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1 | INTRODUCTION

This paper investigates the adaptive tracking control problem of a class of non-
linear systems with intermittent actuator faults and prescribed performance.
In the backstepping design process, a performance function is incorporated to
ensure that the tracking error adheres to the prescribed performance criteria.
Simultaneously, multi-dimensional Taylor networks are used to approximate the
unknown nonlinear functions in the system. Subsequently, to avoid jumps in the
improved Lyapunov function when faults occur, a boundary estimation method
is presented, which effectively compensates for the impact of intermittent actu-
ator faults. Ultimately, based on Lyapunov stability theory, it is proven that all
signals of the closed-loop system are bounded, and the tracking error can sat-
isfy the prescribed transient and steady-state performance. Simulation results
demonstrate the effectiveness of the proposed scheme.
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prescribed performance

faults or fault-induced uncertainties in real-time. Authors

Actuators in control systems may encounter partial loss
of effectiveness (PLOE) faults or total loss of effectiveness
(TLOE) faults during operation. If not managed prop-
erly, these faults can lead to system instability. Therefore,
addressing actuator faults is an important topic in control
systems. So far, numerous effective solutions have been
developed to solve this problem, such as pseudo-inverse
method [1], sliding mode control [2, 3], multiple-model
[4, 5], learning-based approaches [6, 7], and adaptive con-
trol [8-13]. Adaptive control is particularly advantageous
as it does not require fault detection and diagnosis, and
it can adaptively update control parameters by estimating

© 2024 Chinese Automatic Control Society and John Wiley & Sons Australia, Ltd

in [9-12] proposed an adaptive control scheme to the
tracking control problem in linear systems. Building upon
backstepping control technology, the results of [9-12] were
extended to nonlinear systems in [8, 13]. However, these
control schemes are built on the assumption that the
controlled system is either known or possesses simple
unknown parameters. In cases where the system is com-
pletely unknown, the aforementioned control schemes
become ineffective.

To overcome this challenge, several adaptive control
schemes based on neural network [14, 15], fuzzy logic [16,
17], or multi-dimensional Taylor network (MTN) [18-20]
have been proposed to solve various uncertain nonlin-
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ear systems with actuator faults. Among these schemes,
MTN has gained widespread attention [21-23] due to its
straightforward structure and its ability to swiftly approxi-
mate functions. However, it is important to note that all of
the previously mentioned control schemes assume a finite
number of actuator faults. As highlighted in [24], actu-
ator faults often occur infinitely, leading to the growing
prevalence of intermittent faults characterized by frequent
oscillations between normal and faulty states. To address
the challenge of intermittent actuator faults, authors in
[24] pioneered an adaptive modular scheme for a class
of multi-input single-output nonlinear systems with inter-
mittent actuator faults, under the assumption that the
boundary knowledge of the unknown terms caused by
actuator faults is known. Building on the insights from
[24], a series of methods [25-27] have been introduced to
tackle intermittent actuator faults. Among these, authors
in [27] proposed a boundary estimation method that does
not require knowledge of uncertain boundaries. It is worth
noting that the schemes mentioned earlier [25-27] primar-
ily focus on the steady-state performance of the system and
do not take into account the transient performance.

Therefore, in addition to ensuring steady-state perfor-
mance, improving the transient performance of the sys-
tem is also of paramount importance. To achieve this
goal, the concept of prescribed performance control (PPC)
was developed and first introduced in [28]. This con-
trol approach employs error transformation technique
and introduces a performance function. By adjusting the
performance function, it enables the tracking error to
satisfy the prescribed transient and steady-state perfor-
mance (e.g., overshoot, convergence rate, and steady-state
error). Given varying performance requirements, numer-
ous performance functions [29-31] have been proposed,
and PPC has gained widespread attention in various non-
linear systems, including general nonlinear systems [32,
33], stochastic nonlinear systems [34, 35], large-scale non-
linear systems [36, 37], nonlinear multi-agent systems [38,
39], and switched nonlinear systems [40, 41]. However, as
mentioned earlier, the actuator faults often destroy the per-
formance of a system. Despite the considerable number
of fault compensation methods developed to date, improv-
ing the performance of fault-affected systems remains
paramount. Hence, conducting research on applying PPC
technology to enhance the performance of nonlinear sys-
tems with actuator faults is highly meaningful. Most exist-
ing studies [42-45] have primarily focused on a limited
number of faults and have not extended their scope to
intermittent actuator faults. Therefore, it holds great sig-
nificance to design a PPC scheme that can effectively
address intermittent actuator faults and simultaneously
achieve good transient and steady-state performance for
the system's tracking error.

