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Abstract—This paper delves into the challenge of ensuring
connectivity and steering clear of obstacles for multiple un-
certain nonholonomic mobile robots that face limitations in
communication and sensing distances under the influence of
unknown actuator defects. It operates under the assumption
that the nonlinear dynamics of these robots are completely
unknown. The necessary relative angles to sustain connectivity
and simultaneously avoid obstacles are derived. Furthermore, an
innovative strategy for obstacle avoidance that also maintains
connectivity is introduced. Then, using these desired relative
angles and performance functions that maintain connectivity and
avoid collisions, a leader-follower formation tracker is designed
to achieve connectivity maintenance, collision avoidance, and
obstacle avoidance among robots. Simultaneously, to compensate
for the effects of intermittent unknown actuator faults and
enable the robots to continue interacting with their leader and
uninterruptedly track the leader’s time-varying reference trajec-
tory during actuator failures, an adaptive law with unknown
parameters is further proposed for time-varying formations,
ensuring that all signals are semi-globally uniformly ultimately
bounded. Finally, the stability analysis is performed using the
Lyapunov equation.

Index Terms—Uncertain multiple nonholonomic mobile robots,
fault tolerant control, adaptive control,connectivity-maintaining
obstacle avoidance, leader-follower formation

I. INTRODUCTION

Mobile robots have a wide range of practical applica-
tions in rescue, agricultural and civil tasks, especially in
potential applications such as intelligent storage, automated
logistics, monitoring and intelligent transportation. [1] delves
into the formation control problem of multiple mobile robots
with incomplete constraints.In the actual control environment,
network connectivity between multiple robots and collision
avoidance problems are of great significance for completing
tasks related to formation control [2].

Formation control methods can be mainly divided into
the following categories, virtual structure method, behavior-
based method, graph theory-based method, artificial potential
field method, leader-follow method [3] [4] [5],The virtual
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structure method is simple to implement, but it is difficult
to use in scenarios where the shape of the formation needs
to be changed frequently. In addition, due to the need for a
centralized structure, the communication load of computing
nodes is large, and single-point hardware problems are prone
to occur [6]. Compared with the virtual structure method,
the behavior-based method adopts a distributed architecture,
so it has lower communication requirements. However, due
to the stability and robustness analysis, how to ensure the
convergence of the formation shape still needs to be studied. In
addition, behavior-based approaches are difficult to guarantee
stability due to the difficulty of deriving mathematical mod-
els.Compared with other methods, the graph theory method is
more suitable for scenarios where the communication topology
changes dynamically, but the agent can only communicate
with nearby agents.The potential field method is easy to deal
with obstacle avoidance problems and is applied in real time.
However, it is difficult to design a suitable potential field
function, and the results given by the potential field method are
often locally optimal. This article does not use any potential
field function, but only changes the angle to deal with the
obstacle avoidance problem.The approach of leader-follower
is mathematically comprehensible and diminishes both the
communication load and computational strain, thanks to its
decentralized architecture. This method is widely used in
the formation control problem of multiple mobile robots. In
early research on formation control of non-complete mobile
robots, only the kinematics of the robots were considered,
and these jobs required perfect velocity tracking assumptions
[7], and the uncertainties inherent in the dynamics of mobile
robots were not considered.In order to solve these problems,
researchers have proposed control methods, such as synovial
control, adaptive control, and intelligent control. However,
these methods cannot be applied to connectivity maintenance
and collision avoidance issues.

In order to carry out the master-slave control design of
multiple nonholonomic mobile robots more practically, many
methods are studied to solve the problems of connectivity
maintenance and collision avoidance.For example, a vision



sensor-based approach that considers visible constraints [8],
uses potential-like functions to maintain connections between
robots and avoid collisions [9] [10] [11]. Since the poten-
tial function may fall into a local minima, [12] proposes
a decentralized control method using the dipole navigation
function. [13] proposes a method based on the rotation matrix
and [14] proposing a unified error transformation method that
can achieve connectivity preservation and collision avoidance
without using the potential function.

