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Abstract

- Zhaoheng Liu3

This study addresses the problem of cooperative control design for a group of car-like vehicles encountering fading channels,
actuator faults, and external disturbances. It is presumed that certain followers lack direct access to the states of the leader via
a directed graph. This arises challenges in maintaining synchronization and coordination within the network. The proposed
control strategy utilizes non-singular fast terminal sliding mode control to accelerate consensus tracking and enhance the
convergence of the overall system. This controller is designed to mitigate the impact of actuator faults in the presence of
fading channels in the communication network. The effects of such issues on team performance are rigorously analyzed.
Based on the Lyapunov stability principle, it has been demonstrated that the controller is capable of providing satisfactory
performance for the entire system despite these challenges. Moreover, vehicle synchronization can be effectively maintained.
Numerical simulations are conducted to verify the theoretical findings.

Keywords Car-like vehicle - Faded neighborhood information channel - Fault-tolerant control - Actuator faults - Non-singular

fast terminal sliding mode - Adaptive control

1 Introduction

Recent years have witnessed an increasing interest in the con-
trol community to study the challenges associated with the
development of cooperative controls for Networked Control
Systems (NCSs). These challenges involve the coordination
of various tasks, including but not limited to spacecrafts,
unmanned aerial vehicles, and mobile robots [1, 2]. Coop-
erative control primarily focuses on the consensus problem,
this entails developing an algorithm that ensures all vehicles
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in the system reach an agreement on a common goal or state.
Numerous studies have been documented concerning con-
sensus issues of first-order [3, 4], second-order [5, 6], and
high-order systems [7]. Consensus problems were primarily
investigated within the linear systems [8].

Studying consensus in nonlinear systems poses greater
challenges compared to linear systems. However, nonlinear-
ity is pervasive in practice, and several studies have been
carried out to investigate nonlinear dynamic systems [9,
10]. For instance, the authors in [11] introduced a control
methodology for nonlinear systems utilizing a backstepping
approach to mitigate the effects of hysteretic actuator faults.
However, it is worth mentioning that the unknown compo-
nents of the nonlinear systems were assumed to have linear
parameters. In other related studies, the effects of stochastic
disturbances on systems with nonlinear behavior have been
investigated in [12] and [13]. It is recognized that stability
issues in such systems present a greater challenge to resolve
compared to deterministic systems. A physical system is
inherently nonlinear. It is therefore important to consider
nonlinearity when studying NCSs. It is clear that consensus
research for NCSs that considers non-linearity is of increas-
ing significance [14]. As a means of handling the consensus
problem associated with stochastic disturbances, two dif-
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ferent delay-free impulsive pinning control methods were
proposed in [15]. The proposed methods, however, cannot
ensure synchronization among team members. Sliding Mode
Control (SMC) is a reliable strategy for handling uncertain-
ties and external disturbances in nonlinear systems. In [14],
for instance, tracking of consensus in finite time for NCSs
under uncertainty and perturbation is effectively attained
by employing the SMC technique alongside a time-varying
approach capable of accommodating temporal fluctuations
and uncertainties.

In practical applications, convergence emerges as a crucial
metric for assessing the tracking error mechanism. Con-
vergence over finite-time consensus can be achieved at a
faster rate than asymptotic convergence. Hence, it is imper-
ative to conduct further investigations into NCSs within
the framework of finite-time consensus. While the Terminal
Sliding Mode Control (TSMC) method is highly respon-
sive, resilient, and offers a high degree of convergence in
a finite time, it may however encounter singularity problems
as errors approach zero, potentially resulting in unbounded
parameters. The Non-singular Terminal Sliding Mode Con-
trol (NTSMC) approach has been developed to mitigate
this limitation [16]. Further, an improved form of NTSMC,
known as the Non-singular Fast Terminal Sliding Mode Con-
trol (NFTSMC) has been developed by some researchers.
The NFTSMC offers a faster convergence to the state vari-
ables compared to the NTSMC, preserving the advantages
of the NTSMC [17, 18]. However, various practical chal-
lenges persist, including communication network faults, state
limitations, and actuator faults, among others, which remain
difficult to address while ensuring the necessary system per-
formance. It is known that actuator failure is a common fault
encountered in physical systems, which can cause instability
in individual subsystems, ultimately failing the overall sys-
tem [19]. None of the studies mentioned earlier addressed
the problem of component faults as well as their influence
on the stability of networked systems. Hence, this study is
motivated by a need to fill this gap in the literature.

Actuator faults can manifest in physical systems due to
various reasons such as component aging, power issues, or
uncontrolled crashing. Previous studies [20-22] examined
faults of actuators, including those that result in loss of effec-
tiveness and bias. Aside from commonly used approaches
like Linear Matrix Inequality (LMI) approaches [23], and
Fault Detection and Isolation (FDI)-based methods [24, 25],
an adaptive approach has been recognized as an efficient
method for mitigating various types of actuator faults [26,
27]. Nevertheless, the proposed methodologies would be
impractical if agents cannot share complete state informa-
tion due to issues such as fading channels, time delays, or
packet losses.

