient performance of the control
system.

Definition 1 [27]: The continuous smooth function p(7) :
R4+ — Ry (called a performance function) is strictly decreas-
ing, and satisfies tgn;o p(t) = poo > 0.

Define the performance function as p(1) = (pg— poo)e "+
Poo, and take A € [0, 1], then the constraint inequalities are:

—Ap(1) < z(1) < p(1), 2(0) >0, )
—p(1) < z(1) < Ap(r), 2(0) <O0.

For simplicity of calculation, the constraint inequalities
are transformed into an unconstrained form through the error
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transformation function. The error transformation function is
defined as

(1) = p(1)S (), (6)

where § is the transformed error. The error transformation
formula S(8) is smooth, invertible and strictly increasing
function. And it satisfies the following conditions:

-M < S(6) <1, z(0) >0,
-1 <806 <M, z0) <O.

lm_50)= -

Jim §(8) =1, (®)
z(0) > 0.

lm_50)= -

31—1120 S@) =M, ©)
z(0) < 0.

)

D. FUZZY LOGIC SYSTEMS

The fuzzy logic systems [49], [50] are described as follows:

R':Ifxy is F!, and x; is F}, and ..., and x, is F,
Thenyis G',l=1,2,...,N,

where x = [x1,x2, ..., X, ] and y are the input and output

of the fuzzy logic systems. F’ ,l and G are fuzzy sets. N is a

positive constant which represents the number of fuzzy rules.

By the singleton fuzzifier and the center average defuzzifier,

then we get:

- Z;V=1 yi I T= K (xi)
yx) = i
ST st ()]

where y; = max g (y1), 1 F! (x;) and pg are membership
YVIER
functions. The membership functions are defined as:

H?:1 Mpil (xi)
o T el v
The fuzzy logic system can be expressed as:
yx) = Who(x), (12)

where WI' = [y,,....5y] = [Wi,...,Wy], 0(x) =
[@1(x), ..., on(x)]7, and W is the weight.
Lemma 1 [37]: Assume a continuous function f(x) is
defined in a compact set, the fuzzy logic system satisfies:
sup |f () = Wlo)| < e, (13)

xeQ

(10)

where ¢ is the minimum approximation error.
Lemma 2 [34]: The function V : [0, c0) — R satisfies the
inequality
V<-TV+M, Vt>0, (14)

where I and M are positive constants, then

vt > 0.
(15)

M M
V(t) < V(rg)e 2= 4 T =V + 1,
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FIGURE 1. Control method block diagram.

Ill. CONTROLLER DESIGN AND STABILITY ANALYSIS

The block diagram of the proposed control method is shown
in Fig.1. Firstly, the strict-feedback nonlinear time-delay sys-
tem is transformed to eliminate the influence of the input
delay on the system performance. The coordinate transfor-
mation and Pade approximation [51] are introduced to com-
pensate the input delay, and the Laplace transform is applied
to the system with input delay, we have

L{u(t — 1)} = e "7 L(u(t)) = (e "7/ /e ™) L(u(t)).
(16)

Based on the Pade approximation method, then

w /2
[E—r Liu®)}, (A7)
where @ is a Laplace variable, and L£{u(?)} is a Laplace
transform of u(z).

Remark 2: This paper solves the problem of small delay
with limitation based on Pade aplprox1mat10n Due to the
small delay time, there is e ™77 — Jg; ~ 0.

The intermediate variable x4 is defined and satisfies the
following equation:

1—
%c{ ) = Ll O} — L@}, (18)

The (18) can be simplified as:
Ll (0} = 2£0u0) = LG O} (19)

—rm/2/erw/2)ﬁ(u(t)) ~

The inverse Laplace transform of (19) is obtained:
4 2

Xpy1 = ;U - ;xn—&-l' (20
Define the variable A = % we can get
Xnp1 = 20U — AXpy 1. (21)
In summary, the system (1) can be transformed into:
X =fi+gxiv1 +di, 1<i<n-—1,
Xn = fo + 8n(ny1 — u(®)) + dp,
Xng1 = 2AU — AXpy 1,
y=x1.

(22)

Remark 3: Different from the state vectors x;(i =
1,2,...,n), the defined x,4 is not a real variable of the
system. It is an intermediate variable used to eliminate the
system instability caused by the unknown time delay 7 in the
system.
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The error equations are:

1 =X1—Yr,
Zi=xi—ai—1, ((=2,3,...,n—1), (23)
Zn = Xp — Op—1 + 8mXn+1/A,

where «; are virtual control variables.