In addition, as the robot components age, the actuator
may fail. A single robot failure can affect the entire system,
making the system unstable, which in turn makes each robot
uncontrollable, not only unable to maintain a normal formation
structure, but also causing robots to collide and unable to
maintain normal connectivity. In the previous literature, there
is not much consideration of unknown and different fault
handling, and an adaptive compensation control method is
designed to effectively solve the problem of unknown faults
in actuators.In [15], an adaptive fuzzy fault-tolerant control
method based on directed switching graph theory is proposed
for formation tracking of uncertain nonlinear multi-agent sys-
tems, which can simultaneously respond to the influence of
sensor faults on unknown nonlinearity.In order to adapt to
an infinite number of uncertain faults in a finite time, a new
adaptive method for uncertain nonlinear systems is proposed
for the first time in [16], which combines finite time theory
with command filtering technology to achieve rapid adaptation
to infinite uncertain faults. But it doesn’t apply to real-world
engineering systems.

In contrast to previous studies in the field, this paper’s
primary contributions are outlined below.

¢ In comparison to other studies, the issue of localln
comparison to other studies, the issue of local crafting a
controller that lack the issue of local minima is addressed
by crafting a controller that lacks a potential function.
Additionally, an adaptive law for parameters has been
developed to tackle unknown actuator failures in the
dynamic behavior of mobile robots.

o Different from other papers,by deriving the nonlinear
performance functions of maintaining connectivity and
avoiding collisions, the tracking performance of the for-
mation in the transition and steady state can be adjusted,
and the obstacle avoidance strategy is proposed under
the premise of ensuring the tracking performance of the
formation.

This manuscript is structured in the following manner: Section
2 delineates the problem statement. In Section 3, a forma-
tion tracking control design that incorporates connectivity-
maintaining obstacle avoidance is developed, and an analysis
of the stability of the proposed control system is conducted.
The paper’s conclusions are detailed in Section 4.

II. PROBLEM STATEMENT
A. Model of multiple nonholonomic mobile robots

Envision a scenario involving multiple nonholonomic mo-
bile robots that are subject to both communication and sensing

range limitations. Within the context of this study, the leader
and follower roles are distinguished using the subscripts i’
and 7j”, respectively. The configuration of the follower, des-

ignated as j, is delineated in further detail below:
S.Cj = VjCOs@Q; — W;a; sin "2
Y; = vjsinp; +wja; cos p; (D
$j = wj
Hjiyj = —Cj(n;)n; — Djnj + 7j.a + Bjr] (2)

In (1), [z},y;,0;]" is the posture vector denoting the position
(xj,y;) and the orientation #; at the center of mass of the
robot, [Vj,wj]T; v; and w; denote the linear and angular
velocity, respectively, 7j4 = [Tj7d1,Tj7d2}T is the unknown
disturbance, and T]f =, i ¥ is the robot control torque
of the follower j with an unknown fault. According to the
literature [18], intermittent actuator failures can be expressed

as:
TJ{T“) = pjuk'(t)Tj,r(t) + Cjuk(t)vt € [tjuk,s; tjuk,e) (3)
1) = pron(OT50() + Gur(t), € [tjws, tiwne) @)

where, p;jr(t) € [0,1] , pjue(t) € [0,1] indicate the
unknown failure rate of the follower j actuator, k£ =
1,2,3,... represents the k-th failure model. ¢;,55 , tjwk,s
and % ke , tjwk,e are the time when the fault occurs and
ends, respectively. In (2), the matrices are given as follows:

0 —biciw;
hji 0 JCI%
H; = l o h |G . +Dj
352 b—j_wj 0
d; d; b b;
LT TR g = s | T with
dj 3 dj 4 i1 -1
15 1, TJQ'
hj71 = iT’jm]‘ —+ Ij,wyhj,Q = irjmj + WI] + Ij,w,
J
mj = mj,c =+ 2m]‘7w, Cj = —T?mjﬂcaj,
2b;
I = mjcaZ +2m;b; + Lo + 20 m,
1 b;
djy = 5 (djnn +dj22), dj2 = é (dji1 —dj22),
1 1
dj3 = ﬁj(dj,n —dj2), dj= Q(dj,n + dj29)

in this context, H; represents a symmetric, positive-definite
inertia matrix. The variable a; specifies the distance from the
follower j’s rear axle to its center of mass. The term r; is the
radius of the driving wheels, while b; delineates the separation
between the driving wheels and the axis of symmetry. The
masses m; . and m; ., correspond to the body and the wheel
incorporating a motor, respectively. The moments of inertia are
denoted as I; . for the body around the vertical axis passing
through its center of mass, I;,, for the wheel around its own
axis, and I ,, for the wheel about its diameter. Additionally,
dj11 and djoo are the associated damping coefficients.In
addition, the matrices H;, C;, D;, and B; are unknown.The
external interference 7; 4 is also unknown.



