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Filter-Based Intelligent Output-Constrained Control
of Uncertain MIMO Nonlinear Systems With
Sensor and Actuator Faults

Ning Zhou

Abstract—This article studies the tracking problem for a class
of strict-feedback uncertain multi-input-multi-output (MIMO)
nonlinear systems, considering both the output constraints
and multiple sensor/actuator faults. A novel control approach,
named adaptive-neural-backstepping fault-tolerant constrained
(ANBFTC) algorithm, is proposed, which incorporates the
dynamic surface analysis into the iterative design. A filter-based
adaptation coordinate transformation (FBACT) is introduced
to define new backstepping iteration variables, eliminating the
need for fault amplitudes and bias information. To further
address the nonlinear uncertainties inherent in the system,
we employ a learning approach, specifically utilizing radial
basis function neural networks (RBFNNs), to approximate the
uncertainty dynamics. This methodology not only mitigates the
computational challenges typically associated with high-order
derivatives in iterative designs but also ensures the convergence
of tracking errors while adhering to output constraints, even in
the presence of multiple sensor/actuator faults. Finally, numerical
simulation results are presented to demonstrate the feasibility of
the ANBFTC approach.

Index Terms—Adaptation mechanism, coordinate transfor-
mation, filter-based adaptation, intelligent constraint control,
multiple sensor and actuator faults.

I. INTRODUCTION

N RECENT decades, the tracking control problem of com-
plex uncertain nonlinear systems has attracted considerable
attention [1], [2], [3], [4], [5]. These systems find diverse appli-
cations in agricultural machinery [6], quadcopter vehicles [7],
flexible manipulators [8], and surface vessel systems [9], etc.

Received 10 December 2024; accepted 6 April 2025. This work was
supported in part by the Natural Science Foundation of Hebei Province under
Grant F2022208007, Grant F2024203102, Grant F2024208002, and Grant
F2024208025; in part by the Key Cultivation of Basic Research of Scientific
Research Foundation of Education Department of Hebei Province under Grant
JZX2023005; in part by the National Natural Science Foundation of China
under Grant U24A6005 and Grant 62403183; and in part by the Central
Government-Guided Local S&T Development Foundation of Hebei Province
under Grant 236Z1910G. This article was recommended by Associate Editor
Y.-P. Huang. (Corresponding author: Xiaodong Cheng.)

Ning Zhou and Canyang Zhao are with the School of Electrical Engineering,
Hebei University of Science and Technology, Shijiazhuang 050018, China
(e-mail: zhouning2010@gmail.com; zhaocy128 @hotmail.com).

Xiaodong Cheng is with the Mathematical and Statistical Methods Group
(Biometris), Wageningen University & Research, 6700 AA Wageningen, The
Netherlands (e-mail: xiaodong.cheng@wur.nl).

Yuanqging Xia is with the School of Automation, Beijing Institute of
Technology, Beijing 100081, China (e-mail: xia_yuanqing @bit.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TSMC.2025.3559694.

Digital Object Identifier 10.1109/TSMC.2025.3559694

, Member, IEEE, Canyang Zhao, Xiaodong Cheng
and Yuanging Xia

, Senior Member, IEEE,
, Fellow, IEEE

However, there are still many challenges to be addressed. For
instance, due to harsh external conditions, equipment wear
and aging, sensor and actuator faults inevitably occur during
system operation. These faults lead to a decreased perception
of system dynamics, resulting in degraded overall performance
or potentially catastrophic consequences. Moreover, they also
lead to increasing difficulties in control design. The other
challenge is the constraints on system variables, stemming
from physical limitations and safety requirements. For exam-
ple, it is essential to constrain the position of a robotic
arm to enable precise object manipulation along a specific
path. While some control designs have used the concepts of
barrier Lyapunov functions (BLFs) and nonlinear mappings,
see [10], [11], [12], and [13], many of these approaches
primarily focus on handling output and state constraints,
neglecting faulty sensors/actuators. Therefore, how to design
fault-tolerant tracking control while simultaneously satisfying
asymmetric output constraints poses a challenging problem.
In the current literature, extensive studies have been

focused on handling actuator faults, see [14], [15],
(16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [27], [28], [29], [30], [31] and the references

therein. Various control schemes are presented for non-
linear systems with faulty actuators, including adaptive
proportional and integral control [14], finite-time adaptive
neural network (NN) control [15], [16], adaptive fuzzy con-
trol [22], prescribed performance control [17], [18], distributed
adaptive fault-tolerant control (FTC) [19], adaptive event-
triggered FTC [20], adaptive fault compensation methods [21],
NNFTC [24], [25], [26], etc. Among them, multi-input—
multi-output (MIMO) nonlinear systems are considered
in [22], [25], and [26]. Furthermore, research works consider-
ing both actuator faults and output constraints or both actuator
faults and state constraints can be found in [20], [22], [23],
[27], [27], [28] and [29], [31], respectively.

On the other hand, faults in sensors appear to be another
important factor affecting controller design, as serious sensor
faults can reduce the reliability of states measurement and lead
to system performance decline or even collapse. To overcome
this challenge, different methods have been developed, such as
state observers [32], [33], [34], sliding mode observers [35],
sensor fault compensators [32], [36], event-triggered adaptive
control [37], and neuron adaptive control [38], etc. In [35],
[36], [37], and [38], sensor faults are only considered as
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bounded bias, which exclude the possible multiplicative faults.
[39] takes into account multiple sensor faults and output
constraints in MIMO pure-feedback systems, which assumes
that the system outputs are only affected by bias faults. Time-
varying sensor faults are addressed in [34], where the control
scheme relies on known boundaries of fault coefficients and
biases. This requires precise information regarding sensor
faults, which may not always be feasible in practice. For the
interconnected nonlinear systems discussed, an adaptive fault-
tolerant approach was developed in [40] to address the problem
arising from general output constraints and sensor faults.

Note that the aforementioned works only investigated either
actuator faults or sensor faults. However, in practical devices,
both kinds of faults may appear simultaneously [41]. In [42],
the leader-following fault-tolerant consensus problem of uncer-
tain second-order multiagent is addressed with simultaneous
sensor/actuator faults and time-varying delays. In [43], [44]
and [45], [46], four adaptive algorithms are proposed for high-
order nonlinear systems and multiagent systems, respectively,
subjected to faulty sensors/actuators. Nevertheless, none of
them have considered output constraints, which is the major
factor restricting overall system performance and prevalent
in practical systems. To address this design challenge aris-
ing from output constraints while considering both types of
faults, two different approaches have been proposed. For
SISO nonlinear systems, an adaptive fuzzy state-constrained
control method is studied in [47], utilizing nonlinear state-
dependent mapping for output tracking, without considering
uncertainties. For block-triangular MIMO uncertain nonlin-
ear systems, an event-triggered adaptive output-constrained
control method is presented in [48], which requires the nonlin-
earity of the system to be locally Lipschitz continuous. Both
methods rely on a single scalar adaptive parameter in each
iteration step to handle overall nonlinearities and uncertainties.
However, without assuming the locally Lipschitz property
of the nonlinearities in the system, neither of the existing
approaches in [47] and [48] can be applied to tackle the track-
ing control problem of uncertain MIMO nonlinear systems
subject to output constraints and multiple sensor/actuator
faults. So far, this problem remains largely underexplored,
and no intelligent control methods have been proposed. This
gap in the literature motivates the research presented in this
article.