In light of the extensive integration of wireless commu-
nication technologies into practical systems, we address a

@ Springer

prevalent issue known as fading channels. Fading is one
of the most significant phenomena that occurs in wireless
networks as a result of diffraction, reflection, and refrac-
tion during propagation [28]. Essentially, fading occurs due
to the reduction in signal strength as transmitted data trav-
els through particular propagation mediums. This leads to a
deterioration in the shared state information among agents,
encompassing parameters such as displacement, speed, and
others that are crucial for the development of controllers and
maintenance of systems’ stability [29]. Several studies have
examined the stability of NCSs in the presence of fading
channels [30, 31]. In [30], the authors employed a learning
algorithm to enhance linear system tracking performance in
the presence of faded information, all without enforcing strin-
gent restrictions on the characteristics of the fading channel.
An optimization framework based on Kalman filtering is used
in [32] for optimizing the learning gain by incorporating the
covariance matrix of the input error. In [31], a control scheme
that relies on approximation is utilized to address the track-
ing problem for systems with unknown dynamics and fading
channels. The proposed framework models random signals
as a combination of multiplicative and additive stochastic
components. There are further studies related to this issue
in [33, 34]. Until now, the control tracking issue for NCSs
facing challenges commonly encountered on large-scale sys-
tems such as actuator faults, fading channels, and external
disturbances has not been studied.

Numerous studies have recently examined the stability
of NCSs with actuator faults, including those discussed in
[25, 35, 36]. The authors in [25] proposed a fractional-
order sliding-mode control strategy for a team of Unmanned
Aerial Vehicles (UAVs) subject to actuator faults during a
fire monitoring mission. The actuator faults and the exter-
nal disturbances are estimated by sliding-mode disturbance
observers. In [35], an event-triggered adaptive fault-tolerant
control method was developed for a class of nonlinear multi-
agent systems with actuator and sensor faults. The control
design incorporates fault compensation mechanism and com-
mand filtering methods to avoid duplicative differentiation
leading to a burst of complexity. The study in [36] inves-
tigated the fault-tolerant tracking problem of time-varying
formation for nonholonomic multi-robot systems. Fuzzy
logic systems are used to approximate uncertain nonlinear
dynamics, and an adaptive backstepping recursive procedure
and dynamic surface technology are used to develop a fuzzy
adaptive formation tracking control scheme. Furthermore,
a decentralized adaptive fault-tolerant control strategy was
proposed to compensate for actuator faults and ensure that all
signals are semi-globally uniformly and ultimately bounded.

However, the above-mentioned studies have the limi-
tations of assuming that the state information exchanged
between vehicles is always available and that there is no faded
neighborhood information in the network. It is challenging
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to develop a fault-tolerant cooperative control algorithm for
NCSs when considering the actuator faults problem with the
lack of complete state information shared in the network.
The purpose of a fault-tolerant controller is to cope with the
faults of actuators and achieve a certain group behavior with
acceptable performance. Nevertheless, this objective cannot
be accomplished when the vehicles share their state informa-
tion via fading channels.

In the fading channels condition, if one vehicle’s actu-
ator fails, its impact can spread to other vehicles, severely
degrading the overall system performance. This limitation
motivated us to address the actuators’ and fading chan-
nels’ issues and investigate how they impact the stability of
networked systems. In contrast to the control methods pro-
posed in the relative studies, our developed controller can
handle actuator faults in the presence of faded state infor-
mation. Moreover, it is more responsive, robust, and stable
in unknown circumstances. To the authors’ best knowledge,
this is the first attempt to address such a challenging problem
for a team of car-like vehicles.

Inspired by the preceding discussions, this paper investi-
gates the problem of cooperative control design for NCSs
affected by fading channels, actuator faults, and external
disturbances. To this end, we develop an Adaptive Non-
singular Fast Terminal Sliding Mode Control (ANFTSMC)
for a group of car-like vehicles. This controller enables each
vehicle to mitigate the effects of faults, if present, and com-
plete the mission with the other members of the team. Our
first step involves establishing an ANFTSMC mechanism to
address the challenges posed by fading channels and external
disturbances. Then, we develop an ANFTSMC strategy con-
sidering the effects of actuator faults, fading channels, and
external disturbances. The developed methodologies have the
capability of overcoming the singularity and providing fast
convergence of the team members to reach a consensus.

The contributions of this research can be outlined as follows:

1. Different from [25] and [35-37], our study introduces
a feasible methodology to handle the actuator faults of
vehicles interacting over fading communication channels
and subject to external disturbances.

2. This developed controller introduces an adaptive mech-
anism that allows for the automatic modification of
the control gain, which differs from the sliding mode
protocols described in [38] and [39]. This presents an
advantage compared to a constant control gain, as slid-
ing mode control can operate effectively with no prior
knowledge of disturbances and uncertainties within the
system.

3. In comparison with existing methods of fault-tolerant
control design, the proposed ANFTSMC features a sim-
ple structure and can be easily implemented in various
applications.

The subsequent sections of this paper are structured as
follows: Section 2 introduces preliminaries and problem
formulation. In Section 3, a controller is proposed for leader-
follower systems impacted by fading channels, actuator
faults, and external disturbances. Section 4 includes numer-
ical simulations to validate the effectiveness of the proposed
approach. Finally, Section 5 presents a conclusion and out-
lines potential avenues for future research.