B. Leader-follower model
We consider that the trajectory of Leader i satisfies the
kinematics of a nonholonomic mobile robot, i.e., the trajectory
is generated by the following kinetic equations:
T; = V; COS Y; — W;a; Sin @;
Ui = V; sin @; + w;a; cos @;

i = Wi

(x5, y1)

Fig. 1. Leader-follower model

The leader-follower is described by the relative distance
dij = \/(El — ;)% 4+ (T —y;)° and angle v;; = 6; —
arctan((y; — vy;)/(T; — x;)) between the leader i and the
follower j where Z; = x; — a;cosb; and y; = y; — a;sind; (see
Fig.1).The dynamics of the leader-follower model is obtained
as

dij = 71/]‘COS(pij =+ ajszincp,-j =+ Z/Z‘COSl/}ij

; 1 . . ®)

i = @ (vjsing;; + ajwjcosp;; — vising;;) + w;
where Yi; = wij — Qij and ei]’ = 91 — 9]‘. In Fig.l,ln
the process of information transmission of the mobile robot,
the follower j can obtain the position and orientation of the
leader i through its own sensor, or the directed graph can
represent the communication topology between leader i and
follower j. Moreover, follower j has the potential to become
the leader for other nonholonomic mobile robots. In this case,
a directed graph is also used to depict the communication
between follower j and other nonholonomic mobile robots.As
a result,the leader-follower paradigm can be seamlessly ex-
tended to encompass multiple autonomous mobile robots. In
this configuration, the comprehensive communication network
forms a directed spanning tree, with the leading robot ’i’
serving as the foundational root node. This characteristic of the
leader-follower approach highlights its significant scalability
[17] (Fig.2).Therefore, this study focuses on the interplay
between the lead robot, designated as i, and the follower robot,

labeled as j, in addition to the development of the formation
control mechanism for the follower robot j.
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Fig. 2. Initial connectivity of multiple mobile robots.

Assumption 1. The liner velocity v; and angular velocity

w; of the leader i are bounded.

C. Obstacle avoidance strategy

p (xb, ¥p) _,-"

Fig. 3. Obstacle avoidance strategy

In Fig.3, the angle @” 4 1s a predetermined value intended to
implement an obstacle avoidance strategy that sustains connec-
tivity. By applying the principles of trigonometry, specifically
the cosine rule, 1;; ; can be expressed as follows:

Do = Vija+ Vijtanh (Rja — djp), djp < Rja ©)

i9d VYijds djp > Rja
where
¥ij = w; + Bijtanh (m> — Yij.d,
3,2
w; = 0; — ei,ba

Bij = Bija1 + Bij2 —m,

2 2 2
A digat Bja —diy
Bij1 = arccos ,

2dz],de,a
d?, + R?, — d2
) J,a ij,d
;7.2 — arccos
51],2 < 2di,bR‘j7a



In this scenario, I;, is defined as an avoidance initiation
range that will be determined later, while -y, o is a positive con-
stant. The symbols d;; and d; ; represent the distances from
the follower j and the leader 7 to the obstacle, respectively.
The variable 6, ; stands for the relative angle of leader ¢ with
respect to the obstacle. When d; ;, exceeds D; and d;;, is less
than or equal to R; ,, where D; is the leader ¢’s sensing range,
it implies that the follower j might collide with the obstacle,
as the follower cannot access the distance information d;
described in equation (6). To avoid this issue, the values of d;
and 6; ; can be determined utilizing the relative data between
follower j and leader ¢ as follows:

¢¢=V%;:E;7 (7

0: = arctan(gij.1/gij.2)

where 9ij,1 = dijsinwij — dj7bSiIl0j7b > 9ij,2 = dijcoswij -
d;pcost;y ,and 05 is the relative angle of the obstacle from
the follower j. Here, w;; is measured using the local sensors
of the follower j.

The current obstacle avoidance strategies [18] [19], which
adjust the desired distance and angle, are not applicable for
this paper.The reason for this is that the network of robots,
which are constrained by their limited communication and
sensory capabilities, will become disconnected if follower j
navigates beyond the communication range of leader i during
obstacle evasion. Therefore, we introduce a novel strategy
for maintaining connectivity while avoiding obstacles (6), as
depicted in Fig. 3.