The proposed method is formulated using a modified
backstepping framework via filter-based adaptation coordinate
transformation (FBACT). Generally, the standard backstepping
control leads to an “explosion of complexity” as system order
increases, primarily due to the derivatives of virtual control
variables. To mitigate this issue, we adopt the dynamic surface
control (DSC) technique, following [49], which filters the
synthesized virtual control variables at each iteration step.
Furthermore, an radial basis function NN (RBFNN) is used
to approximate the unknown nonlinear function, removing
the requirement for it to be locally Lipschitz. Furthermore,
a set of parameters is designed and estimated to account for
NN optimal weights, sensor compresses faults, actuator gain
variations, disturbances, etc. Overall, the main contributions
are summarized as follows.
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TABLE I
ORIGINAL TEXTS AND ABBREVIATIONS

Abbreviations ~ Meaning

ANBFTC Adaptive-neural-backstepping fault-tolerant constraints
FBACT Filter-based adaptation coordinate transformation
RBFNNs Radial basis function neural networks

SGUUB Semi-globally uniformly ultimately bounded

FTC Fault-tolerant control

NNFTC Neural-network fault-tolerant control

BLF Barrier Lyapunov function

DSC Dynamic surface control

1) A new adaptive-neural-backstepping fault-tolerant con-
strained (ANBFTC) algorithm is presented, capable
of addressing general uncertain nonlinearities without
assuming the locally Lipschitz property. The method can
handle the tracking problem of a class of strict-feedback
uncertain MIMO nonlinear systems with multiple sen-
sors/actuators faults and time-varying asymmetric output
constraints.

2) Considering sensor/actuator faults, a new FBACT is con-
structed by leveraging the DSC method and intelligent
control technologies to generate iteration variables for
the backstepping design, so that the a priori amplitudes
and biases information of faults are not required, differ-
ent from [39].

3) To address time-varying asymmetric constraints, the
ANBFTC algorithm is delicately designed under the
framework of BLFs with adaptation mechanism, and
theoretical and simulation analysis are provided to show
the convergence of all closed-loop signals.

The remainder is organized as follows. Section II states
the essential knowledge and overall control objective. In
Section III, the developed control mechanism and main
results are expounded, while the main theorem is proven in
Section IV. Sections V and VI provide a simulation example
and conclude this article.

Notations: We denote R as the set of real numbers and R"
as the set of n-dimension real vectors. For a vector/matrix, || - ||
represents its Euclidean norm, and the ith order time derivative
of any time-dependent variable v is denoted as v(?) with i =
1,2, ..., n. Furthermore, sgn(v) denotes the sign function.
Besides, for the sake of clarity, we provide the following list
of abbreviations in Table I.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. System Dynamics

Consider a class of fully interconnected strict-feedback
uncertain MIMO nonlinear systems with the ith subsystem
dynamics modeled by

Xij(0) = xija1 () + fij(Xnj) + dij(0), i=1,...,N
)'Ci,n(t) = u;() +ﬁ',n()_CN,n) + di,n(t)s Jj= L...,n—1

yi(®) = x;,1(0) (D
where x;4() € R, k = 1,...,n are states, f; x(xy.x): RV —
R are unknown but continuous nonlinear functions with
vk = X1, v @, Xk, vk (O] € RV,
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and y;(t), u;(t), dix(t) € R are, respectively, the system
output, control input, and external disturbances. The dynamics
model of system (1) is derived from [2]. For simplicity, we
set the control gain coefficient as 1. In practical terms, the
time-varying asymmetric constraints

Li(t) < yi(t) < Hi(?), t €[0,400), i= LN (2

should be satisfied, where L;(t) and H;(t) denote the lower and
upper time-dependent constraint functions, respectively.

B. Modeling Sensor Faults and Actuator Faults

1) Assume that x;;(f), j=1,...,n cannot be precisely
measured, and the effectiveness of sensor j is described
as [43]

X, (0) = 8 (1) with 0 < i < 1 Ve > o (3)

where §;; is the scaling factor. Using well-functioning
sensing devices, the states x;; are accurately measured
as xf = x; ;. But if the sensor compresses faults occur

at t1me tf > 0 due to some unexpected circumstances,
e.g., natural disasters, mechanical/physical faults, etc.,
the measurement may be compressed to (3).

2) Consider the ith subsystem subjecting to actuator faults
modelled by [21]

ui(t) == pittei (1) + uei(r) with 0 < p; < 1 V1 > 14 (4)

where p; and u,;(f) are unknown actuator gain variation
and actuator bias, respectively. When p; = 1 and
uei(t) = 0, it indicates that no fault/failure occurred.
t! > 0 represents the moment when the ith subsystem
suffering actuator fault. 0 < p; < 1 means that the loss
of actuator effectiveness is partial, and it is still operating
such that u; can be actuated by u.;(f) all the time.

C. Control Objectives

Fori=1,...,N,j=1,...,n, the following assumptions
regarding system (1) are required.

Assumption 1: There exists an unknown upper bound of the
disturbance c_l,-,j > 0 such that |d; ;(1)| < El,-,j for all .

Assumption 2: There exist unknown lower bounds on the
scaling factors §; ;, p. > 0 of the sensor and actuator faults
such that §; ; <8,,<landpl<p,§l

Assumpnon 3 [15]: There exists an unknown upper bound
on the bias of the actuator faults it,; > 0 such that |u;(?)| < u;.

Remark 1: The constants Ez,j, 81], Ly and u,; in
Assumptions 1-3 are unknown. Assumption I states that all
environmental disturbances due to white noise, electromag-
netic radiation, unknown load, harmonics, etc., are bounded.
Assumption 2 shows that the state measurements are all
partially available and the system remains fully actuated.
Otherwise, if 8 and p , are nonexistent, then the states
become unobservable and the system is underactuated,
which case the output-based control scheme and active fault-
tolerant mechanism should be considered, and that is out of our
interest in this article. Assumption 3 describes that the additive
faults u,; of the actuator have an unknown upper bound, which
reduces the conservative type of actuator fault model.