Based on the above discussion, this paper focuses on
the adaptive tracking control problem of a class of nonlin-
ear systems with prescribed performance and intermittent
actuator faults. Compared with existing results, the main
contributions of this paper can be summarized as follows:

(1) This article introduces an improved adaptive track-
ing control scheme for nonlinear systems afflicted by
intermittent actuator faults. The scheme ensures that
the tracking error complies with prescribed transient
and steady-state performance criteria. In contrast to
the method primarily focusing on steady-state perfor-
mance in [25-27], this paper also takes into consider-
ation the transient performance of the tracking error.
The adjustment of the parameters of the proposed per-
formance function allows for meeting both transient
and steady-state performance requirements.
Differing from the fault model considered in [8, 13],
this paper allows for an unlimited occurrence of actu-
ator faults, which is more practical in practical sce-
narios. Furthermore, unlike the method for handling
intermittent actuator faults described in [24], this
paper utilizes a boundary estimation approach with-
out requiring knowledge of boundary information.
Although intermittent actuator faults were considered
in [24-27], the issue of prescribed performance was
not addressed. Similarly, while [32, 33] addressed the
issue of prescribed performance, the problem of inter-
mittent actuator faults was not considered. This paper
addresses a more representative problem by simulta-
neously considering both intermittent actuator faults
and prescribed performance.

@)

3

2 | PROBLEM FORMULATION

2.1 | Nonlinear system
Consider a class of uncertain strict-feedback nonlinear
systems with intermittent actuator faults described by
Xi = Xig1 + fi (G) + Ai(D)
i=12,---,n-1

1
3. _ ¢Y)
Sp = ) Kl + S () + An(D)
j=1
y=Xx
where X; = [x1,%2, ..., x| € RL X, = [X1,X2, ..., X7 €

R" and y € R represent the system states and output,
respectively. u; € R denotes the jth control input of the
system. k; is an unknown constant which is non-zero.
fi(-) represents an unknown nonlinear function satisfy-
ing fi(0) = 0. Ay(t) represents the system disturbance,
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TABLE 1 Different types of actuator faults.

Fault types p;?(t) u;?(t)

No faults p?(t) =1 ﬁ?(t) =0
PLOE 0<ply<1 @®=0
TLOE Pl =0 () # 0

for which an unknown constant A; > 0 exists, such that
[A((D)] < A,

Similar to [46], wedenote u,; (j = 1,2, ... ,1)astheinput
to the jth actuator. In the absence of actuator faults, the
output of the actuator u; equals its input u,;, that is, u; =
uc;. If the jth actuator experiences intermittent faults, the
fault model can be described as follows:

u; = p?(t)ucj + ajl(t) (2)
PiOE(D) =0, & [19,171)

where j = 1,2...1,q € NT* denotes the number of
occurrence of faults, pi(t) € [0,1) and &{(¢) represent
the unknown time-varying fault parameters, t¢ denotes the
unknown time of fault occurrence, and 0 < 14 < 9+,
Based on the different values of p?(t) and ﬁ?([), the actua-
tors can be classified into different types of faults, as shown
in Table 1.

Remark 1. In (2), the fault parameters pi(t) and @} (1)
are both unknown time-varying functions, and the
fault occurrence number q is also not limited. This
indicates that the actuator can transition intermit-
tently an infinite number of times between one fault
and another, and the unknown variables ¢4, p?(t), and
a?(t) suggest that the fault information is completely
unpredictable. Moreover, the actuator fault model (2)
is more general compared to previous works [8, 13]. It
is applicable not only to actuator faults with uniform
interval periods but also to those with non-uniform
interval periods.

The objective of the control is to design an adaptive
tracking controller for nonlinear system (1) with inter-
mittent actuator faults and prescribed performance such
that

P1. All signals of the closed-loop system are bounded.

P2. The system's output y can track the desired output
vd4, and the tracking error e;(t) = y(t) — yq(t) can
meet the specified transient and steady-state tracking
performance requirements.

To achieve the above objectives, the following assump-
tions need to be provided.

Assumption 1. Within each time interval [tq , t‘1+1), if
no more than : — 1 actuators experience TLOE faults,

the remaining actuators can still achieve the control
objectives of the system.

Assumption 2. The sign of «; is known (i.e., sgn(k;)
is known), where j = 1,2, ... ,1

Assumption 3. In the case of PLOE faults, there exist
unknown constants p such that0 < p < pf(t) <1for
—J =)

the fault parameter p?(t), where j = 1,2, ... ,1. In the
case of TLOE faults, there exists an unknown constant
u; > 0 such that |a?(t)| < u; for the fault parameter

aj(t).

Assumption 4. Reference y; and its up to n th order
derivatives are known and bounded.

Remark 2. Assumption 1 is commonly found in exist-
ing literatures [47, 48] to ensure controllability. It
should be noted that as long as at least one actuator is
not in the TLOE state, it is permissible for the actua-
tors to simultaneously experience either the PLOE or
TLOE state. In Assumption 3, P, and u; represent the

bounds of actuator faults with PLOE and TLOE types,
which are utilized to guarantee the controllability of
the system and are widely adopted in most existing
studies [18-20]. Assumptions 2 and 4 are fairly stan-
dard assumptions in many literatures [48, 49] address-
ing the adaptive backstepping control problem. They
serve as necessary conditions for the design of the
controller.