D. Formation control objective

The main purpose of this paper is to design the control
matrices 7;,, and 7;; so that the follower j can avoid collisions
with obstacles while ensuring connectivity with the leader i,
and at the same time, achieve control objectives,i.e.,

(1) Connectivity preservation and collision avoidance:
Rj,m < dL] (t) < Dj,Vt > 0.

(2) Desired formation : lim;_, |di;(t)
limy o0 [9ij (1) — Yijal < €2-

(3) Obstacle avoidance : d; ;(t) > R m, Vt > 0.

In this context, R; ,, symbolizes the minimal evasion radius
for the follower designated as j. Concurrently, D; epitomizes
the smallest extent of communication and sensory perception
pertaining to the same follower j. Furthermore, the notations
d;;,q and 0;; ¢ are indicative of the optimal distance and angle
that should exist between the leader i and the follower j to
ensure the realization of the intended formation. Moreover, €; 1
and €;o represent pre-established positive constants. Lastly,
d; , signifies the measurement of the gap between the follower
j and the impediment.

Assumption 2. The desired distance d;; 4 and angle 1);; 4
satisfy Rj,,, < dijq < D; and —m/2<e;; ¢<m/2, respec-
tively.

—dijal < €1,

III. ADAPTIVE ASYMPTOTIC TRACKING FORMATION
CONTROL DESIGN

In this section, we design a leader formation controller
based on specified performance, and design an adaptive law to
solve the problem of unknown failures in the actuator, which is
able to avoid obstacles while maintaining connectivity, which
is suitable for uncertain nonholonomic mobile robots with
limited communication and sensing distance.

Let us define the errors as

ej1 = dij — dij.a;
€j2 = Yij — Yij s,
ej3 =0ja—0j, (3)

€4 =V — Vju;

€45 = Wj — Wjiw

in the given paragraph, v;, and w;, represent the virtual
control signals for follower j. The term §; , is a virtual heading
angle employed to address the kinematics’ underactuated
issue. Additionally, v;;  signifies the filtered signal derived
from the equation 7j717j}ij7f + i r = Eij,d’ where ;1 is a
small constant greater than zero. The desired relative angle,
denoted as ¢;; 4. is illustrated in Fig. 3.

Remark 1. If e is characterized as e;j 2 = ;5 — 14j,4,
then the derivative of e; 2 over time encompasses the velocity
data of follower j, which is associated with the virtual control
directives v;, and wj,. This adds complexity to the design
of the virtual controllers. To mitigate this complexity, e;
in equation (8) is redefined as e;2 = 1;; — ;5 ¢, utilizing
the signal ;5 derived from the first-order low-pass filter
’yj711/}7;j7 ¢ +i5,5 = i5,q4. Consequently, the derivative of 1);; ¢
over time can be determined by ti; = (Vij.a — Vij f) /i1,
excluding the velocity information of follower j.

Remark 2. Given the inherent underactuated characteristics
of mobile robots, synchronizing the orientation of all robots
becomes unachievable when navigating curved paths. To coun-
teract this limitation, e; 3 from equation (8) is redefined as
ej3 = 0;q — 0;, where a new term, 0, o, represents a virtual
heading angle rather than ;. This novel angle, 0;,, will be
formulated through a differential equation that serves as a
virtual control law.

In the context of predefined performance-based leader-
follower formation control, we introduce connectivity-
maintaining and collision-avoiding performance functions to
address the challenges of maintaining connectivity and avoid-
ing collisions among robots, in line with the prescribed per-
formance concept as described in reference [20].

The error surfaces, which are normalized through the
connectivity-maintaining and collision-avoiding performance
functions, are presented in (8).