Let y4i(t) be a desired trajectory for y;(f), which satisfies
the following assumption.

Assumption 4 ([4], [50]): The signals yg;(t) and yg(t) are
bounded in a compact set 4 {ydi(t)|Xdi < ygi() <
yai» 1Vai(D] < A1, i=1,...,N} with Li(t) <y, and yg <
H;(t), where A; > 0 is unknown.

For system (1) with multiple faulty sensors and actuators,
the overall objective is to construct a control strategy such
that y;(¢) can track y4(#) without breaking the constraints (2),
and the tracking errors z;1(f) — g, as t — oo for
i = 1...,N, where z1() = x,,(1) — yai(D), R, =
{z.1®lzi1(®) € R, —¢i < zi1() < Zwi}.! Meanwhile,
all signals are SGUUB and converge to the corresponding
compact sets, as specified in Theorem 1.

To improve the readability and conciseness of this article,
whenever applicable, we represent any function F(x) with the
variable * as simply F.

III. MAIN RESULTS AND ANBFTC CONTROL DESIGN

In this section, a new fault-tolerant mechanism, i.e., the
ANBFTC algorithm, is proposed for the time-varying asym-
metric output constraints tracking problem, while addressing
the design challenges arising from sensor/actuator faults.

A. Coordinate Transformations

The proposed controller is designed using a filter-based
adaptation backstepping method. Since the standard backstep-
ping approach cannot be directly applied to iterative design
for system (1) with faulty sensors/actuators, we introduce an
adaptation coordinate transformation of the ith subsystem as
outlined below. Through this transformation, new variables z; ;
are defined by incorporating the modeling of sensor/actuator
faults, which are subsequently used for backstepping control
design.

—yai, i=1,...,N
f/i,j, j=2,...,n

Zi,1 = Xi1
4)

To avoid the computational complexity explosion caused
by high-order derivatives in backstepping design, we adopt
the DSC technique [49] and designed a first-order filter as
described in (6), where ¥;; is its output, and v; j_; is a virtual
controller.

Zij = Xij—

AijVij+Vij=vij-1, j=2,....n (6)
with A;; a positive design parameter.
Define e; ; as the filter error variables given by
eij = "Vij— Vij_1. 7

From (3) and (5), since §;; is unknown, x;; and z;; are
also unknown, and thus the traditional coordinate transforma-
tions (5) is unusable for further design. To address this, first,
we calculate x; ; from (3) as

Xij = Ai,.,'x';j Vit> t/:] (8)

Twe specify ¢7; and ¢g; in (63) and (64).
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where A;; := 1/6;;, and it is bounded with 1 SA 1/6;j <
1/3; ; according to Assumption 2. Second, denote A;; as the
estimation of A;; and A;; = A;; — A;; as the estimation
error. By extracting x{ j from x; j, (5) can be rewritten in a new
FBACT form

Zij1 = xf,l — Vdi

Zij = Ai,jx;:j+2i,j, j=2,...,n

Zij = Xij = Vij 9)
where %;; = Ai,jx’; ; is the estimation of Xx;j, and x;; is

rewritten as x; ; = Ai,jxfj = Ai,jxlfj + Ai,.,‘x{j.

B. ANBFTC-Based Controller Design

To address the asymmetric output constraints problem of
system (1), the tracking error z; 1 should satisfy

—&1i < zi1 <émin §mi #FELi
—£1i(0) < z;,1(0) < &p;(0)

where &p; '= H; — yg4; and §;; := yq; — L; are two predefined
smooth and positive time-dependent functions.
Then, we define an asymmetric BLF as follows:

§mikLizi,1
Eri — zin) (6Li + zi1)
It shows that ¢; = O if and only if z;; = 0. When z;; —
&ni, we have ¢; — 400, and when z;; — —&1;,, we have
¢; — —oo. Thus, for =&, < zi1 < &mi, as long as ¢; is
bounded, the output constraints will be guaranteed.

To facilitate the design of the controller, we take the time
derivative of ¢; as

1
Vig = 507, o= ( (10)

¢i = wizi1 + oifpi + hiéLi (11)
where
d; EnibLi (Z,%l + EHiELi)
Wi = 8 ) = ) 3
Gl (g —zin) (6L +zi1)
8¢i ELiZlZ’ 1
0= e T 2
§Hi (mi —zi1) " (6Li + 2i1)
L 9 Eniz;
i = _ = 2 .
i (5w — i) (L +2i1)

Consider the sensor faults, actuator faults, and time-varying
asymmetric output constraints on system (1). The ANBFTC
control scheme is iteratively designed for each subsystem.

Step 1: Design the virtual controller v; | as

1 -
Vi1 = —— Aj18i1 (12)
wi
: : Vi1 piwi
$i1 = Ki19i + 0i&ni + hi&r; + ﬁ
. diw; + 17y
+0iiwillSi.1 (Xi1) 12 (13)
o Biid?w? N
Vil = ————— — Biri1 Vi1 (14)

\/¢i2wz‘2+77i2,1
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15)
(16)

b = Ui,lW,'2¢i2||Si,l(Xi,1)||2 — Ui,lfi,léi
Ai1 = Yiadinsit — vithi1 A
where «; 1, 01, Ti,1, Bi,1> Ni1s Vi1, N1, &1 > 0 are design
parameters. In (13), the variable (1/w;) offsets the coefficient
of the first term in (11), and it collaborates with terms oiéH,-
and h,-éLi to offset the second and third terms in (11), while «; |
denotes the control gain. 6; is the estimation of sup;so Il W;f;r 2.
Wif lT is NN optimal weight in (32), which addresses the
nonlinear function f; ;(Xx,1) and the constraint function ¢;.
1/3,31 is the estimation of ;1 in (34), which addresses the
external disturbance d; 1 and approximation error €; 1 in (32).
Si1(Xi,1) (with X; 1 = [)_Cf\/T)lvydis}.’di,in,fLi]T) is the basis
function of RBFNNS.
Step k (2 < k < n—1): Design the virtual controller v; x as