Step 1: The derivative of tracking error is
a=x1—y=fitgx+d -y (24)

According to (6), we can get

5 =571, (25)
o
Then
asy! P21
— (7 — — 26
1= 8(“ ) p(Z ) (26)
Combining (24), the result is
. 8S_ Pz
5= gt di -5, - an
o( p) o

In summary, the derivative of the equivalent error model of
the original system equation is:

$1 =ri(fi + g1x2 +di — ¥ + hy), (28)
asyt g 521 -
where | = d(q); and r; > 0; b = —% is a known
function about state and time.
Select the Lyapunov function as
Vi = —52 Sm 514, 29
1= 50 + 2,0 1 (29)
The derivative of Vj is
. gmb1 ;
Vi=&th+gixx+d —y +m)— %91
gmé] A
= 01(F1 + g1x2) — y—91, (30)

where F| = fi +d; — yr + hy. 91 is the estimate of 0y, 91 is
the estimation error, and 91 =0 — 91

Because f1 and dj in the system are unknown, the designed
virtual controller «; cannot be constructed with Fy. Using
the approximation characteristic of the fuzzy logic system to
approximate F, we can get:

Fi=WiTo) + e, 31)

where €1 > 0 is the fuzzy approximation error. 7o = x» — o
is substituted into (30), then

. é] A
Vi =81Wi o + 1 + g122 + g101) — g’;—el. 32)
1

According to the Young inequality, there are:

1 1
sWiTor < 2811 WilPel g1 + 5. (33)
g 2 1 2
S1e1 < 7’"81 + Pt (34)
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Let 0; =|| W1|?>/gm, then

01 1
sWiTo < 80520, 4 = (35)
2 2
Combining the above formulas, we can get
1 gmb1 ¥ 5
V1 < g2 5161 01 + S8 +a 1+ (o6l e =6

2
+gm81Z2 +x1.  (36)

where x1 = 2g 81 + 2 The virtual control law is designed
as:

0y
8 81 — c161. 37
o) = 21¢1<p1 21 €161 (37)
The adaptive law is
b = 251§01 To1 — 016y, (38)
where c1,01 are positive design parameters, we can get

V) < —C1gmf32 + %9191 + d1228m + X1 (39)

Step i: The derivative of z; is

Zi = fi + giXip1 +di — &i1. (40)
Select the Lyapunov function as
1,
Vi=V; —9 6;. 41
i—1+ ZZ + 2% 41

where éi is the estimate of 6;, §,~ is the estimation error, and
0; = 0;—6;. The definition of 6; is given below. The derivative
of V;is

S . gmbi A
Vi=Vioi + (i + gixig1 + di — dim1) — 6. (42)
1

Then

i-1 oig

Vi <) (—cigmt; + X+ ———0,6)
— Vi
j
gmez

+zi(Fi + EmZit1 + &mi ) — 79,, 43)
1
where 1 =81, =52 <j<i— 1), ¥ = a6+ 5(1 <
j<i—1),F;=gmzi—1 +fi +di — &i—. 0; is the estimate of
6;, 9~,- is the estimation error, and 5,- =6; — é,-.
Using the approximation characteristic of the fuzzy logic
system to approximate F;, we can get that

Fi=WTo +e, (44)

where &; > 0 is the fuzzy approximation error. According to
the Young inequality, there are

1 1

aWil o < Sl Will*el o1+ 5. (45)

zier < Sm2 4 L2 (46)
27 2g, !
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Let 6; =| W;||?/gm, then

0; 1
Wi T < 88 20T g g — 47)
2 2’
‘We have
i—1 oig anbi 1
Vi < Z(_ngmljz + X+ ! meej) + - 1Z2¢IT'¢Z + E
j=1
1 ;
+ g_mZ2 + _8 + ZiZi+18m + ZigmAi — %Gi-
2 28m Vi
(48)

Simplify the equation (48), we can obtain

i—1
V <Z( ngml + X+ ]gmé’@)

j=1
6 ;1
+Zigm(—Zi<P,- ¥ + 5% + o)
gmb; Vi A
’"’(—l,w, @i — 0) + zizit18m + Xxi. (49)

Design the virtual control law as

6 1 50)
o = ——z7iQ! O — =Zi — CiZj.
i 221901 Qi 221 iZi
The adaptive law is
A )/ ~
0= 539 i — ot (51)

where c;,0; are positive design parameters. we can get

Vi <Z( Gt + 1+ G + ziziigi. (52)

j=1 J

Step n: The derivative of z,, is

n =fa+ &n(Xnp1 —u) + dy — Op—1 — &mXn+1 + 28mu
= fn + gmu + dy — Gtp—1. (53)