2e;1 + pk, —p¥Y e
Zj1 = J,lL pj,lU p],l’ Zim = ],n, n=2 .5 (9
Pi1 T P Pijn




(10)
it 4 pj,n( 00)

with X;; > 0 and \;,, > 0. In (10), the constants pY,(0) ,

PJLJ(O) > 921 (00), pﬁl(oo) s P,n(0) , and pj  (00) are selected
to satisfy the following conditions :

(i)0 < pﬂ( ) < p§{1<0) < Dj —dijq
(i1) = pia ( ) <€ (0) < 5 (0)
(

iii) 0 < pj 1 (00) < pFy (0) < dija — Rjm (in
(iv) |ej2(0)| < pj2(0) =7, 0 < pja(c0) < pj2(0)
( ) |€J,p 0)’ < pjp(0),  0<pjp(o0) < pjp(0)

where p = 3,4, 5. It is important to note that the exponentially
decaying performance functions in equation (8) and their
time derivatives are inherently bounded. Consequently, the
error surfaces ¢;, used for control design are defined as
gjin = In((1 + 2;,)/(1 — z;,)), following the prescribed
performance design as outlined by [20], with n =1,...,5.

Remark 3. The boundedness of ¢;, ensures that the
absolute value of z; ,, remains less than 1 for all times t greater
than or equal to 0, with n ranging from 1 to 5. When equation
(9) meets the condition (11), the aforementioned inequality
for z;, implies that the error e;; is confined between the
negative lower limit of p;; and the upper limit of p; 1, while
the magnitude of e;, is maintained below p;,, p =1,...,5.
Consequently, by employing the predefined functions, the
control objectives (1) and (2) can be successfully achieved.
Therefore, our goal in formation tracking is to construct a
tracker such that the boundedness of ¢; ,, is guaranteed through
the principles of Lyapunov stability theory.

Design the virtual controller v; ,, wWj,, 6jar Qs Qe as
follows:

Vjv = k‘ch":‘jJCOS(pij — kj728j7281ng0ij (12)
Wiy = — A i, 2502000 (13)
a; J
0j.0 = —kj3cj3 +wio (14)
1 1 .
iy =5kjagja t 5kisess + Gk
n o1 (1= 234) pia n o2 (1= 235) pis .
45]',4 p]uk 453‘75 jvk
(15)
1 1 I
Ao =5 k54854 = 5Kj5€55 + Giook
L o1 (1-24)pja . oa(l—275)pjs .
4€J_’4 Jvk 45]‘75 p]wk
(16)

where k;, > 0, oy > 0, oo > 0 are positive constants, n =
1,...,5.

Thp adaptive laws of the design parameters CAjyk, éjwk, 5juk,
and pj.y are as follows:

2 2e P4 2e i,5 ~
Gk = 5 5 MGk (A7)
(1=224)pja (1=275)pis
2 2ei 4 2ei 5 2
Cjwk = S - S — XGjwr  (18)
(1=274) pia (1=275) pis
3 1 [ 26]'74 2€j_5 }
Pjvk =01 — —= ! o
" pive (L=224) pja (L—=235)pjs” "
— 01Dk
(19)
3 1 257'74 257‘)5 ]
Pjwk =02 — —= ' ' Qj
- piwt (1=22,) pja (1—=225)pjs
— 02Pjwk
(20)
where A; > 0, A2 > 0 are positive constants, éjmk = Cjmk —
Cjmk 18 an estimate of Cjmk, Pjmk = Pjmk — Pjmk 1S an
estimate of pjmk, k= v, w.
Design controllers 7, and 7;; as follows:
26j,4 25]0 A2 2
+ (o
Tjr = — [(1_21234)[)7’4 (1 i, 5)[)' ]gl ” (21)
25,4 2¢5.5 2522 2
\/[(121,4)/)7 4 + (17212‘,5)117‘,5} 9195, + i
25,4 2¢ej5 ~2 2
— : o
B (= 1 7 (S P o S
2€;5.4 _ 2e;.5
\/[(12772;)%4 € z?i)p 5] 9305, + 03
where o1 > 0, 0o > 0 are positive constants, §; = p-lk’
jvk

g2 = 51—

The pr1mary finding of this study is encapsulated in the
subsequent theorem: Examine nonholonomic mobile robotic
systems represented by equations (1) and (2), which incorpo-
rate uncertainties. Given Assumptions 1 and 2, the formation
regulations delineated in expressions (12)-(22), coupled with
the connectivity-preserving obstacle circumvention strategy
denoted by equation (6), where R;, = djo + Rjm as
referenced in [21], successfully fulfill the designated control
objectives.,where

dja :\/d?j,d + (dija+ p%y)" = 2dij.a (dijua — p%) cos(p;2)