A T A
Vik = —KikZik — Wl-,kSi,k(Xi,k) — Gikt Vik

_ YiZik (17
2 2
V3ik T ik
A Bikir, .
Yik = Az—lz — Bik€ikVik (18)
V ek T ik
Wik = 0ix2ixSik(Xik) — 0ikTik Wik (19)
X -\ 2 A
Aj = max{0, y; 1Ok (J{k) — Yikhik Ak} (20)

where «; k, ik, Tik» Biks Eik> Viks Nik> and A; ;. are positive
parameters to be designed. The function ¢; in v;x is used
to offset the residual term z;2, ...,z ,—2 generated in the
previous step, while «; ; denotes the control gain. VAVi,k is the
estimation of NN optimal weight W}, in (41), which addresses
the nonlinear function f;  (xy x) and f./,',k. 12/[)]( is the estimation
of v, in (42), which addresses d;x and € in (41). Ai,k
estimates A;x in (8), which addresses the reciprocal of sensor
multiplicative fault & . Six(Xie) (with X;4 == [Fy . 55 17
is the basis function of RBFNNSs, where

a . ~ ~ ~ ~ T
XNk =[R2 AN Rk AN
For k = 2, gix = (1/DZix, Oix = aix((kik

+
(1/2)zi0)% + (1/2)5,-Tk(Xi,k)Si,k(Xi,k) + 3/2) + «ix +
i (Wiszinl /L2202 D)% and aix > 0. For k =
3,ccon—1, Gix = Zikt, Oig = 1+ kik + otig(kixZip)* +
(/28] X5 Sik Kik) + i (Wi nZik] /1) 22 07 D).

Step n: Design the actual controller u.; as

Ui = — Gisi,  with 1)
Oi = UiZinSi — LilkiOi (22)
R n ; inZi
Si = KinZijn + Zin—1 —Vn + %
V Zi,n + ni,n
+ W,Sin (Xin) (23)
A ﬁi,n%'z ~
wi,n = 2—”’2 - IBi,ngi,nwi,n (24)
V Zi,n + ni,n
I7Vi,n = Ui,nzi,nsi,n (Xi,n) - 0’i,n":i,n‘}\vi,n (25)
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TABLE 11
LIST OF ADAPTIVE DESIGN PARAMETERS

Adaptive Parameters  Design Function

éi,iil,...,N

Estimation of sup;~q [|[W;[|2.
wi,j7j: 1?“')”

Estimation of 9;,; with 1; j 1= sup;> |45,
pi,j = dy;,j + € 5, where d; ; is the external
disturbance, ¢; ; is the NN approximation error.
Ai’]’ Estimation of Ai,j with Ai,j = 1/67;,j.

VAViYk, k=2,...n Estimation of NN optimal weight W;‘,C

0i Estimation of ¢; with g; := 1/p; and

pi the actuator fault coefficient.

A 2 A
A =max(0, 700in(¥,) = vialindin)  6)
where Kip, Oins Tins Bins €ins Vins i tis Nisns and p; are
the design positive parameters. W; , represents the estimated
ideal weight W/, for the NN in (51), which addresses the
nonlinear function f; ,(xy ) and the filter output v,‘,, llfzn
estimates V; , in (52), which addresses the external disturbance
d; », approximation error €;, in (51), and actuator bias fault
Upj. A,-,n estimates A; , in (8), which addresses the reciprocal
of sensor multiplicative fault §; ,. g; is the estimation of o;
in (52), which addresses the reciprocal of actuator gain p;.
The intermediate variable s; is designed to offset the residual
term z;,—1 from the previous step and further prove the
practical exponential convergence of z;, in (54d), (54d),
and (61). Then, by combining with g;, the actual controller
uc; is obtained by compensation for the effect of the actuator
gain. S;,(X;n) (with X;, = [)_szv—l,—l’)_cl—lv— n]T) denotes the basis
function of RBFNNs, where

2 N N A ~ T
N =[R2, AN R AN
In (26), Oin = (1/2) + Kin + @inlicinZin)® + (1/2)s7 +
ai,n((zi,nl/’i,n/ 212n + ﬂfn))z (I/Z)ST (Xl n)Sl n(Xz n) with

o, > 0.
The overall control strategy diagram is illustrated in Fig. 1,
where all the adaptive design parameters are listed in Table II.
Remark 2: From the adaptation laws of Ajx, k=2,.

in (20) and (26) it is clear that A, x>0, and hm,_)C>O Al =
A;j. Thus, A,k > 0, sgn(A, x) = 1 only if A,k(O) < Ajk.
Since inf;>0 Ajx = 1 from the definition A;; := 1/8; with
0 < éix < 1, we conclude that A,‘,k(O) < 1. Some related
elaborations can be found in [43, Remark 2].

C. Main Results of the ANBFTC Algorithm

Using controller (23) for system (1), we conclude that:

Theorem 1: Consider the system (1) with external distur-
bances, output constraints (2) and multiple sensor/actuator
faults as described in (3) and (4). Let Assumptions 1—4 hold.
By applying the ANBFTC scheme in (13)—(26) to system (1),
for the Lyapunov function V in (58) with V(0) < p and any
given p > 0, the following results are obtained.

(a) The transformed output tracking errors ¢;, the coordinate
transformation errors z; x, the adaptive estimation errors Wi,k,
A,-,j, 1/~/,-,j, él-, 0i, and the first-order filter estimation errors e; i
converge to the sets Qy., €7, QW,-,;(, QA,-J, Qwi_j, Qp;, Qo

and Qe; y» respectively, as t — 0o, where the sets are defined
as follows:

2Cy
qu _{¢l|¢l€R |¢z|< : }, i=1,...,N
2C,
in,k::{zi,klzi,k eR, lzikl < —}, k=2, )
Cy
. ~ 20;xC
QWi.k3={Wi,k|Wi,k eR, |Wixl < l—}
6]
IR n 2yi1C2
Q= 1A A €R, 1A < :
Aj { l,1| il Il l,l”_ ai,lcl
xR % 3vikC2
QAi.k:={Ai,k|Ai,k eR, [Aixl <) lC—l}

[2Bi;Ca | .
Ql//i_j:: %,W:,GR |1ﬂzj|< g] ,Ji=1...,n
~ ~ 20;1C2
Qp; = {9i|9i eR N6l <,/ lC] }

L - 2,;Co
Q= ilo; € R’ i <
oi {Q;IQI loil < G }

2Cy
Qei,k:z{ei,klgi,k eR, lejxl < —}
V Ci

with C; and C;, defined in (60).

(b) Irrespective of the presence of sensor and actuator faults,
yi can track ygi, and z;; — g, as t — oo with ;=
{zijtlzin € R, —¢ri < zi;1 < ¢mi}, {ui and ¢p; defined in (63)
and (64), shown at the bottom of p. 9 fori=1,...,N.

(c) All signals are SGUUB.

(d) The output constraints (2) are satisfied.

IV. PROOF OF THEOREM 1

The proof is outlined in four steps (a), (b), (c), and (d), cor-
responding to the four main results in Theorem 1, respectively.
Before moving forward, we provide two necessary lemmas.

Lemma 1 [11]: ¥ a, b € R, ab < (¢"/m)|a]™ +
(1/n¢™)|b]™ holds with (im—1)(n—1) = 1,¢ > 0Oand m, n > 1.