Select the Lyapunov function as

1
vn=n1+2z+— ﬁZ’ k(59

where 9 is the estimate of 6, K is the estimate of «, and
9,, =0, — Gn, Kn = kn — Kkn. K 1is the set of actuators with
lock-in-place faults, that is, when j € K(j = 1,2,...,m),
the ith actuator has lock-in-place fault. The derivative can be
obtained as

n—1

Vi < D (—cigmt] +x,+—00>+zn(F + gmt)
j=1

— ﬂ;z/e (55)
/¢K

where F, = gmzn—1 +fn + dp — &n—1.
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Using the approximation characteristic of the fuzzy logic
system to approximate F;,, we can get that

Fo=WTg, + e, (56)

where ¢, > 0 is the fuzzy approximation error. According to
the Young inequality, we can get

1 1

aW,Ton < Sl Wallg on + 5. (57)
8m 2 1 2
&y < —¢;, 58
inén = 2 + ng (58)
Let 6, =|| W, ||2 /&m, Where 6, is an unknown constant,
we have

W*T < 8m bn 5 7 1 59
Zn (pn_TZn(pn‘Pn“"E' (59

The fault control laws can be designed as:

vi=kle G=1,....,m), (60)
where k = [k1, k2, k317, ¢ = [u, ¢"17. And it should satisfy
u=> (k" O+ w, jell.2,....mp. (61)
j¢K jek
So
n—1 g g 0 1
Vi <) (—cigmti + X+ == fee>+ b ot 5
j=1
+8 > S+ 2—8 +anm(Z(7le o+ Zuj)
Jj¢K jek
9~ A i ~ X
UL ﬂx(gzﬁ; %) (62)
Vn ik Y
Design the control law as
6 1
U= =22y Pn = 5% = Ol (63)
Adaptive law:
A V% A~
Op = ; %QDZ% — oy (64)
Fault adaptive law:
k= %zﬁ( — ok, (65)

where y;,, ¥, oy, 0 are positive design parameters.
Along with (60) (63) and (64), (65) becomes

n
. Oj ~ a io .
Vo < E (—ngmtj2 + X+ gl;]ejej) + E n]_/(/(, (66)
j=1 J igk

where y; = 2g+n8j2 + %(1 <j<n).

1 1.
Kikj = kj(kj — Kj) < EKJZ — 5"]‘27 67)
In the same way:
5.4 1o 1y
jjiiej_zj (68)
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FIGURE 2. Schematic diagram of tubular heat exchanger.

Substituting (67) and (68) into (66) results in

n
. gmOj ~ njo .
V== § :(ngmlj2 + 2m_)/jjejz) - Z e
J

j=1

+Z( +%92)+Z”’ k2, (69)

JgK
where Ll = 81, lj = Zj(j = 2, . n)
. mo;
Choose 'y = mml_,<n{c]gm, gzy’, 2 190 My = Zj" WG+
8m0j n2 2
tz—yjfej ) + ngz K 3 ” 7«2, then equation (69) is equivalent
o:

V, < =ToV, + Mp. (70)

According to Lemma 2, there are
My
Vau(®) < Vau(to) + Ty’ (71)

When actuators have fault, a change of x causes a change
of V,,. Since the actuators can only have limited faults dur-
ing operation, « and V,, changed value are finite. So V,, is
always bounded. It can be concluded that initial conditions
and all signals in the closed-loop system are always bounded.
The designed controller can ensure tracking performance and
tracking error converge to a compact set of the origin.

IV. ANALYSIS OF SIMULATION RESULTS

Take the heat exchange process of tubular heat exchanger
for kerosene [52] as an example. The schematic diagram of
tubular heat exchanger is shown in Fig.2. Assume that there
is no heat loss during the process of heat exchange, and the
flow rate of fluid always keeps constant. The model of heat
exchanger systems with flow delay are established as:

M, C1T1a = F1C\(T11 — T12) + K12A(Ta2 — Tho),

: (72)
M, CoTyy = FrCy(To) — T22) — Ki2A(T22 — Tho),

where M; is the fluid mass in the tube, C; is the fluid heat
capacity, 7; is the temperature and F; is the flow rate. A
is the average heat conduction area.The thermal conduc-
tivity is Kj2. The control variable is the flow rate F, of
hot water through the heat exchanger. The controlled vari-
able is the temperature 77, of kerosene at the outlet of the
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heat exchanger. Then the derivative can be obtained as