Lemma 1 ([47]). For any scalar function y > 0 and
i

2 2
\/ 2tz

zs € R, the inequality 0 < |z7| — < x holds.

2.2 | Multi-dimensional Taylor network

The MTN is a unique neural network consisting of three
layers: the input layer, the middle layer, and the output
layer. The topological depiction of the MTN is illustrated in
Figure 1. In this diagram, z;, 22, ... ,Z, represent the inputs
of the MTN. The middle layer encompasses a polynomial
combination of these inputs, effectively mapping the input
space to a new space. The mathematical expression for the
output layer is as follows:

fyuin (2) = 6"y, (Z) 3
where Z = (21,22, ...2]" € Qz c R.,O =
[01,0, ... 01T € R! are the input vector and the weight

vector of the MTN. The form of element of vector Sy, (Z)

n
. . O . .
is I1 s:.”sj/, where o; and o; are nonnegative integers and
Lj=1
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LUNG

Input Middle Output
layer layer layer

FIGURE1 Topological structure of a multi-dimensional Taylor
network (MTN).

< m, that is,

satisfy 1 < 0; + 0

e, B = [ 3 B s BT s ss sl 15 R
—_—— ——

lterm 2term mterm

“4)

where n and [ are the number of input dimensions and the

middle layer of the MTN, respectively.

Lemma 2 ([50]). For any given continuous function
f (Z) defined in a bounded closed set Qz C R", for any
€ > 0, there exist a MTN, such that

[@)=6"5,, 2 +62),162<e (5

where 6 (Z) is the approximation error, 0 = (07,07,
- ,HZ*]T € R!is the ideal constant weight vector and

definedas @ := argming_p {supze Q, |5 (Z)-0"S,
@1 }.

Remark 3. The structure of MTN has been outlined in
[51, 52]. Itis worth noting that, compared to neural net-
works, MTN has a simpler structure. The intermediate
layers of a MTN consist of polynomial arrays involv-
ing only addition and multiplication operations. This
simplicity greatly reduces the computational complex-
ity. Additionally, the input-output characteristics of
MTN are complex and dynamic, whereas most neural
networks have single and static input-output charac-

Qo

<(0)

Qoo

—Coo
Coo

Qoo

e(0)

—Co
t(sec)

FIGURE 2 Tracking error prescribed performance.

teristics. This implies that MTN has advantages such
as ease of implementation, and strong learning capa-
bilities. Overall, MTN offers a wide adaptability to the
practical control of dynamic systems.

3 | ADAPTIVE TRACKING
CONTROLLER DESIGN

3.1 | Transformed system

In order to meet the transient and steady-state perfor-
mance requirements of tracking error, error transforma-
tion is first performed in this paper, and the following
decreasing performance function is selected:

o(t) = (00 — 0x)e™ + 0o (6)

where v is a positive constant that can adjust the conver-
gence speed of the system. go = 0(0) > 0, 900 = tlim o(t) >
—00

0. If, for t > 0, the tracking error e; (¢) satisfies

{ =Co() < er(t) < o(t) ,if €,(0) > 0 @

—o(t) < ex(t) < Lo(t) ,if €1(0) <0

and then control objective P2 can be achieved, where 0 <
{ < 1. The constant o, represents the maximum allow-
able value of e;(t) when the system reaches steady state,
and ¢, represents the maximum allowable value of e;(¢)
during transient periods. The appropriate selection of the
performance function ¢(t) and the constant { imposes per-
formance boundaries on the system's tracking error, as
shown in Figure 2.

As same as [53], this paper proposes an error transfor-
mation that can equivalently transform a nonlinear system
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with constrained tracking error behavior into a system
without such behavior. The transformation is defined by
the following equation:

el() = o()S (z1) ®)

where z; is the transformed error, S(z;) is a smooth and
increasing function and meets the following properties:

lim S@) =1, lim S@) =~ <S@) <1 .ife(0)>0

1 —00 1 —=>—00

Jim S@)=¢. _lim S@)=-1.-1<S@) <¢ .if,(0) <0 '
100 | —>—00

In this article, a function S(z;) satisfying these proper-
CLeZ ife1(0) > 0

el 4e~%1

= 1;;? ,ife;(0) <0

based on (8), the inverse transformation can be obtained
as follows:

ties is chosen as S(z;) = Then,

1 VAN
2=5" (ﬂ) - 210 (m) ,if e1(0) > 0 ©
0 L (61/0+1 ) .
21n é‘—el/g ’lf el(o) < 0
with its derivative being Z _

) (el - gel) if 1(0) > 0

O WS TR N PR R '
20 ((91/0+1 (91/0—C> (el ael> i e1(0) <0

Subsequently, according to e; = y — y4, and in conjunc-
tion with (1), we get

L( 11
20 \ e /o+f e /o-1

21 =r(=v+x+ f1 (%) + A(D) (10)
i( il ) if e1(0) >0
2 ((61/o+1 - 91/0—C> ,ife1(0) <0

gel. Thus, the equivalent system after the transformation
is
(21 =r(=v+Xx+ f1(X1) + As(D)

X =X+ f2 (%) + Ax(0) an

kxn = 2}21 KjUj + S n () + An(D)

According to the properties of S(z;), it can be concluded
that r > 0. So (11) remains in strict feedback form. The
system (1) is invariant under the error transformation (8).