Lemma 2 [17]: ¥ n() >0,z€eR

2
0=<lzl - < n(?) holds.

2+ n(H)?

A. Proof of Theorem 1 (a)

For the ith subsystem, the proof is presented using the
backstepping technique, which is divided into n steps.
Step 1: Combining (10), we define the Lyapunov candidate

9~2

— St A2 (27
20‘1"1 ! 2/3 ll( )

1 i1
wll+2 12+

Vi Z:Vi,¢ + 2)/

where 0; = 6; — 6;, Vi1 = Vin — Y1
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ST T u u [ Outputsignals ¥,
! ‘ Actual controller (21) }——”——{ Actuator faults (4) L MIMO system (1) I P g - ! Siep
: ft |
| P I, 01000 Bl
' Zl.n—l 4 ZIJI . . H
! Adaptation coordinate —>‘ Adaptive laws (22), (24), (25) H
, DSC (6) transformation (9) i
! Zin E’{ Adaptive laws (26) ;
g vi & I . | ‘\\ S

| Virtual controller (17) ! tep k

P Vool -
| x,f” Zij10Zik T ) - k—Z,...,n—l
- Adaptation coordinate |—>{ Adaptive laws (18), (19)

transformation (9)

sensor faults (3) Adaptive laws (20)

:I_' DSC (6)

’,::: V::::::::::::::::::::::::::::::::::::::::::::::::::_;y::::::::::::::::::::::::::::::::::::::::::::::::::\\‘
! ‘ :
E ~ -~ A > Virtual controller (12) ‘ i
! 'A 15Vi1,0 p 5 Adaptation coordinate v +
i Reference Adaptive laws (14), (15) . | ¢""| Barrier function (10) 1l transformation (9) <—”_® E

trajeltories (16) Zi = xifl ~Va v, L_
> hl < di

;
i
1
i
1 High-order states
i
1
i
1
A}

3

Fig. 1. Block Diagram of the ANBFTC Approach

there exist Qy;, € RN+ and §;; : RV** — R”, such that
fi1(Xi 1) is described as

Taking the derivative of V; 1 yields

éﬁi _ Vi Vi

. ; . Si1 < A
Vir = i = i1 B 6T VTJA”IA”I' (28) fir(Xin) = Wi Sia(Xin) + €1 (Xin) (32)
According to (1), (5), (7), and (11), we have with |€; 1(X;1)] < €.1 and €1 > 0.
. . . . From Lemma 1, it yields
didi = pi(wizi1 + 0ini + hiéLi) .
= ¢iwidi1 (zi2 + ei2 +vi1 +fi1(Xn,1) +dit) Piwidi 1 W} Si1(Xin) < Owi?11Si1 (Xi ) I + 1 (33)
— WiV ~0"-+h~". 29
GiWiVdi ¢z( iSHi léLl) (29) where 6; = SUp,~ ”W;jl ”2
By using Lemma 1, we obtain Define ¢; 1 :=d; 1 + €;,1. From Lemma 2, it yields
1 1 1 pEw?
biwidizi2 < §¢i2Wi25i2,1 + Eziz,z (302) Piwidi1pi1 < % + Yiamia (34)
Piwid < iowe 1o (30b) AR
Wwibi1e; —prwi: —ei,.
iWi0i,1€i2 = 5 i i il 2 i,2 with Ilfi,l — SUP130|€01‘,1|~
From (6), (7), and Lemma 1, we further have
Substituting (30) into (29), we obtain ¢in 1 1
1 1 eintin=eia| ——= —vi1) <= —— ety + ®?,(35)
p 2 2 Ai2 4 Aio ’ ’
didi < piwidi1 (vio +dit) + 62 + %2 ’ ’
. . where ®; 1 =V, 1.
+oi(oikni + hitwi) + ¢iwidiafi1(Xir)  GD Substituting (13)—(15) and (31)~(35) into (28) yields
where fi.1(Xi1) = ¢iwidi,1 + fi,1 v, =Yai/8i1- Vit < —ki197 — wigel, + 110101 + e Vi
Applying the RBFNNs, any continuous function 2 ' |
fX) : Rl. — ]R"" can be applroximahted'using W* e Rixm 482 4 q)i] +Yimit 4+ 8i1hiiAi A+~ (36)
and a basis function S(X) : R* — R" with /& the number of 2 4

NN nodes, S,(X) :=exp[ — (X — x) " (X — x,)/(2b?)] for t = where (1/[%;2]) — (3/4) = w2 with @w;3 > 0 represents a

1,...,h x € R/ represents the center and b, € R represents
the width. Furthermore V € > 0, there exists Qx C R! such
that

FX) = WFTS(X) + e(X) with [le(-)]| < & VX € Qx.

Let ] = N4+ 4 and m = 1 for function f;1(X;1)
approximation. By using vector W;fl e R", for any €1 >0,

constant.
Step k (2 < k < n — I): Define the following Lyapunov
candidate:
. 1, 1
Vik =Vik-1+ 2%+ ik

gl
— e —e
Zﬂi,k i,k 2 i,k+1

T~ 1 -
W Wik + o 1Ajil?
[

(37)
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where Wi,k =W -
Yik — Vik-

Differentiating V; , we have

Wik, Aix = Ajx — Aik, and Vg ==

. 1 1
Vik = Vi 1——W ka——A kAlksgn< )
i, Vik

1

1
__wt kwl k+ 2z, kzl ktei k+lel k+1-

(33)
Bi.k
Differentiating V; x—1 with respect to ¢, one has
k—1 1
y 2
Vik—1 < _Ki,1¢, ZKUZ” Zw’/elj_'_ - ilﬁ,/
= ]:

k—

+ Z &ijVijVij+ Z hijA
j=1 j=2
k-1

+ Z 'L’,'JW
=2

; ,Ai,jsgn(ﬁi,j)
k—1 1
T@ ~
=

k—1
T 2
Wi+ )9
j=1

k-1
+Z Winij+ 1100 + 8i1hi1 A1 A
Jj=1
+Aj -1+ Tip—1. (39
For k = 2, Ajx—1 = (1/2z7y, Tixmt = (1/4). For k =

3,con—1, Aoy = —(1/2)(Ajpet ik D% + Zik—1Zik

zkl—(1/4)+z (1/[2()51]]) anda”>0 Kl]_Kl]
(1/2) > 0 for j = 2 and K;; = «;j—1 > 0 for j =