+ v
(23)
Proof. Substituting (1),(2), and (8), we have
. 2 .
Zi1= m (—vjpcospi; + ajw;sing;; + f51) (24)
. 1 .
Zjo=—r (vjﬂ,smgoij + a;jw; ,Co8p;; + fj)g) (25)
Pj2di;
. 1 /.
2j3=—\bj0a—wjv+ fis (26)
Pj,3



27

1
. ) f f )
Zj4 = pia <‘7J,1 (Tj,r + Tj,l) + fJ,4>
S P55 <Uj,1 (TM - Tj,l) ! fj,5>
where

fi1 = vicosthy; — z5.4p;,4C080;; + a;2; 504551005

(28)

Loy . N
+ 5 (P5 = Aia = 21 (i1 + £51))

fi2 = 2j.4pjasingij 4 a;2j505,5C08pij — vising;;

1
+ (2 ( (P]LJ + p;ﬂ) zj1— Py + P]Lﬁ) + dz‘j,d)

Vija — Viss .
X (wi - ”771”  25,2P5,2
75

fi3 = —2j5pi5 — 25,3053
fj:’4 = Hj_l[* (Cj (77]') +Dj)77j +Tj,d]
fJ,5
— (050050 ] = [25,45,425,5P5.5]
_ | %j4apjat Vi _ T _ T
T 7O',' = 770" = .
" { 25,5055 + Wi } P 2my 7T T 2bmy

Note that o1 and ;2 are positive constants.

Let us define the open set 2, = {2,, x --- x Q,,, where
2, € (-1,1) for n = 1,...,5. Given that the performance
functions are chosen to meet the initial conditions (ii), (iv),
and (v) specified in (11), we have z; ,(0) € €, . The control
laws (12)—(22) are smooth over €2,. Under Assumptions 1
to 2, and the external interference 7; 4 is also unknown. The
nonlinear functions f;,, forn =1,...,5 are continuously dif-
ferentiable over €),. Consequently, Z; ,, in equations (24)—(28)
are continuously differentiable with respect to ¢ and are locally
Lipschitz in z;, over (2,. Therefore, according to Theorem
3.1 in [22], there exist unique and maximal solutions z;,,(¢)
for all ¢ € [0, 00) to the differential equations (24)—(28). This
implies that z; ,,(t) € (—1,1) for all £ € [0, c0), and thus €, ,,
are well-defined for all ¢ € [0,00) where n =1,...,5.

Then, the control laws (12)-(22) was demonstrated step by
step ensure the boundedness of ¢; ,, for all ¢ € [0, 00).

step 1: Consider the following Lyapunov function

L o

1 1
Vi(t) = 520 () + 322 () + 5234 () t € 0,00) (29)
Using (12)-(14) and (24)-(26), the time derivative of (29) is
. 4e 1
Vi= - (=Fkjigi + fi1)
(1=231) (pf1 +P51) m !
2e; 2
+ v (kg2 + fi2) 30
(1 — 2]22) dipsz 3,2€5 J (30)
2¢;
+ g3 (—Fkja3e53+ fi3)

(1- 2123) P43

Due to the fact that z; ,(¢) belongs to the interval (-1, 1) for
all time instances within [0, c0), and considering Assumptions

1 and 2, as well as the constrained nature of the perfor-
mance functions and their respective time derivatives—namely
fi1, fi2, and f; 3—it is evident that these functions remain
bounded across the domain §2,. Consequently, there exist
unspecified positive constants, denoted as ?j’l, ijz, and fj’g,
which ensure that

1Fian @< Finlfi2 @) < Fiolfia ()] < fja
According to (31), (30) can be rewritten as

4 (7]{'
(1- 2321) (ph + P%) 7

. -
(—’sz lejal” + fj2 Ifj,zl)

€Y

Vi < 1) Jr?j,l |5j,1|)

2
+ -
(1—23,) dijpj2

2
|~k
(1_'2 )pJ3< 7

Owing to zj,(t) € (— 1 1) with n = 1,2,3, Vt € [0,00),
1t2holds that 4/((1 — z3,)(pk, + pjl)) > 0, 2/((1 -
zj2)dijpjz2) > 0, and 2/((1 - Zj, ?3)pj3) > 0. Thus, €;,1(t),
€j,2(t) and €, 3(t) are bounded for all ¢ € [0, 00) such that

i1

i1

12} (33)
7,2

Tis
7,3

From (12)-(14) and (33), it can deduce the boundedness of
vju(t), wju(t), v;,(t) and w; ,(t) for all ¢ € [0, c0).

step 2:Consider the following Lyapunov function for all £ €
[0, 00).