2 Preliminaries and Problem Formulation
2.1 Graph theory [40]

The graph G = (V, E, A) depicts the communication topol-
ogy of a team, with V = {vy, va, ..., v,} representing the
vertex set and E = {e;; = (v;, v;)} denoting the set of
edges. An adjacency matrix A is defined as A = [a;j]uxn,
where a;; > 0 signifies the existence of an edge between
node v; and node v, and a;; = 0 indicates the absence of
such an edge. A graph G is considered strongly connected if
there is a path connecting every pair of distinct nodes v; and
Vj.

A weighted graph’s Laplacian matrix is defined as follows:

Ly,=D—A=][]j]e R™" (1)

In this context, the degree matrix D = diag(d, da, ...d,),
where d,' = Z?[:l dij, l,‘j = —dij, Vj 7& i and Zj’vzl l,'j =
Lii,Vi=1,2,...,N.

This research examines a group of vehicles with [ rep-
resenting the leader and i = 1,2,..., N denoting the
followers. Digraphs G are employed to illustrate the commu-
nication among leaders and followers. The diagonal matrix
B = diag(by, by, ..., by) captures the direct communication
between the leader and followers, where b; = 1 signifies direct
communication, and zero otherwise.

2.2 System description

In this study, it is assumed that the system comprises one vir-
tual leader and multiple followers. The dynamics pertaining
to i'h (i =1,2,...,N) follower can be described as follows:

@)

q; =Jio;
a2 - —1 = -
®; =M B(q)t, —hi(q;,»;) +d;

Similarly, the dynamics of a leader can be presented as fol-
lows:

tjl J (l_)l
. S - ) 3)
o, =M B(g)t — hi(q; &)
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where

- - —1~ .= - - —1 - .=
hi(q;,0))=M V(q;,q;)®;; hi(q;,,&)=M V(g q,)®

& =[viw]s M=J'MJ; V=JIMJi+VI)

cos¢; 0
_ sing; 0
B=JiT: Ji=\| 1w
L
0 1
m 0 I.sin(¢;) O
M— 0 m —1I.cos(¢i) O
1. sin(¢;) —1. cos(¢;) Iy Iy
0 0 Iw IU)
00 —1.¢cos(¢;) 0 cos(¢;) 0
v—|00- ~psin(g;) 0| r_ sin(¢;) 0
— 100 0 0| | Lsin(y;)cos(y;) 0
00 0 0 0 1

where ;= (x;, yi. ¢, Y1) and q; = (x;, yi, ¢, ¥i)” denote
the state vectors of the leader and i follower respectively. As
shownin Fig. 1, the coordinates (x;, y;) represent the position
of i'" follower. The state variables v; and w;, denote the linear
and steering velocities respectively. The variables y; and ¢;
represent the steering and heading angles of i** follower. The
torque applied to the actuators of the i’ follower is denoted
by 7;. The external disturbances acting on the system are
represented by d;.

The equations provided represent the following parame-
ters: m = m, + 4m,, represents the total mass, where m.
denotes the vehicle mass and m,, deontes the mass of each
wheel. I. = (L — b)m, + 2Lm,, represents the inertia about

Y,

Yit

Fig.1 Car-like vehicle reference frame and parameters
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the center of mass, where L denotes the length between the
vehicle’s axles and b represents the length from the front axle
to the mass center. I, = mq(L—b)2+4W2m,, + 1y +41y;2,
refers to the inertia about the mass center of the entire vehi-
cle, where W denotes the width of the vehicle and I,, and
I, represent the inertia about the vertical axis for the vehi-
cle and each wheel respectively. As illustrated in Fig. 1, CoR
(Center of Rotation) is a center of rotation around the rear
wheel axis.

Assumption 1 There exists a positive constant d such that
[ld;i|| < d, representing an upper bound for the external dis-
turbances.

Assumption 2 [41] For any q;, @;,i € [1,...,.N], there exist
positive constants |1 and [y so that:

IH(g, @ 1) —1®h(g;, @, DIl < 11llg = 1@q;l+p2lld =106 (4)

where H(q, ®,1) = [hi(g,, ®1), ..., An(qy, @N)]T, and ®
is the Kronecker product.

Remark 1 Assumption 2 holds significant importance in the
development of the control law, as it ensures that the solu-
tion is uniquely determined. This premise holds true when
the function h(q, ®) exhibits continuity and boundedness.
The utilization of the Lipschitz condition for the function
h limits the variation rate of the function. Thus, ensuring
function boundedness involves considering the Lipschitz con-
dition. In practice, compliance with Assumption 2 enables the
controller to achieve vehicle convergence towards the pre-
defined reference trajectory.

Lemma 1 The invertibility of the matrix (L, + B) is con-
tingent upon the existence of a directed spanning tree within
the digraph G.

Definition 1 [42] For any interconnected system, the track-
ing error is said to be cooperatively uniformly ultimately
bounded if a compact set 61 C RN and 9% c RN exists
with the property that {0} C 0" and {0} C 02,V &1 € 6°
and ey € 0% there exist bounds B! and B® and time
T(B®', B2, ¢y, &2) such that |le1|| < B?,|e| < B,
vVt > t, + T,, where 1 and €, are the position and velocity
tracking errors of the system, respectively.