3, k=1 (I/[AijD) — B/ = wij G = 2,...,k) with
w;;j > 0 represents a constant.
From (1), (5), and (7), we have
ZikZik = Zik(Zike1 + ikt + Vvik — Vik
+fik(Xik) + dik) (40)

where f; 1 (Xi k) = fi.k(xy k). Following the design in (32), let
I = kN. Then, we rewrite f; ¢ (X; x) as

fir(Xik) = Wi Six(Xix) + €ix(Xix) 41)
where |€; (X; x)| < € with € > 0.
Moreover, define
@ik = dig+ €k (42)
Substituting (41) and (42) into (40) yields
ZikZik = Zik(2ik1 + ikt + Vik—Vik
+W;:/;|—Si,k(Xi,k) + 9ik).- (43)
By utilizing (9) and Lemmas 1 and 2, we have
1 1
Gikeiktl = 5 it 5 2 . (44a)
1/~ 2.7
ZixW; kszk( k) < §<Ai,k i,k> Sk (Xik) Sik (Xik)
1.~
+7W13(W,k+z,kW kS,k( ) (44b)

2
zikwi,k

ZikPik = o
N

+ Vi kNik

7
1. |
+5 (Bind) + 3k (440)
. L1, ,
eikr1€ikr1 < | = — —— )i + P; (444d)
i,k+1€ik+ (4 Ai¢k+1) ik1 ik
. PPN )
ZiaidBind ai.k(llfi,kZi,kAi,k ,«,k) 1 o)
- L .
s = 2 .2 —
\/m Gk T Mk ik

where V;  := sup,~q l@ikl, Pik :=Vir. For k =2, we have

1 A 1 2 1
— Ki,k‘i‘a ZikZik = K,k+2 ( ik ) _,_m
1\, =« 2 I\ »
+Oli,k( Kik + 3 ZikAik i,k) — | xix + 5 2 (45)
For k=3,...,n— 1, one has
— kikZik Zik = _ki,kZi,k(Zi,k — Ai,k i,k>

_ki,kZiZ’k + ki,k(ﬁi,k + A; kxf )Ai kxlf’k

1
= kzkzlk+kzk( ik ) +m
N2
+ai,k<k[,k2i,kAi,k i,k> (46a)
A 1,

— ZikZik—1 < —ZikZik—1 T 5%k

1. 2
+§(A,,k_1 ,.’,H) . (46b)

Substituting (17)—(20), (39), and (43)—(46) into (38) yields

k1
Vi,k = —Ki,1¢ ZKthz] Zw,je” + Tix
+ Z si WiV + Z hijA7; l]sgn(A J)

—I—Zt,]W W,j+Z

k

2

Wij+ ) @7
j=1

1 ~ A
+ Z Vi jnij + Z Elﬂfj + 7i,10i6;

=1 =2
+8inhin Ain Ay + A, 47
where Ajr = ZikZik+1 — (1/2)(Azk ,k)2 Tix = (1/4) +

Z;:z (1/2a; 1), @ij > 0. Kij = «ij —
andK,;j =Kij— 1 >0f0rj=3,...

(1/2) > 0 for j = 2,
Jk (1/[Ai5]) — B3/4) =

i j G=2,....k+ 1) with Wi > 0.
Step n: Define the following Lyapunov candidate:
1, L~
Vin =Vip—1+ %in 20_ inWin
X Pi ..2
Ainl® + 25 48
+3yi,n| l’n| 2.Btnwln+ ( )

where Wi,n = W:n - Wi,ns Ai,n = Ai,n - Ai,n, 1/fi,n = wi,n -
Vin, and 9; = 0; — 0i.
Differentiating V;, with respect to ¢ yields

. . . 1 -, 2 -
Vi,n = Vin-1+ ZinZin — rAgnAi,nSgn<Ai,n)

i,n
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8
1 T ~ Pi~ x
Wz rzWi,'l - n— —Qi0;- (49)
in L
From (1), (4), and (5), it yields
Zi,nzi,n = Zi,n(piuci + Uei + di,n
+fi,n(Xi,n)_‘A/i,n), (50
where f; ,(Xi ) = fin(xn,,). Following the design in (32), let
Il =nN and m = 1, we rewrite f; ,(X; ,) as
fi,n(Xi,n) W*TSZ n( i n) +€in (1)
where |€; | < €;, with €, > 0.
Moreover, let
Qi1=1/,0i, Qin=Uei + di,n + €in. (52)
Substituting (51) and (52) into (50) yields
Zi,nzi,n = Zi,n(piuci + W;;Si,n(xi,n)
+(pi,n - i\)i,n) (53)
By utilizing (9), Lemmas 1 and 2, we get
. N2 1
— KinZinZin = _Ki,nziz’n + Ki,n<Ai,nx£n) + 2
Ui n
- 2
+din (Ki,nzi,nAi,nx;n) (54a)
N 1,
—ZinZin—1 < —Zin—1%in + Ezi’n
1/~ 2
+5 (B, 1) (54b)
- 1/- 2
WS () = 5 (Ban,) ST (i) S (Xi)
1.+~ .
+§W§nw,-,n + 2ia W, Sin (Xin) (54¢)
22
Zin Vi,
Zin®Pin = ;”7”[2 + NinVin
vV Zi,n + ni,n
1. \2 Y7
+5(Bind,) + = (54d)
o N - 2
Ei,nwi,nAi,nx);n in (wi*”zi’”Aiv"x{,ﬂ> 1
- — < ) 3 + T (54e)
e Zin T in ®in

where V¥, = sup.ql@inl.- Adding and subtracting z;,s;
to (49), and substituting (23)—(26), (47), (53)—(56a) into (49),
it yields

n

Vi,n S—Ki,1¢,'2—2( lIth+w’/e ) Z(I)

j=2
n
+ Z(n,,-w,jw,]
j=2

+Zn:(81/}12f+1/f o 11/,2 + 1 10:6;
— i,jVijVi,j ijlij 7 Vi T,10i0;
J=

i1k,

-5(&

~_|_~

+ hi ;A i,ngH(Ai,j)>

_|_

A lAl 1 — i, nIOthSl - Zz nszzsz + ZinSi
-~ 1
x{n ) + pinioi0i + JZ; E +7 (55)
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Using Lemma 1, one has j=1,...,n, k=2,...,n)
1
WLW, < E(W,.TJ.W* WiWi)  (s6a)
2 A = Lo 3 F L
B usen(Bir) = 5 (80— 1Bukl?) (56b)
RN 1 1-
iy < Vi — 5V (56¢)
~ A L, 1,
0ibi = 50 — 50i (564d)
ZinSi = Zin  Pi0iSi — ZinPi0iSi
Lk oVl oo
< 5 (Bundl ) +5(020” (S60)
sa_ 1, 1s
i0i < 59,' - 591‘ (56f)
A [ 15
Aj1Aig < EA“ - EA“ (56g)
Substituting (56a) into (55), it yields
Vi,n =< _Ki‘1¢i2_j:ZZ<K”Z +wt/e ) ;#
n -1 n—1
_Z( ij WTW,1+A|A”| )+Zq>§j
=2 =1
il s Sithiy ~ N
- DLz - HUELRY, - Pi(ﬂi—ﬂi)Qiz‘i‘nb (57)
Let nij = a,-’jexp(—b,-’jt) ajj > 0, blj > 0,