2

€3] + fi3lis

(32)

|
<

lej1 ()] < Ej,1 = max { lej.1 (0)],

|l

lej2 ()] < Ej2 = max { lej2 (0)],

ol

lej3 (t)] < Ej3 = max {|€jy3 0)1,

1 1
Vo(t) = o (e2 (1) 4 ——e2 t)
20 =5 (52200 + 5ok 0 N
1, 1, 1, 1
+ 5P + 5 Pjwk + §Cjuk + icj‘wk
The time derivation of (34) is
. 2¢e. 2¢
Vy = %%4 n €55 i
(1-22,) 054 (1=235) 915 (35)
+ PjvkPivk + PjwkPjwk + Cguknyk + CkaCka
Substituting (27) and (28) into (35) yields
. ey .
Vy = 52],4 [(T]f'r + ijl) 4 @]
(1- Zj,4) Pja N ' 04,1
2e;
b (ef oh) 4 D) G6)
(1 - Z]ys) Pj,5 03,2

+ DjvkPivk + PjwkPjwk + CiukCivk + CiwonCiuk



Substituting (3) and (4) into (36) yields

u_ié%[(ﬂjuk(t)ﬁ,r(t) + Gur (1))
+ Pk () T5,0(t) + CGur(t) + (@ + aj)
fj,4]

[Pk (8)75.0 () + Gun(t))

Vo=

— (v + aju) +
26]',5

%5 (37)
(1—225) pjs

_|_

= (Pjur(O)T5,0(t) + Gur(t)) + (jp — aju)
~ oy — a0+ 22

+ PivkDivk + PiwkPjok + CiukCivk + CiwkCwk

According to (21) and (22), there are the following inequalities

2e 4 % s
[ 7 + 7> ]pjyij,T
(1=22,) pja (1 —275)pis
2e; 4 % 5
= y + 3 ]pjz/k
(=22 pja (1—235) pjs
2€5,4 2, 5 5 o
[(17Z.72‘,4)Pj,4 + (1-22)pj5 ]9101],,

2€;5.4 2e;5 ]2 20é2-
4 (1—22)p; 5" J170¥
< —Pjvk 2 5
Pj [ 2e5.4 2¢e5.5 ] o[2. ‘o
(1=22 )pja  (1-225) giag, 2
2€; 4 % )
< 01pjuk = Pjvk| J: ! lgra,
(- 20 (- 225) pis
(38)
2e.4 % 5
| 3 B 3 1PjwrTi
(1—22)pa  (1—225) pys
2e4 %5
= ) B 3 Jpjwk
(1=22)pja  (1—=225)pjs 7~
2€5,4 _ 2,5 5
[(1_212',4)93',4 (1_2?,5)@-,5]92&]1/
2,4 . =
\/[(1—23274)% 4 (1 2327 )p o] QQOLJV + o
2e;,4 _ 2e5 5 2:2 2
< [(1—zi4)pg4 (1_Z?’5)p]ﬂ 9305,

_ j,5 2722 2
(=2 a)mms) 92950 T 0

2e; 4 2¢; 5 ~
< 02pjuk — Pjwk] 5 - 5 Jg20tje
(1- Zj,4) pja (- Zj,5) Pj,5
(39
where o1 > 0, 0o > 0 are positive constants, §; = ﬁ,lk,
jvk

1
Piwk

g2 =

Substituting (15)-(20) and (38)-(39) into (37) yields
2k]'74 52 _ Qkij,5 52
pia(1=22,) 7" pis(1—225)77°

+ MCjuniuk + A2CjwkCjwk + T1PjukDjvk

Vo < -

. 2k ; ; (40)
+ 0205wk Pjwk + %@
pia(1=274) 0ia
4 2]{3]‘75 . &
pjs (L —235) 0j2
The following inequalities hold
- . A A
MGGk < =5 Gor+ 5 Gn (1)
P A2 9 A2 o
A2GjwkGiwk < — 5 Cka + 5 Cjwk (42)
~ A 01 . 01
O1PjukPjvk < Piyk + p?uk (43)
UQﬁjwkﬁjwk 2 p]wk + 9 p]wk (44)
Substituting (41)-(44) into (40) yields
. 2k 4 2k 5
Vo < — - 54— - el
pia(L=254) 7" pis(1=255)
/\1 o) >\2 o) )\1 2 )‘2 2
- 7 jvk 2 jwk + = 2 jvk + = 2 Jjwk (45)
01
p?l/k‘ pjwk + p]uk + p]wk
2k;4 @ 2]%5 fis
pia(1=234) 01 pis(1—275) 02