Remark 2 The primary objective of cooperative control sys-
tems employing the leader-follower approach is to direct the
followers to track the leader’s state information. However,
achieving precise control tracking in practice is hindered
by challenges such as unknown dynamics, external dis-
turbances, and component faults. To address these issues,
the Cooperative Uniform Ultimate Boundedness (CUUB)
approach is introduced to manage unforeseen variations
encountered in real-world scenarios.
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In fault-free scenarios, the tracking error variables for the
i'" follower can be written as follows: [43]:

el =Z§V=1 aij(pi—p;j—Aij) + bi(pi—pr—AiL) )
N - - - -

e =) i1 aij(@ — @)+ bi(@d — @)
where ej; and ey; represent the position and velocity track-
ing error variables respectively. a;; = 1 whenever there is a
communication between i’" follower and its neighbor j; if
not, itis zero. p; = (x;, yi, ¥i)" and A;j = (A; — A;) is the
measure of the distance and orientation of the i’ follower
with respect to its neighbor j. A;y is the measure of the dis-
placement and orientation of the ;" follower with respect to
the leader.

Remark 3 The tracking error defined in (5) is formulated to
Sfulfill the primary objective of cooperative system design.
This system is developed to guide all followers to accurately
trace their designated reference trajectories while maintain-
ing prescribed relative distances, essential for accomplishing
specific cooperative tasks. Moreover, followers are expected
to synchronize their velocities with that of the leader. The
desired relative distance, denoted by A;; = (xij, yij, $ij),
assumes a pivotal role in shaping the intended structure
of the team formation to effectively execute cooperative
tasks. Through the incorporation of A;; into the system, the
controller can effectively manipulate follower movements,
ensuring the convergence of e1; and e; towards zero, thereby
achieving precise trajectory tracking.

When the error variables in Eq. 5 approach zero, the fol-
lowers achieve the consensus while tracking the leader’s
coordinates. To simplify notation, Eq. 5 can be expressed
in a compact form as follows:

€ = (Lm+B)®Im-ﬁ (6)
& = (Lm+B)®Im.(;)
where €1 = [er1,...,ev]", &2 = [ea1,...,ean]", p =

P—1®(p—AiL),0o=0—-1Q@ @&, Iy € R™".
The derivative of Eq. 6 can be written as:

é =&
. 2 _ _ __1 \(7)
€2=(Lm+B)®Im(H—1®h(ql,wl)+M —1@ M n)

where
cos ¢;0

g =1Jey, J=1J1,J2, ... INIT; Ji=| sing; O];
tanéwi) 0

T=[11,..., rN]T and M~ = diag[Mf], s M;,]]T.

The objective set forth in Eq. 7 is to attain lim; . &1 = 0
and lim;_, o &2 = 0. However, when faced with degraded

neighborhood data and faults in actuators, reaching this goal
becomes impracticable unless the effects of such faults are
taken into account during system design. Therefore, it is
imperative to incorporate the effects of such faults into the
system design to effectively address these challenges.

2.3 Modeling of fading channels

In practical systems, many factors can obstruct the com-
munication of information among agents, leading to agents
receiving distorted information instead of the precise data
sent by their neighbors. In this work, we propose the hypoth-
esis that signal fading only takes place as part of the exchange
of data between followers, without any fading influencing the
transmission of state information between the followers and
leader.

The fading channels can be described in the following
manner:

o= ls o
W) = 50ij0;

LA U S
{pj 50, @®)
where §;; stands for the attenuation parameter, while 6*
denotes the mean value. p; and (I); represent information
pertaining to faded state that i’ follower is receiving from
neighbor j. Thus, Eq. 5 can be rewritten as follows:
e*; = Zf/:l aij(p;—p;—Aij)+bi(p;—pL—AiL) ©)
e, = Z?Izl ajj(@; — @%) + bi(@; — @)

It is worth noting that in networked systems with fading
channels, where the quality of communication links fluctu-
ates over time, the graph structure plays a crucial role in
convergence rates. To mitigate fading channels’ impact on
the convergence rate of the tracking errors, we involved the
expectation of the random variable in Eq. 8 to improve the
accuracy of the calculation of the shared information between
vehicles and improve the convergence rate of the tracking
errors.

Remark 4 In practice, many factors can contribute to the
fading of channels, including time, radio frequency, geo-
graphical location, etc. Accordingly, fading can be viewed
as a random variation in the transmitted signal’s amplitude
and phase over time as presentedin Eq. 8. This concept can be
extended to large-scale systems, presuming that all followers
experience the fading channel phenomenon. It is important
to note that in Eq. 8, the variable §;; is not estimated. Instead,
the expectation of this random variable is utilized to accu-
rately calculate the tracking errors between one follower and
another. In the scenario where §;; adheres to a Gaussian dis-
tribution featuring a central parameter denoted by its mean
value 8%, the value is highly likely to fall within the range of

@ Springer
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the mean. Consequently, the utilization of the mathematical
expectation expression is deemed to augment the precision
of computations.

For the sake of analytical simplification, we introduce the
vector o;, characterized by a single non-zero entry in its "
position and zeros elsewhere. Consequently, Eq. 9 can be
succinctly reformulated as follows:

& =L+ B) @ Iy L (L0 — i @ (5 — A)
+a; ® (p; — Aij) =1y ®(p; — AiL))

& =Un+B) L YL (G-« ead)
+o; @@ — Iy ® (51)

(10)

where Iy =diagl0, 612, ..., S1n], 2 =diag[d>1, 0, ..., Son],
..., Iy = diag[én1, SN2, ..., 0] and IT; (p — o; ® p;) refers
to the transmitted state information from team members to
i'" follower.