|77i,j| < ﬁi,j, then II; = = 1(( 81]]/2)1// + Wzﬂh]) +
P 2(([r”]/z)vWW* + (/297 + ([hl, 1/3)47) +
([plul /207 + (i1l /zw2 + (18, lh, 11/2)A7 + Ty with
Tin = (1/4) + 21_2(1/2011,]) and o;j > 0. K;j = k;j —
(1/2) >0forj=2,and K;j ==k;j—1>0forj=3,...,n
(1/[)»,"1']) — (3/4) > i (] =2,...,n) with wij > 0.
Define the overall Lyapunov candidate

n

(58)

Differentiating (58) and using (57), one has

N

n n
v =Y |:Ki,l¢i2 + ) Kijziy+ ) wijer;

i=1 j=2 j=2

T, i1 ~
+ = ZSszlj+llz+112llA -1,

]—

+ 5 Z(Ti,j -
j=2

1 )
DWW + zpi(ﬂi — i)}
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1 n _ 5 n—1 )
+§2ﬁMMﬂ—§:®J- (59)
j=2 j=1
For any p > 0, we define 2z = {Z|Z € RN v < p} with
= ~T =z 5
Z=10i ), Wi D&l 0017 2, = [zios o zinl
Win = W, o WLIT, Ay = [Ais o Aial T, g, =
lei2, s einl s Yin = [Vid, ... Vinl'. Since ®;; = Vijs Vij
are continuous, there exist ®; ;, v; ; > 0, such that |®; ;| < ®;;
and |v;j| < v;jfori=1,...,N,j=1,...,n—1, in the
compact set Qz x Q4.
Consider (58) and (59) and choose

Cy = min{2k; 1, 2K; j, 2@ j, 01171, 0i(Tij — 1), vijhij

Bi1&it, Bijeijs ili — i), vithia}, i=1,...,N

N n—1
=Y |mi+> &} j=2.....n (60)
i=1 j=1
Then (61) holds:
V(@) < =CV() + Gy, (61)

where Ki1 > 0, K,',j > 0, wij > 0, 0i1Ti,1 > 0, 0,',‘/(‘[,',]' —
1) > 0, j/l‘,jh,',j > 0, /3,',18,',1 > 0, ﬂi,j{;‘,',j > 0,‘)/,"1hi,1 > (0 and
ti(;i — pi) > 0. Inequality (61) shows that V <O on V =p
when C; > (C/p). Consequently, 2, = {V(f) < p} is an
invariant set, implying that V ¢ > 0, V(¢) < p holds if V(0) <
p. Subsequently, multiplying (61) by e€!" and integrating it on
[0, t], we have
_ e_C't).

From (58) and (62), we conclude that the closed-loop sig-
nals ¢;, z; j, VNV,-,]-, A,-,j, 1/},',]-, e;j and ¢; are SGUUB. According
to (10), we have z;1 = ([Gmi — zi,1)ELi + 2:,1)¢:)/[5miLi))
fori=1,...,N, where &g; > 0, &7; > 0 and &g;&; > 0. Since
¢; are bounded, it follows from (10) that (§g; —zi.1)(ELi+2i1)
are bounded. Therefore, z; | are bounded. Since the parameters
Wl?fj, Ajj, ¥ij and g;, j = 1,...,n are bounded, we have
VAV,-J, Ai,j, 1}1-,]- and ¢; are bounded. Then, according to (58),
the following inequalities hold:

—Cqt 2
V(1) < V(0)e +C(1 (62)

1

0<1¢.2<V 0<1Z~2-<V 0<LV~V.T,~ <V

A A T

O<L¢2<V 0< i <v 0<Pg<vy

_21',]' o= _2”_ 2[,’1

0 A=y, 0= <y, o<y
i 0i,1 2yi1

and, when ¢ — oo, we have

2Cy 2C;
0<lgil <,|—, 0=zl =<, [—
1 Ci
- 20; iC - 3y;.:C
0< Wiyl < |22 0 <Ayl < J 222
C1 Cl
- 2B;;C 2C,
0 < i)l < Lm0 < eyl <[ =
C1 1
2;C ~ 20;1C
O<lal < |72, 0<|dl < |22
piCy Ci
- 2y 1C
0< Ayl < |22
8i1Ci

Remark 3: From (61) and the Lyapunov practical stability
principle, it can be concluded that a larger C; leads to faster
convergence, while a smaller C, can improve the convergence
precision. According to (60), the convergence speed and
precision of the system errors can be adjusted by tuning
the parameters ki1, Kig, Oijs Tij>» Yij ﬁ,’J, o j, ,Bi,j, Eij»
ti, and w;, where i = 1,...,N,j = 1,...,n, and k =
2, ..., n. Specifically, a larger «; 1 or K;; contributes to faster
convergence speed. A smaller «;; improves the precision of
system errors. Appropriately chosen parameters o, T;j, Vi,
hij, Bij> €ij» ti» and u; enhance the overall performance of
system errors. In practice, designers must carefully balance
the tracking performance and control effort. By optimizing
these parameters, specific system capacity requirements can
be satisfied effectively.

B. Proof of Theorem 1 (b)

It is obvious that within the interval —&;; < z;1 < &n; for
i =1,...,N, using the fact that 0 < |¢;] < /(2C2/Cy),
we derive {z;1 = —{1; < zi1 < ¢mi} with {7; and {y; given
in (63) and (64).

C. Proof of Theorem 1 (c)

Since both z;; and yg4; are bounded, x; are also bounded
for i = 1,...,N. From (13), we see that v; are bounded.
From (6), we obtain that v;» are bounded. Due to the
boundedness of signals z; 2, Y4i, Vi.2, Xi2 are also bounded. By
induction, it obtains that v;2,...,vi,—1 and v;3, ..., V;, are
all bounded. Then, we get the actual control inputs u.; and
system states x; 3, ..., X;, are bounded. From (4), the control
signals u; of the actuators are also bounded. Finally, all the
signals are SGUUB.

—[8niéri + ¢ Gni — 1)1 + \/4§2$Hi§u + (Emikri + ¢ Gui — E1))* 20,
{Li = 2 , = ]— (63)
¢ C
—[&mibLi — ¢ i — SL)] + \/4§2$Hi§u + (Emikri — ¢ Gui — E1))*
CHi = (64)

2
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Fig. 2.
actual control input u.q.