Remark 4. (1) If e;(0) = 0, then { = 0 cannot be cho-
sen, as it would result in z;(0) being infinite. However,
S(z1) can still be defined, and in this case, treating e; (0)
as either less than or greater than zero has no effect on
the analysis.

(2) When e;(0) > 0, the upper bound for the pre-
scribed performance is zlim S(z1) o(t) = o(t), and the

1—>00

lowerboundis lim S(z1)o(t) = —{o(t). When e;(0) <
—=—0
0, the upper bound is lim S(z;) o(t) = {o(t), and the
21—
lower bound is lim S (z;) o(t) = —o(t).
Z—=>—0

(3) According to (6)—(9), the tracking error e;(t) of
the system is transformed into a new variable z;. If z; is
bounded, then e, (¢) will always be able to be preserved
within the range of (—{ (1), o(t)) or (—o(t), {o(2)).

Remark 5. Many improved performance func-
tions, such as finite-time convergence [54],
fragility-avoidance prescribed performance [55, 56],
have been developed to meet specific performance
requirements. However, this often results in complex
formulations of the performance function, which can
hinder the engineering implementation of the PPC
algorithm. In this study, a simpler and more feasible
performance function structure is adopted for ease of
implementation.

3.2 | Controller design

In this section, in the framework of backstepping tech-
nique, this paper proposes an adaptive tracking controller
for the nonlinear system (1) with intermittent actuator
faults and prescribed performance.

First, the following coordinate transformation is given

z=S" <ﬁ>
0

Zigl = X1 — o, 1 <i<n—1

(12)

where o; represents the virtual control signal, which will
be designed later in this paper.
Now, we begin to design the controller.
Step 1: Choosing the first Lyapunov function as follows
1 2 1T _

Vi= -+ 5911'1191

> 13)

where t; > 0 is an arbitrary positive definite matrix, 6,
represents the weight vector of the MTN, 8, represents the
estimation of 0;,and 8, = 6, -0, represents the parameter
error vector.

Thus, according to (10) and (13), its derivative with
respect to time is

Vi=2 (-1 + 1+ rfi () + A (D) - 8170, (14)
Next, using Young's inequality, we obtain
155,155
Z1rAq (1) < o + 2A1 (15)
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Naturally, substituting (15) into (14), we obtain

Vl SZ1f1+rZ1X2— %Z%'i‘ %A2 91’1’1191 (16)
where f1 = - +rf; (%) + %rzzl + %zl.

Given that f7(X;) is not known, f; remains an unknown
function. According to Lemma 2, leveraging the approxi-
mation properties of MTN, it is possible to employ a MTN
for estimating f7. More specifically, for any £; > 0, there

exists

fi = 018m,(Z1) +6:1(Z1), 16:1(Z1)] < &1 17)

where Z; = [z1]7, and 6, (Z)) is the approximation error.
Subsequently, substituting (17) into (16) and applying
the Young's inequality along with (12), we obtain

Jet+ 2R -0l (19)

V1 <z (rzZ+ra1+9 Sm1)+2

Thus, the virtual control signal «; is designed as follows:
1 AT
a =—= <k121 +6015n, (Zl)) (19)
r

where k; > 0 is a design parameter.
Then, substituting (19) into (18) yields

. 1 15y 2T 1A
Vi< —klzf+z1rz2+zef+§Af+91 (ZlSml - r1191> (20)

Clearly, we can choose the adaptive law él as

A

0, =21718m, (Z1) - mt10, (21)
where #; > 0 is a design parameter.
Eventually, substituting (21) into (20), we obtain
2 1o 1x AT 5
—kizy + 21122 + 561 + 581 + m6164 (22)

Step 2: Choosing the second Lyapunov function as fol-
lows:
Vy=Vi+ izg + %921;92 (23)
where 7, > 0 is an arbitrary positive definite matrix, 6,
represents the weight vector of the MTN, @, represents the
estimation of 8,, and 8, = 6, -6, represents the parameter
error vector.

Based on (11), (12), and (23), its derivative with respect

to time is

Va=Vit206+f () +As0) —dn) — 0,750, (24)
Next, using Young's inequality, we obtain
A < 22+ 1A
20,() < 522 545 (25)

Naturally, substituting (25) into (24), we obtain
1,
Vo SVitzafotxs—ruz - EZZ += Az 921'2192 (26)

where f> = f> (%) — &1 + 121 + 2.