Taking the time derivative of Eq. 10, one can get

e* =&
& =Un+B@L(A-10h@.a) (1
+M“1T—I®M_1n)

where &3 = J3x2€3. H= Z?Llal*l'li((f) -0 ® (f),-)+ot,-
®®; . Then, the goal of Eq. 11 isto achieve thatlim;_, oc€*] =
0 and lim;_ o0€* =0.

2.4 Modelling of actuator faults

Actuator faults are recognized as among the most formidable
challenges to mitigate within the spectrum of potential sys-
tem malfunctions. Such faults can significantly impair system
performance and precipitate catastrophic incidents. Hence,
this study aims to analyze the performance of follower agents
affected by multiplicative and additive actuator faults. This
investigation is conducted based on the following assump-
tion:

Assumption 3 [44] There are two types of faults, namely the
multiplicative actuator fault denoted by y;(t) and additive
actuator fault denoted by #;(t). All of these fault types are
restricted within finite boundaries, and their derivatives are
existed and bounded as well. Furthermore, we have ¥; < 13,'
where 15,- is a known bound.

Given Assumption 3, the actuator faults outlined in Eq. 2
can be represented by the following model:

=1 =-yi@®)n + 9 (1) (12)

@ Springer

where #; (1) € R?, y;(¢) € R¥*2, with y; (1) = diag([y1 (1),
y2(1)]), and 0 < p;(¢) < 1. Ty denotes the nominal torque
inputs. It is believed that in the fault-free condition, all the
elements of y; (t)andd; (1) equal zero.

3 Main Results

3.1 ANFTSMC design under the impact of fading
channels and external disturbances

This section is dedicated to developing an adaptive fault-
tolerant controller aimed at preserving the team’s stability
under the influence of deteriorated neighborhood informa-
tion. We employ a non-singular fast terminal sliding mode
surface to avoid singularities and achieve convergence in a
short time. The surface of sliding mode control for the i'"
follower is chosen as follows:

si =€), + Kii(e])" + Kai(e5)™ (13)

where K1; > 0 and K»; > 0, then, Eq. 13 can be expressed
in compact form as follows:

s=¢]+ Ki(eD" + Ka(e))"™ (14)
with

s = [sl-T, szT, e s{,]

Taking the differentiation of Eq. 14 yields:

§ = & + K A diag(|e}|" &} + KaAodiag(|es|™ s

= J3x265 + K1 A diag(e}]" ™) Jax2e5 + Ko Aodiag(le3|™1)és

= (I + KA diag(|le|"~1)&5 + Ko Apdiag(les)™ e (15)
where A1 = diag(n;) and A, = diag(n,) and |4=:1‘|'“_1

T T \T\T —1
(|€f1|ml IT’ |€1«-2|7112 lT’ ey |€;N|711N IT) and |€;|172 —
(|€3—1|7721—1 , |€;2|'722—I . |€;N|7)2N—l )T.
The ANFTSMC can be formulated for a collective of vehi-

cles in the presence of fading channels as follows:

T = M(Ly + B)™' ® Lydiag(e}|' ™) (K2A2) ™!
x ( — (I + K1Ay x diag(leX|" " 1)&3

Y (s) — Kas™ — K4s”2) +ly®T (16)

where Y (s) = [v(s1), v(s2), ..., u(sy)] and v(s;) is the
smoothing function defined in Eq. 18. K3 and K 4 are positive
gains. By choosing a substantial switching gain, cooperative
tracking, as described in Eq. 17, can be attained. However,
this approach may lead to severe chattering of actuators and
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increased energy usage in real applications. Hence, the adap-
tive mechanism is used to overcome this issue by computing
the switching gain o; as follows:
oi = p(llsill — ko) A7)
where 4 > 0 and k > 0. The term —«o; is used to limit the
growth of &;.

From Eq. 17, the smoothing function can be written as
follows:

St

—20; o if  oillsill = x
[l 1l

v(s;) = i .
GO=1 2208 i illsill < x

(18)

where x > 0, and o; is computed by the adaptive law in Eq.
17.

Theorem 1 Considering the system introducedin (2) and (3),
subject to the effects of fading channels, the utilization of the
control law defined in Eq. 16 facilitates the convergence of
the tracking error variables presented in Eq. 11 to zero in a
finite-time.

Proof Let us consider the candidate Lyapunov function as
follows:

19)

where o; is the upper bound of o;. A o; is designed to be
o; > ¢ + 09, and g > 0.
The derivative of Eq. 19 can be given by:

Vi :sT((I + K1 Aqdiag(jet|" )5 + KzAzdiagqe;wz—l)ég)

N N
+Y @i —&)(sil —xo))+ Y _oillsil — o))

i=1 i=1

(20)
Substituting Eqs. 11 into 20 one has

Vv, = sT((I + K1 A diag(| €1~ 1))&5 + K2 Ao
diag(| €31 ) (Lm 4+ B) ® Ln(H —1® h(q1, @, 1)
+d+1‘_4_11:—1®1|_4_11’1)) +E(s;, 0) @1

where

N N
E(si,0)=y (0, —&)lIsi| —ko)+Y _oi(lsill — ko))
i=1 i=1

(22)

Given Assumption 2 and the properties associated with
the norm, one can obtain:

IH=1® k| = |(hi(q,,®1.1) — k(g &.0), ...,
(hn(q,y. @n. 1) — hi(gy, @1, )|
< Itk (qy. @1, 1) — hi(qy, @1 D], ...
(i (g, @n. 1) — hi(q;, @1, DD
<l (millgy — qill + mall@r — @21, ...,
willg, — a1l + malldn — @)
< eillg; — gl oo +lg, — @D
il (@1 — @21, ... || @ — @21

< millefll + mallesll (23)

By leveraging the Kronecker product property, one can
derive the following:

=

|+ B) @ Il = [l (1L + B) @ L] (L + B) @ L) |

= DL + B) (L + B)1?