(a) Reference trajectory ygqq, actual trajectory xI; 1» upper bound H and lower bound L;. (b) Tracking error zj 1. (c) Actuator fault input u; and
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Fig. 3. (a) Reference trajectory yg2, actual trajectory x’; 1> upper bound Hj and lower bound L. (b) Tracking error zp j. (¢) Actuator fault input uy and

actual control input uz;.

D. Proof of Theorem 1 (d)
Fromz; | = xf | —Yai and Assumption 4, we have Y —& <

Ydi = §Li < Xf | < i +Yai < Yai + &ni- Let Li = yq; — &; and
H; = yai +&pi» we have y . — & < L; < xf,l < H; < y4i +6ni
for all ¢ > 0. Therefore, we conclude that the constraints in (2)
are satisfied.

V. SIMULATION EXAMPLE

Consider two inverted pendulums, connected by a spring
and a damper, modelled by [51]

Ji01 = mygrsin(91) — 0.5F rcos(9) — 0) + uy + dj
\721'9'2 = mypgrsin(v) + 0.5Frcos(Pr — 9) + up + do,

where J; = 0.5 kg - m”> and J» = 0.625 kg - m? are
the inertia moment, the outputs ¢; [rad], i = 1,2 are
the pendulums’ angles, m; = 2 kg and mpy = 2.5 kg
denote the masses, g = 9.81 m/s> denotes the gravity
acceleration, & = k.(z — Il;) + bcz is the spring-damper
force applied to the pendulums, k. = 150 N/m and
b = 1 Ns/m are the spring and the damper constants,
respectively, [ = 0.5 m represents the natural length, z =
(d? + rd (sin®y — sint) + (r2/2)(1 + cos(F, — )2 s
the current spring length, r = 0.5 m is the length, ¥ =
arctan(([(r/2)(costry — costy)]/[d. + (r/2)(sin — sind,)]))
is the relative angle, d. = 0.5 m is the distance between
pendulum base. u; and up are the control inputs, and
disturbances are d; = 0.1sin(¢¥) and dy = 0.2cos(7). All the
initial values and parameters are given in Table IIL

TABLE III
INITIAL VALUES AND PARAMETERS

Initial x171(0) = —0.01, xl,g(o) = 0.01, CE271(0) = —0.2,
values 22.2(0) = 0.4, A1 1(0) = Az 1(0) = Ay 2(0)
= A55(0) = 0.1, W1,1(0) = W1,2(0) = W2,1(0)
= Wa,2(0) = 0.5(1,. o 1)1x5, @}(0) =02(0) =1,
11,1(0) = 1,2(0) = 12,1 (0) = tp2,2(0) = 0.
Design K1,1 = K2,1 = 150, K1,2 = 50, K22 = 25,
parameters o; ; =1ford,j =1,2, 71,1 =0.5, 112 = 1.1,

72,1 = 0.8, 722 =15,7,1 =6, 71,2 =0.1,

Y2,1 =1, 72,2 =0.01, h1,;1 =0.02, hy 2 =7,

h2,1 = 0.001, hig 2 = 2.5, 1,2 = az,2 = 0.01,

A1,2 =A22=0.1, 81,1 = B21 = 10,

Bi,2 =P2,2 =38, ¢;; =10fori,j=1,2,

11 =12=01,m1=meo2= 5exp(—0.01¢),

p1 = 1.05, ug = 1.01, n2,1 ="N2,2 = exp(—0.00lt).

Denote X1,1 = 91, X1 = 1.91, X2,1 = ¥, and X292 = 2'92.
The desired trajectories are yg1 = (r/6)sin((7w/2)1), ya» =
(7w /4)sin((r/3)t). The constraint boundaries of zj 1, z2,1 are
g1 = 0.2 + exp(=0.51), &1 = 0.3 + exp(—=0.61), &p =
0.1 4+ 1.3exp(—0.551), & = 0.2 + 1.4exp(—0.65¢). The
sensor/actuator faults parameters are §;1 = 0.9, 1= 20s,
0.7, 7, = 95, 81 = 085, th, = Ts, &2 =
0.4, 4, = 0s, p1 = 0.7, uer = 0.5sin(0.5), pr = 0.5,
Uy = 0.1sin(?), 1{ = 6s, 15 = 12s. The basis functions are
SkXi) = expl — Xix — x0T Kik — x0)/2bD], i = 1,2,
k = 1,2, where x; are random in (—5,5), and by = V2.
S1(Xi 1) contains six nodes, S2(X;2) contains four nodes, and

d12 =
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Fig. 5. Actuator faults adaptive parameters. (a) 1/;1,2 and 1/}2,2. (b) 61 and 97. (¢) él, ”WLZ”, éz and ||VAV2’2||.

the inputs of Si(X;x) are X; 1= [xq’l,xg,py(ii,)"diaéHi,gLi]T

and X; 2= [x] |, %, |, %12, %221

Figs. 2-5 illustrate the efficiency of the ANBFTC method.
Specifically, the tracking results of xf],l and xfz’lare shown in
Figs. 2(a) and 3(a) without breaking the output constrains.
The boundedness of tracking errors zj,1 and zo,1 is verified
in Figs. 2(b) and 3(b). The boundedness of actuator inputs u;
and actual control inputs u.;, i = 1, 2, is shown in Figs. 2(c)
and 3(c), which observe that the occurrence of sensor faults
causes short-lived fluctuations. Fig. 4(a) and (b) show the
response curves of xj2 and xp2, as well as the measured
values xq’z and xg’z with sensor faults, which are all bounded.
Figs. 4(c) and 5 show the boundedness of aflaptiye parameters
At A, Aoty Ao, Y12, Y22, 01, 02, 61, |Wi 2]l 62, and
[W221|, respectively.

VI. CONCLUSION

This article presented a novel ANBFTC control scheme
for a class of strict-feedback MIMO nonlinear systems.
The backstepping design was implemented through a newly
constructed FBACT, and an adaptation strategy was formu-
lated at each iteration step to address unknown disturbances,
sensor/actuator faults, and residuals in NN approximation.
The faulty sensor measurements, after appropriate adaptive
compensation, were utilized as the inputs of RBFNNs. The
computational complexity, arising from high-order derivatives
of the virtual controller, was mitigated by adopting the DSC
technique at each step. Then by integrating BLF into the

iterative methodology, the ANBFTC approach was developed
for precise output tracking while upholding output constraints.
Finally, we demonstrated the effectiveness of the ANBFTC
approach through a simulation example. Future works will
focus on exploring sensor/actuator failures in MIMO nonlinear
systems.
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