(PR C R S S
12 = M MG 12 MC122 Mll,
7 _K12AT (F2+K12A) +FT
22 = M,C 2 M M,Cy T 21-
(73)
The transfer function of the control system is
T b
Gis) = 12(5) _ axby ’ (74)
Fa(s) (s —ai)(s —az) — acby
where a1 = —(fF + %), a2 = ¥, b1 = 3L,

by = %.Due to the delay of heat transfer, the third-
order inertia delay heat exchanger is obtained by improving
the system order to shorten the delay:
K arb
G(s) = e = =2 . (5)
(Ts+1) (s —a1)(s — az) — axby

where K is the system gain, T is the time constant and
T is the delay time. After Laplace Inverse Transformation,
the systems equation are:

x1(t) = x2(1),
Xo(t) = x3(1),

. - (76)
x3(1) = f(X) + bu(t — 1),
y(t) = x1(1),

where f(X) = —3x3 — Zx — Zx, b = &, T = 15,

K =3.734 % 10*, t = 0.001.Xx = [x1, x2, x3] is system state
vector.

The fuzzy membership functions are defined as:

gt (1) = expl—(xi+2)* /4], pp2(xi) = expl—(xi+1)°/4],
npa(i) = expl—x?/4l. pps(xi) = expl—(x; — 1)*/4],
pps (i) = expl—(xi = 2?/4],i = 1,2,3.

The initial conditions are [xl(O) 00), O =
[0.6,0,0]7, 8;(0) = 6,(0) = 630) = 0.2, and the
reference signal is y, = sin(¢z). The performance function
is p(t) = (1 — 10~ He=05 4+ 10~!. The system parameters
are: Yy = =3 =002,y =02,c1 = =c¢c3 =8,
o1 = 0y = 03 = o = (.2. Assume that the actuator 1 has
the loss of effectiveness fault when ¢+ = 10s, and the fault
parameter is n; = 0.6. Actuator 2 has a lock-in-place fault
when t = 15s, and the fault parameter is u, = 10. The two
control gains are ¢; = 0.5 and g, = 0.5 respectively.

Compared with the proposed method in [53], the effective-
ness of the proposed method in this paper is verified. The
simulation results are shown in Fig.3-Fig.8. Fig.3 shows the
tracking of the system output. The solid line in Fig.4 is the
tracking error, the dashed lines are the preset error limits.
Fig.5 shows the system state vectors. Fig.6 is the adaptive
laws, and Fig.7 is the input control. Fig.8 is the control signals
of two actuators. Wherein, Fig.(a) is the simulation results of
non-fault-tolerant system(NFT) of nonlinear time-delay sys-
tems with prescribed performance, and Fig.(b) is the simula-
tion results of adaptive fault-tolerant control(FT) of nonlinear
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FIGURE 6. Adaptive laws 6,, 6, and ¢5.

time-delay systems with prescribed performance proposed in
this paper.

Actuator 1 experiences the loss of effectiveness fault at
t = 10s. At this time, the signal of the non-fault-tolerant
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system in Fig.(a) fluctuates violently, which causes the track-
ing error to exceed the preset range, so that the system
loses control. The fault-tolerant system can adjust quickly
and restore the stability of the system, which can be seen
in Fig.(b). Actuator 2 has a lock-in-place fault at + = 15s.
Meanwhile, the non-fault-tolerant system Fig.(a) is still out
of control, while the fault-tolerant system Fig.(b) continues
to track the reference signal stably after the small fluctuation,
and the tracking error remains within the preset range.

V. CONCLUSION

In this paper, an adaptive fuzzy fault-tolerant control method
backstepping-based is proposed for the strict-feedback non-
linear time-delay control system with prescribed perfor-
mance, which can ensure the system operates normally with
actuator fault. This method also greatly improves the stability
and safety of the system, and can be more widely used
in the actual system. It is proved that the adaptive fuzzy
fault-tolerant controller can guarantee the steady performance
and the transient performance of the system in the case of
actuator fault. At the same time, variables in the closed-loop
system are bounded. What’s more, the tracking error con-
verges to a compact set of the origin. Finally, compared with
the non-fault-tolerant system, the simulation results show
that the fault-tolerant control system can adjust quickly after
the actuator suddenly breaks down in the operation process,
so that the system can quickly return to normal after a short
fluctuation. Furthermore, the range of fluctuation is slight and
does not affect the actual production quality, which proves
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that the method has better control performance.The method
proposed in this paper is only applied to the time-delay
systems with constant and small delay. So this method still
has some limitations. In practical systems, there are many
time-varying delay systems in addition to the time-delay
systems. Due to the complexity and diversity of time-varying
delay systems, there are still a lot of gaps and problems in this
field. In the future, we will continue to study the transient and
steady performance of time-varying delay systems with fault-
tolerant.
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