Similar to step 1, f> is also an unknown function.
According to Lemma 2, leveraging the approximation
properties of MTN, it is possible to employ a MTN for esti-
mating f,. More specifically, for any £, > 0, there exists

F2=01Sm,(Z2) + 6:(Z5), 16:(Z2)] < &2 (27)

where Z, = [z1, 221" and 6, (Z>) is the approximation error.
Subsequently, substituting (27) into (26) and applying
the Young's inequality along with (12), we obtain

152

1,
—62+2 5

Vz < V1+Zz (Z3+dz+9§$m2) + >

o (28)
—-rz12, - 6,730,
Thus, the virtual control signal «; is designed as follows:
AT
oy = —kyZo — 025, (Z>) (29)

where k; > 0 is a design parameter.
Then, substituting (29) into (28) and according to (20)
yields

VzS—ZkAZi+

=1 =1 =1 (30)
+ 6> <Z2Sm - T2192> 010, + 223
Clearly, we can choose the adaptive law éz as
0, = 22125m, (Z2) — 12720, (31)

where 7, > 0 is a design parameter.
Eventually, substituting (31) into (30), we obtain

2 2
1+ ~T
Z EAi + z 10,0, + 2223
=1

(32)

Mm

Stepi (i = 3 ,n — 1): Choosing the ith Lyapunov
function as follows:
1 1; T ~
Vi=Vi_1+§Zi2+§ i T 9 (33)

where 7; > 0 is an arbitrary positive definite matrix, 6;
represents the weight vector of the MTN, ; represents the
estimation of 6;, and 8; = 6; — 6, represents the parameter
error vector.

Based on (11), (12), and (33), its derivative with respect
to time is

Vi= Vi +2 G + £ G + At) — diy) — 0 7710, (34)
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Next, using the Young's inequality, we obtain

zAi(t) < z + = AZ (35)

Naturally, substituting (35) into (34), we obtain
; ’ 3 12, 1z2 ZT 1}
Vi Vi +zifi+2iXi —Zia1Zi— Ezi +§Ai -0i1,°0; (36)

where f; = fi (%) — ai-1 + 2 + Zi-1-

Similar to step 1, £; is also an unknown function. Accord-
ing to Lemma 2, leveraging the approximation properties
of MTN, it is possible to employ a MTN for estimating f;.
More specifically, for any ¢; > 0, there exists

fi=0!Sn (Z)+6;(Z),16/(Z)] < & (37)

where Z; = [z1, 22, ... ,z]" and §;(Z)) is the approxima-

tion errot.
Subsequently, substituting (37) into (36) and applying
the Young's inequality along with (12), we obtain

Vi<Vii+z (Zi+1 +ai+ 9iTSm,») +
~T _1A
-0t '0; — zi1z
Thus, the virtual control signal «; is designed as follows:
AT
- 0; Sw, (Z))

a; = —kiZi (39)

where k; > 0 is a design parameter.
Then, substituting (39) into (38) yields

i i i i—1
=Y kizi + Z %ei + Z %Ai + Y 100
4=1 A= =1

+éiT<

(40)

- T 0 ) +Z1Z1+1

Clearly, we can choose the adaptive law ; as

é' =ZiT; Sm (Z) - 7’]171 i (41)

where #; > 0 is a design parameter.
Eventually, substituting (41) into (40), we obtain

~Ykg+ Y ge Z
=1 =2

Step n: By (2) and (11), we have

+ Z 11,19,19,1 + ZiZi+1
A=
(42)

Zn = Z ij?(t)ucj'i'Z K,-L"t?(t)+fn X))+ An(O)—n_1 (43)
=1 =l

According to Assumption 3, when t > 0, ¥'_, |«;] o}
kil 1} . S0 infia Xy Ik

. To compen-

> min{ il g1, kol gl -

o8 > min{lxil g2, beal gl Il
sate for intermittent actuator faults, a definition is
introduced as

y 1
7= I[I;(f)‘ZlKjlp w=~ (44)
Choosing the nth Lyapunov function as follows:
1 14T 14 T
Vi =Vior + =22 + 200770, + 26 (45)
2 2 2T

where 7, > 0 is an arbitrary positive definite matrix, r is
a constant, @, represents the weight vector of the MTN, 8,
represents the estimate of 0, 8, = 6, — 0, represents the
parameter error vector, and @ = w — & is the parameter
estimate.