Owing to z; ,(t) € (—1,1), Vt € [0, 00), and the boundedness
of vj,(t), wju(t), ¥, (t) and w;,(t) for all ¢ € [0,00).
Jj,5 and [ 4, are bounded over (2. Thus,there are unknown
constants f; 4 > 0 and f; 5 > 0 for all ¢ € [0, 00) satisfying

| fj.a (t) /UJ,1| fia
|fj,5<t>/0'J2|< 3,59 VYt € |:0,00)
Substituting (46) into (45) yields
2kj,4 62-4 N
Pj.4 (1 - 2324) ”
Al 2 A2 o) )\1 )‘2
2 vk — 2 jwk+? _]l/k‘+? ]wk
01 02 .o 02
) p_?l/k ) p]wk + 9 pjuk + 9 p]wk
%4 - % s
— .+ %f
pia(l=220)""" " pys (1—225)7 77

According to the definition of V2 and (47), the final form of
Vs is

(46)

2kj15 2

Pi,5 (1 - 2325) E

Vo < —

(47)

+

Vo < —C;Va + D; (48)

where,

C; = min . , : e
i Y a1 ) 2 '

2]{}]'4 2]{1]'4 )\1 )\2 g1
2



)\1 AQ g1 g2
Dj = Gk 5 G+ 5 Pk + = P
2k 4 — 2k; 5 T
R UV SR L
pia(1=22,)"7"  pjs(1—225)"7

According to (48), [23] can be concluded that the controlled
multi-incomplete mobile robot system is stable and all signals

are bounded. The boundedness of €; ,, n =1,...,5 gives
e Cim —1 _ efim —1
—1< m :éjn < Zj,n(t) < Zjn = €E7ﬂ’ +1 <1
(49)

From the boundedness of ;1 and (9), we obtain
—ply (t) <eja(t) <pf,(t), Vvi=0. (50)

By applying the conditions (i) and (iii) in (11),it holds that
Rjm <dij(t) <Dj, Vt=0 (51)
Hence, the formation control objective (1) is ensured for all

t > 0. Furthermore, in the absence of any collisions with

obstacles, applying equation (49) results in:
s |dij (1) = dijal < e€jn 52)
Jim (935 (8) = Yijal < €jo

where €1 = max{pl (c0),pY (c0)} and €, =
max{p; 2(00), p;2(c0)}. Hence, the formation control objec-
tive (2) is achieved.

Since Eij,d = ;5,4 when djp > R;, and |54 — 55| <
p;,2(0) = 7 it holds form Fig.3 that

dj,b = Rjﬂ - \/d?j,d + dZQJ — QdijddijCOS(l/)ij,d — ¢ij)
> Rj’a — dj@

(53)
Substituting R; , = d; . + Rj ., into (53), we have d;;, >
R; . Therefore, the formation control objective (3) is guar-
anteed for all ¢t > 0.

Remark 4. As shown in the reference [17], the stability of
formation for a group consisting of N + 1 robots, where there
is one leader labeled as i and N followers, can be validated
through the aggregate sum of Lyapunov functions for each
individual j. This is expressed as V = Zj\[:l Vi + Vs,

IV. CONCLUSIONS

Aiming at the uncertain nonholonomic mobile robot with
limited communication and perception, the connectivity and
obstacle avoidance problem of master-slave formation track-
ing based on specified performance under the presence of
unknown actuator failure is studied. Compared to relevant
literature, this paper’s main contributions include: (1) deriv-
ing nonlinear error surfaces using connectivity-maintaining
and collision-avoiding performance functions for prescribed-
performance-based formation control tracking, without relying
on potential-like functions; and (2) proposing an obstacle
avoidance strategy that maintains connectivity between the
leader and follower while avoiding obstacles in cases of
unknown actuator failure. The corresponding controller and
parameter adaptive law are designed.The theoretical analysis
has been presented for the Lyapunov stability.
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