= I(Lm + B)|l (24)

From Lemma 1, Egs. 23 and 24, one can have

I(Lin+B) ® Ln(H=1® k)|l < |ILw + Bl (1 lle1l + 1 ll€31)
<L + BIILw + Bl ()17
+aalles]) < cuqlletll + Eualles ] (25)

By means of Egs. 24 and 25, one then has

v, = sT((I + K A diag(le} " )&% + K2 Ao
diag(e3™ "N (¢ pallelll + Cmallesl) + K2 Ao
diag(| &5 (L + B) @ In(M 't —1®@ M 1,
+JN¢2)) +E(s;, 0) (26)

By replacing Egs. 16 into 26, the following inequality
holds:

Vi = KaAodiag(e3™ D] (a6l + malles])
L + BIVNA |lsl = (K3s™ + Kas™)ls|

+sTY(s) + E(s;, 0) (27)
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We will consider two cases to begin our theoretical anal-
ysis:

First, when o;[|s;|| > x, Vi = 1,.., N, sTY(s) =
— ZlNzl oil|lsill. Thus, Eq. 27 can be rewritten as follows:+

N N
Vi < ollsll+ E(s;.0) =2 oillsill — K3 s

i=1 i=1

N
K4 ) st (28)
i=1

where ¢ =K Axdiag(le3 ) (¢ el + mallesl) +
(L + B)||\/N¢i>. From Eq. 22, one can write

N N N N
E(si,0) =2 ojllsil =Y (0; —&)a; —k Y (@)* =5 Y _lsi|
i=1 i=1 i=1 i=1
N N N N
=2Y oilsill+x5 Y 0, =2y (@) =5 Y lsill (29)
i=1 i=1 i=1 i=1
By substituting Eqgs. 29 into 28, one can get that
N N
Vi<s—@—o)sll+45Y oi—2%Y (0)
i=1 i=1

N
—(K3+Ka) ) llsi|"F! (30)

i=1

Considering that o; attains its peak when o; = &, one can
get that

Vi < —@o)lIsll + py 31)
with p; = —kN&* — (K3 + K4) 21 (1517

econd, when o;|s;|| < x,Vi=1,., N, s s) =
Second, wh lIs: |l Vi=1,.,N,s'Y(s)
SV 2 isi|l. It follows from Eq. 27 that

i=1 x
N N o
Vi < ollsll+ ) (@i —&)(lsill — ko) =Y ;’nsin
i=1 i=1
M1
< —@y)lsll —py —o; Z(; —ai)sill
i=1
< —(0o)lsll — p2 (32)

with py = py +07 /L1 (% +00)llsill.
The following inequality holds when Cases I and II are
combined as follows:

A

Vi < —(@o)llsll +p
< —(1 —Qoolls]| (33)

@ Springer

where p represents the maximum value between p; and pa,
with Q constrained within the range 0 < 2 < 1. As aresult,
the sliding manifold s will converge to the boundary layer
in a finite time.

o ={lsl = o} (34)

— Qoy

The property of ultimate boundedness exhibited by s entails
that 8’1' and &3 are bounded. Hence, based on Definition 1 and
Remark 2, it can be inferred that the CUUB criterion is met.
This concludes the proof. O

3.2 ANFTSMC design under the impact of actuator
faults, fading channels, and external
disturbances

This section presents a consensus algorithm for multiple
vehicles affected by actuator faults, fading channels, and
external disturbances.

Theorem 2 The implementation of the Cooperative Uniform
Ultimate Boundedness (CUUB) approach for a group of vehi-
cles encountering actuator faults, random fading signals,
and external disturbances is attainable through the utiliza-
tion of the control law in Eq. 16 and the adaptive mechanism
in Eq. 17 under the condition that

€=Lm+B)yLu+B)"! (35)

where € > 0 and y = diag{y,(t), ..., yn()}.

Proof Consider the following candidate Lyapunov function:

N
1 €
V:—T )2 2 36
1=3 S+2ﬂi§:1((oz ) +o;) (36)

we assume that & > ¢’ + o/, where, ¢’ will be explicitly
defined at a later stage, and o'/, is stipulated to be greater than
Zero.