According to (43) and (45) along with (11) and (12), the
time derivative of the Lyapunov function can be obtained
as follows:

1 1
Vn = Vn—l + Zn <Z ij?(t)ucj + Z Kju?(t)>
= =)

v

+ 20 (fn ) + An(D) = dtn_1) — Ont 0 — L5
(46)

Next, using the Young's inequality, we obtain

A2 (47)

1, 1
[<_ —
Zn n()_z 5

Substituting (47) into (46) and under Assumption 3, we
obtain

1
Vi SV +20 Y ke + 20 fu — =
J

Zn — Zn-1Zn
Jj=1 (48)
1~ ~T _ T
+ =47} - 0.1, 0, — =0id
2 T
where f, = Z;zl Kj;tj + fu(Xn) — dno1 + Zn + Zn—1.

Similar to step 1, f, is also an unknown function.
According to Lemma 2, leveraging the approximation
properties of MTN, it is possible to employ a MTN for esti-
mating f,. More specifically, for Ve, > 0, there exists

f_n = ezsmn (Zp) + 00 (Zy), |00 (Zn)] < € (49)

where Z,, = [z1, 22, ..., 2] "> and 8, (Z,,) denotes the approx-
imation error.

Substituting (49) into (48), using (40) and applying the
Young's inequality yields
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Thus, the virtual control signal «,, and én is designed as
follows:

an =knz, + ézsmn (Zy) (51)

A

0, = TnSngn - nnTnén (52)

where k, > 0, n, > 0 are design parameters.
Then, substituting (51) and (52) into (50), we obtain

n n n
—;kizi+;%si+;%ﬁ

1
Zn (Z k0l + an>
=i

Clearly, we can design the controller u.; and the param-
eter adaptive law @ as

n
~T A
+ Y m0:0;
pesi

(53)

A2 2

oL
ue; = —sgn (k) % (54)
o= TApZn — CO (55)

where ¢ > 0is a design parameter. According to [47], y isa
smooth and bounded function that is strictly positive and
satisfies /t:" x()dy < 7 < . Based on Lemma 1, [57],
and (54) and (55), we have

1
q v
Zn Z Kjpjlej < —7
j=1

272 2
Zp” oy, . .« A
n < %ty — Znkda, (56)

(57)

ZnQn — AZp®Ay, — HZp@an = 0

Eventually, substituting (56) and (57) into (53), we
obtain

n n
- Z k,{Zi + Z 16i
=1 =2

TC . n |
+ —ww+ny
T

n n
1—2 ~T ~
+ =A%+ 20,0,
P

(58)

3.3 | Stability analysis

Theorem 1. If the strict-feedback nonlinear system (1)
with intermittent actuator faults satisfies Assumptions

1-4 and the initial conditions are bounded, then the con-
troller (54), virtual control signals (19), (39), and (51),
adaptive laws (21), (41), and (52), fault parameter esti-
mation law (55) can ensure that

(1) Allsignals of the closed-loop system are bounded.

(2) The system's output y can track the desired output yq,
and the tracking error e1(t) = y(t)— yq(t) can meet the
prescribed transient and steady-state tracking perfor-
mance requirements.

Proof. For the entire system, consider the following
Lyapunov function:

n n
T I O B P P
V_Vn_igizﬁz;em i+ i (59)
By (58) and (59), we have
n n 1 n 1
V=V, <= Y kZ+ Y cei+ ) -A
A=1 A=1 2 A=1 2
(60)

+ Zmem + —caco+ Ty
=1

Subsequently, from the definitions of 8, and & and
by employing the Young's inequality, we have

n n n
~T A 1 ~T ~
1:010; < = ) mll6:lI> =7 ), 0;7;'0 (61)

; AUV 2; AllYA ; Aty Vi

cod < —%cabz + %ca)z (62)

where 7 = min {71, 72, ... ,iin}, i = m and
Amax (77') represents the maximum eigenvalue of the
matrix 73",

Naturally, substituting (61) and (62) into (60), we
obtain

n n n n
. 1 1+ 1
V- Zkizi + 2 SR EAi +5 2 mlleal?
A=1 A=1

-7 Z 9,11’/_119,1 - E_sz +
A=

> ZE€ 2 +7xy<-aV+b

(63)
where a = min {ay,q,, ... ,a,}, a; = min {2k,, 7, c},
b= Y536+ Xhe 382+ 5 T mlloall? + Za? +
iy, A=12, .. n
Then, integrate (63) over the interval [0, {]

0<V<V(0e™+

b
2 (64)

By using (59) and (64), it is obvious that all sig-
nals of the closed-loop system are bounded. Since z; is
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bounded, according to Remark 4, e;(¢) is also bounded
and can meet the prescribed tracking performance.
This completes the proof of Theorem]. O

Remark 6. Based on the above, an adaptive tracking
controller is proposed for the nonlinear strict-feedback
system with intermittent actuator faults and prescribed
performance. The specific control structure is shown
in Figure 3.

4

| SIMULATION RESULTS

This section aims to substantiate the effectiveness and
advancement of the proposed method through the utiliza-

tion of a numerical example and a practical example.