By computing the time derivative of Eq. 36 and utilizing
equations Egs. 11, 12 and 25, one can obtain

Vi = sT((I + K1 A diag(|et " 1))&% + KA.
diag(|e3|> ") (@ pylle}l + Eralles]) + KaAs
diag(1e31 )L + B (M~ (I = y;(t) T
+0:() — 1@ M 7 +VND))eE (i, o) (T)
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By replacing Eqgs. 16 and 35 into Eq. 37, one can obtain the
following:

Vi = ST(KzAzdiag(lé‘EI"z_l[(C(Ml letll + woalle3ll)
+[|Lm + BIVNd + ||ILy + B||«/N1§,-]
—(K3s"' +K45")+Y ()= | Lm+B|[7 | Lm+B|
®ln[b® M7~ (I+K) A diag(le]" )& ()
—K3s" — K4s”2]) +€E(s;,0)

< K Adiag(|e3|™! [(s“(mIIeIII + mallexl)

L+ BIVNA|ls| = L + BI7 | L + B] ™
&I [b ® M '1; — (I + K1 Adiag(je}]" 1)
ég] Is — esT (K3s™ + Kus™) + esT Y (s)

+I L + BIVN®|s|| + €E (s;, o)
< ¢|Is|| +esTY(s) — esT (K3s"" + Kus"?)
+€E(s;,0) (38)

- - —1
where ¢'=@—|| Ly, + B 7| L + B||*1®Im-[”®M 7

I + KlAldiag(|e;|m*‘))é§] + | Lw + B|VN?
Now, let’s consider that when o;||s;|| > x, Vi = 1,..,N,
sTY() = X/, olsill.

N

N N
Vi <@llsll—ea ) lsill + e[x& Y oi—2) (0)
i=1

i=1 i=1

N
—(K3+Kq) ) ||sz~||“+1}
i=1

< —(@@,)lsl +ep, (39)

Second, when a;|s;|| < x, Vi = 1,..., N, sTT(s) =
N
21:1 %”Si Il

N N
: ) o
Vi <@llsll+ > (o —&)(lIsill — ko) = > ;l”si”

i=1 i=1

IA

N o1
—@))llsll = p} —0i Y (= —odlsil
i=1 X
< —(a)llsll — p5 (40)

A

with p, = p| + 0 ZINZ](% +oi)ls:l.

The following inequality can be obtained by combining
Cases I and II:

Vi

IA

—@))lIsll + o’
—(1 = Qo ls|l 41)

IA

Thus, the sliding manifold s will reach the boundary layer 6,
within a finite time.

62 = {ls) =
Qo)

| “2)
Then, the ultimate boundedness property of s implies that £}
and &3 are confined within finite bounds. Consequently, by
Definition 1 and Remark 2, it follows that the tracking error
system described in Eq. 11 satisfies the CUUB criterion. This
concludes the proof. O

4 Numerical Simulations

Numerical simulations have been performed to examine the
effectiveness of the proposed ANFTSMC in manipulating a
group of car-like vehicles. The ANFTSMC is adaptable for
implementation across various configurations of networked
control systems. For instance, Fig. 2 depicts a configuration
comprising one leader and four followers, where L denotes
the leader, and F1-F4 denotes the four followers. Within the
graph structure, F1 and F2 maintain direct connections with
the leader. F2 transmits faded state information to F3 and
F4 while receiving complete state information from both the
leader and F1. Hence, we can describe the relationships as
follows:

0000 0000
0000 0000
A=10100 Lm=10_110
0100 0-101

Fig.2 Communication topology
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Table 1 Physical parameters of

vehicles Parameters ~ Values  Unit
me 2.5 (Kg)
My 0.23 (Kg)
L 0.2 (m)
2w 0.1 (m)
Ibzz 0.015  (kgm?)
Lz 0.002  (kgm?)

and the diagonal matrix B = diag(1, 1, 0, 0).

The parameters of the ANFTSMC in Eq. 16 are chosen
as K1 = 10, K2 = 5, K3 = 0.5, K4 = 05, u = 2.7,
k = 0.0025 and & = 0.0035. Followers are affected by
the following disturbance d; = 0.1sin(0.1it + %n). The
identical parameters of the vehicles are given in Table 1.

In the simulation, we have examined the performance of
the ANFTSMC compared with the results of the Integral Slid-
ing Mode Control (ISMC). In recent years, many researchers
have identified ISMC as a potential candidate for the fault-
tolerant control design problem due to its inherent capability
to handle system uncertainties [45]. In this work, we assume
that Follower 2 experiences a fading channel phenomenon
from time ¢ = 0 second to the time of mission completion.
Therefore, throughout the entire operation, Follower 3 and
Follower 4 receive faded state information. Additionally, Fol-
lower 3 experiences a left actuator fault characterized by
yi = 030 and ¥; = 0.5 + 0.2¢7 %" (N.m) from time ¢ =
0 second up to the end of the mission.

Figure 3 shows the trajectory tracking results of the leader
and four followers in the presence of faults using ANFTSMC.

3
— — — Leader
Follower 1
251 Follower 2
Follower 3
Follower 4
ol
151
~~
E 4l
-
0.5
ot
-0.5 .
Start of team motion
1 I I I I I I I I
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25

X (m)

Fig.3 Actual trajectories of the leader and followers using ANFTSMC
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3
— — —Leader
Follower 1
25 Follower 2
Follower 3
Follower 4
oL
151 8
—_
£
= 4t 4
=o
051 4
0r 4
0.5 trajectories K 4
1 . . . . . . . .
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25

X (m)

Fig.4 Actual trajectories of the leader and followers using ISMC

Although F3 and F4 receive faded state information via the
fading channel of F2, the expectation of the random variables
improved the accuracy of the calculation and enabled the
ANFTSMC to cope with the occurrence of faults. Compared
with the results of the ISMC in Fig. 4, ANFTSMC provided
better performance in manipulating the state information
of the followers, enhancing their capabilities to track the
reference trajectories more accurately. Although the two con-
trollers steered the followers within approximately similar
linear velocity, steering velocity, and orientation as pre-
sented in Figs. 5, 6 and 7, it can be observed from Figs.
8 and 9 that the finite-time consensus tracking of the follow-

Leader

Follower 1
Follower 2
Follower 3
Follower 4

0 5 10 15 20 25 30 35 40
time (s)
(a)
1 T
Leader
Follower 1
o Follower 2
— Follower 3
é 0.5r Follower 4
® W
0 L 1 1 1 I I L
0 5 10 15 20 25 30 35 40
time (s)
(b)

Fig.5 Consensus of linear velocities. (a) Using ANFTSMC. (b) Using
ISMC
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Leader

4
3 Follower 1
—~
{ 2 Follower 2
"% Follower 3
= 1 Follower 4
=
3 o0 WW_/\/
1 4
I I I I I I I
0 5 10 15 20 25 30 35 40
time (s)
. (a)
Leader
3 Follower 1
2 Follower 2
2, ollowe;
< Follower 3
S 1 Follower 4
=
30
-1
I I I I I I I

time (s)

(b)

Fig.6 Consensus of steering velocity. (a) Using ANFTSMC. (b) Using
ISMC

ers can only be achieved by the proposed ANFTSMC after
approximately 10 seconds on the x-axis and 5 seconds on
the y-axis while maintaining the required distances between
them. Moreover, Figs. 10 and 11 show that the state tracking
errors remained in the vicinity of zero and the CUUB of the
followers was only achieved by ANFTSMC. These results
demonstrate the effectiveness of the proposed ANFTSMC
for tackling issues pertaining to faded state information and
actuator faults amidst disturbances. Additionally, they verify
the theoretical conclusions presented in Theorems 1 and 2.

Leader i

2 Follower 1

—~
"% Follower 2
~ 0 Follower 3
=

© Follower 4

ok 4
I I I I I I |
0 5 10 15 20 25 30 35 40
time (s)
(a)

ol Leader i

Py Follower 1

"% Follower 2
=0 Follower 3 4
Y Follower 4 /
2 -

I I I I I T |
0 5 10 15 20 25 30 35 40
time (s)
(b)

Fig. 7 Consensus of orientations. (a) Using ANFTSMC. (b) Using
ISMC

Leader

2k Follower 1
—~ Follower 2
\E/ 1r Follower 3
< Follower 4

ok

Ak d

I I I I I I )
0 5 10 15 20 25 30 35 40
time (s)
a
. (@)
Leader

otk Follower 1
~ Follower 2
é 1F Follower 3
< Follower 4

0p .

AF <

I I I I I I )
0 5 10 15 20 25 30 35 40
time (s)
(b)

Fig. 8 Consensus of positions. (a) Trajectories tracking on the x-axis
using ANFTSMC. (b) Trajectories tracking on the x-axis using ISMC

5 Conclusion and Future Work

This paper focuses on developing cooperative control strate-
gies specifically designed for networked control systems
facing issues such as fading channels, actuator faults, and
external disturbances. A novel control scheme based on the
non-singular fast terminal sliding mode control approach is
proposed, wherein all follower agents synchronize with the
leader, achieving tracking errors that converge to a confined
region around the origin. Moreover, it is demonstrated that the

Leader

3r Follower 1
Follower 2
Follower 3
Follower 4

0 5 10 15 20 25 30 35 40
time (s)

(a)

Leader

Follower 1
Follower 2
Follower 3
Follower 4

y (m)

| | | | | | |
0 5 10 15 20 25 30 35 40
time (s)

Fig. 9 Consensus of positions. (a) Trajectories tracking on the y-axis
using ANFTSMC. (b) Trajectories tracking on the y-axis using ISMC
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Follower 1

0.4 0 - Follower 2
Follower 3

g o2r 1 Follower 4

0 5 10 15 20 25 30 35 40
time (s)
(a)

0.6 T T
1R Follower 1
0.4F _? — Follower 2
2F Follower 3
g 0.2 10 20 30 40 Follower 4

time (s)

(b)

Fig. 10 Position tracking errors on the x-axis. (a) Using ANFTSMC.
(b) Using ISMC

tracking errors remain uniformly bounded within a finite time
frame. The effectiveness of the proposed ANFTSMC has
been verified, showing its ability to operate successfully even
in situations where uncertainties or disturbances in the sys-
tem are not known in advance. In future research endeavors,
exploring the cooperative control problem under dynamic
communication networks, considering communication and
actuator challenges, would be a valuable area for further
investigation.

1 Follower 1
05§ 0 Follower 2
g . - Follower 3
~ 0 10 20 30 40 Follower 4
5 ob - f
5}
o)
05 I I I I I I I
0 5 10 15 20 25 30 35 40
time (s)
(a)
1 5 T
Follower 1
; I Follower 2
/é\ 0.5F B Follower 3
~ 0 10 20 30 40 Follower 4
>
05 | | | | | | |
0 5 10 15 20 25 30 35 40
time (s)
(b)

Fig. 11 Position tracking errors on the y-axis. (a) Using ANFTSMC.
(b) Using ISMC
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