Example 1. Considering the third-order nonlinear
system with intermittent actuator faults as follows:

—1 Actuatorl

X1 =X +0.1sinxy

X2 = X3+ 0.2x,

. . (65)
X3 = k1Uy + koUy + 0.8X3 + sint
y=XxX
where k; =1 and «, = 2.
The actuator fault model is chosen as follows:
_ J 0.6uq if t € [T (j+1DT*)
U= { Ul others (66)
_J sintifte[jT(j+ 1T
U = { Ue others (67)

where j = 1,3..., and T* = 10s. From (66) and (67), it
can be observed that during each time interval of j T*,

T = w1+ fi (Ti) + A (1)

— Actuatore

u,

. =12,--- n—1

y =T

in - 2321 Kjuj' + fn (i’n) + An (Zf)

oy = *% (klzl + é?svnl (Z1)>

/]\

L1

158

6, = 21715m, (Z1) — mm161
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FIGURE 3 Block diagram of control
system.

~ €T
— _ T
— a; = —kizi — 02- Sm;, (ZL)
2 - i
0; = 2;TiSm, (Zi) — 170,
L o ZTn
—  ay = knzn +0,5m, (Z,)
X ~ '(i"n
071 = Tnsrnn (Zn)zn - 77717-n0n
“2 2 Tn
L ) Znw o 3
Uc1 = —Sgn (’il) 2nA2 271 2
V22@2a2+x B
X ~ L, Tn
W= T2, — CO
~2 2 T
ZnW o n
Ue, = —SEN (K L
cL g ( 1,) \/ZﬁG)QGiJrXQ
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yq with fault compensation
——————- y with fault compensation

-1 . . . .
0 20 40 60 80 100
time (sec)
80
———————— w1 with fault compensation
60 uy with fault compensation | |
40
20

0 20 40 60 80 100
time(sec)

1
yq without fault compensation
————- y without fault compensation
0.5}
0
-0.5
-1

0 20 40 60 80 100
time (sec)

————- u; without fault compensation
uy without fault compensation | J

0 20 40 60 80 100
time(sec)

3
—————— 9 with fault compensation
3 with fault compensation
2
1
ST . W . N
5 F*/J'\\/ NN x:;\f‘.,"

0 20 40 60 80 100
time(sec)

———————— e(t) with fault compensation
o(t) with fault compensation
1t —o(t) without fault compensation |

0 20 40 60 80 100
time(sec)

2
—————- 9 without fault compensation
1.5 3 without fault compensation | A
1

0 20 40 60 80 100
time(sec)

——————- e(t) without fault compensation
o(t) without fault compensation
1r —o(t) without fault compensation |

0 20 40 60 80 100
time(sec)

the output of the first actuator in the system will lose
60% of its effectiveness, while the second actuator will
be locked at u, = sint. In the remaining time intervals,
both actuators will operate without any faults.

For system (65), the virtual control signals are a;
—% (k1Z1 + éigml (ZI)> , 0 = —k2Z2—é§Sm2(Zz) , 03

FIGURE 4 The trajectories of system
states, control inputs, and tracking error
with fault compensation.

FIGURE 5 The trajectories of system
states, control inputs, and tracking error
without fault compensation.

AT . 2
kszz + 035, (Z3), the adaptive laws are 6, = zi7;
Sm, (Z1) — mt.10,, 0, = 22T28m, (Z2) — mt20,, 05 =
23T3Sm, (Z3) — 137303, & = taszz — co and the con-

trollers are u, = —sgn (k1)

~22
o a;

VZBéPai+

Z3@2a2

AP o = —sgn (k)
VG ag+ x>

.Furthermore, z; = X1—y4, 22 = X2—a1, 23 =
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FIGURE 6 The trajectories of system 1
states, control inputs, and tracking error.

0.5

0

-0.5

300

0 20 40
time (sec)

200

100

-100

-200
0

X3 — ap, and y = 0.5e7%%, the desired trajectory is
selected as yq = 0.5sin(0.5t). The prescribe perfor-
mance function is chosen as o(t) = (2 —0.08)e~ +0.08.
The system initial values are x;(0) = x,(0) = x3(0) = 0.
The design parameters are selected as k; = 9.5, k,
30, ks = 180, 77 = 0.2I5, 7, = 0.1I9, 73 = 0.119, 7
1,m =01,7,=01,1=0.1,andc = 1.

The simulation results are presented in Figure 4.
Based on Figure 4, it can be observed that despite
intermittent actuator failures occurring in the con-
troller, the system output y is still able to effectively
track the desired output yq. Throughout the process,
the tracking error e;(t) consistently remains within
the prescribed performance range, demonstrating out-
standing performance.

In order to further validate the effectiveness of the
proposed adaptive fault compensation controller, we
only use the virtual controllers a1, a2, a; and the adap-
tive laws 61, 0, 03 to control the system (65). The
simulation is conducted with the same chosen param-
eters as before, and the simulation results are shown
in Figure 5. From Figure 5, it is evident that although
the system output y initially tracks the reference signal
yd, when a fault occurs and there is no fault com-
pensator to mitigate its effects, the system starts to
become unstable. The control input exhibits signifi-
cant oscillations, and the output fails to keep up with
the reference signal, thereby failing to meet the sys-
tem's performance requirements.

20 40
time(sec)

; 5 i i
80 100 0 20 40 60 80 100
time(sec)
2
S e(t)
o(t)
1 —o(t)
(0] S e e e e
-1
L <D L L L L
80 100 0 20 40 60 80 100
time(sec)

Example 2. To further validate the effectiveness of
the proposed approach, we consider a three-order
single-joint robotic system [58] with intermittent actu-
ator faults, represented as follows:

D§ +Bg+ Nsin(@) + (@2 + 1)g = ¥
{ 4+ Bq @+@+Dg=1 68)

M%E+J#+(q+ Q)% = uy + Uy — K

where g, ¢, and § represent joint position, velocity, and
acceleration, respectively. The variables ¥ and ¥ repre-
sent motor rotation angle and angular velocity, while
u; and u, represent the control input signals for the
motors. Additionally, the terms (g% + 1)g and (q + ¢)*#
represent external disturbances. To facilitate the sim-
ulation, we define the variables x; = gq,x, = g, and
X; = 7. Furthermore, the system parameters are cho-
sen as D = 1kgm?, B = 1Nms/rad, M = 0.05H, K,,, =
10Nm/A, J = 0.5Q, N = 10Nm.
The actuator fault model is chosen as follows:

_J 03sin3tif t € [jT*(j+ DT

= { Uel others (69)
[ 03ug if t € [T (j + 1T

Uy = { Ue others (70)

where j = 1,3...,, and T* = 10s. From (59) and (70),
it can be observed that during each time interval of
JjT*, the output of the first actuator in the system will
be locked at u; = 0.3sin3t , while the second actua-
tor will lose 30% of its effectiveness. In the remaining
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time intervals, both actuators will operate without any
faults.
For system (68), the virtual control signals are a;

AT T
= —% (k1Z1 + 01Sm, (Zl)> , 00 = —kaZp — 025m,(Z5),

AT 2
a3 = kszz + 035y, (Z3), the adaptive laws are 6,

Z1T1Sm, (Zl)_anlélyA 6, =22T25m, (Z5)— 17120, 05
Z37:3Sm3 (Z3) — f]3T393,C?) = TwzZz — CO and the

52,2
Lo«

—sgh (k1) ———,

\/ B2 ai+x?

.Similarly, z1 = X1 — y4, 22 = X2 —

controllers are u, = Up =

—Sgn (Kz) ﬂ
a1, 23 = X3—ay,and y = 0.5e7%, the desired trajectory
is selected as yq = 0.5sin(0.5t). The prescribe perfor-
mance function is chosen as ¢(t) = (2—0.08)e~* + 0.08.
The system initial values are x;(0) = x2(0) = x3(0) = 0.
The design parameters are selected as k; = 9.5, k
30, k3 = 180, T1 = 0.215, Ty = 0.119, T3 = 0.119, T
1,m =0117m=017n=01andc=1.

The simulation results are presented in Figure 6.
From Figure 6, it is apparent that despite intermit-
tent actuator failures, the system output y can effec-
tively track the desired output y; with high precision.
Throughout the operation, the tracking error con-
sistently remains within the prescribed performance
range, demonstrating the system’s robustness and its
capability to compensate for actuator faults.

Remark 7. It is worth noting that the parameter selec-
tion is only a sufficient condition to ensure stability
of a controlled system. The introduction of y is aimed
at achieving faster convergence of the error compen-
sation system, while the introduction of k;, 7;, and #;
is intended to ensure optimal tracking performance.
Increasing k;, 7;, and #;, and reducing y may lead to an
increase in the magnitude of the control signal. There-
fore, in the application of control design, it is important
to consider a balance between better tracking per-
formance and control input by selecting appropriate
design parameters.

5 | CONCLUSION

In this paper, a novel adaptive controller is developed
for nonlinear strict-feedback systems with intermittent
actuator faults and prescribed performance. To address
the issue of prescribed performance, a performance func-
tion is proposed and incorporated in the backstepping
design process to achieve the desired performance require-
ments through error transformation techniques. MTN is
employed to approximate unknown nonlinear functions.
Subsequently, the problem of intermittent actuator failures
is effectively addressed through a boundary estimation

algorithm. Lastly, simulation results effectively validate
the effectiveness of the proposed approach.

It is worth noting that the results obtained in this
paper only guarantee that the tracking error remains
within a certain range. However, in practical applica-
tions, achieving convergence within a limited time is often
required. Therefore, the next step should consider combin-
ing finite-time [59] and fixed-time [60] stability theories
to design an adaptive fault compensation controller for
nonlinear systems with intermittent actuator failures.
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