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Abstract—In this paper, a distributed adaptive formation
control with collision avoidance and connectivity maintenance
strategy is proposed for multiple autonomous surface vehicles
(ASVs) subject to unknown uncertainties and disturbances. Four
control objectives of formation generation, formation mainte-
nance, collision avoidance, and connectivity maintenance can be
achieved simultaneously by integrating the artificial potential
field (APF) methods into the leader-follower strategies. While
the two stages of distributed formation control, namely formation
generation and formation maintenance, can be achieved through
information exchange among inter-vehicles. The APF method
provides auxiliary repulsive and attractive force to assist the
ASVs in achieving collision avoidance and connectivity main-
tenance among inter-vehicles. Furthermore, each vehicle faces
unknown dynamics due to model uncertainty and environmental
disturbances, which increases the complexity of the system and
hampers the achievement of control objectives. To solve these
problems, neural network (NN) technologies are employed and
their learning parameters are designed in scalar form. Only
one scalar learning parameter instead of the tremendous weight
matrix of NN needs to be adaptively updated for each vehicle.
In this way, the computational burden can be greatly reduced.
According to Lyapunov stability theory and graph theory, the
proposed controller can be proved to accomplish the four control
objectives. Several sets of comparative simulations verify the
effectiveness of the proposed controller.

Index Terms—Formation Control, Collision Avoidance, Con-
nectivity Maintenance, Autonomous Surface Vehicles, Artificial
Potential Field, Neural-Network.

I. INTRODUCTION

Cooperative formation control of multiple agents, such
as autonomous vehicles or mobile vehicles, has received
widespread attention in system and control engineering [1]-
[5]. In the field of marine engineering, the cooperative for-
mation of ASV group also has extensive applications, such as
exploration of marine resources, environmental monitoring and
rescue operations, etc. It contributes to improving work effi-
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ciency and promoting automation. Generally speaking, the for-
mation control strategies can be mainly included into leader-
follower strategies [6]-[9], virtual structure strategies [10]
and behavior-based strategies [11]. Many control technologies
are employed to solve the cooperative control problems of
multiple ASVs, such as sliding mode control, backstepping-
based algorithms, dynamic surface control, etc. Cooperative
formation control usually divides into two stages, namely
formation generation and formation maintenance. However,
the limitations of the above results are twofold. On the one
hand, the problems of collision avoidance among multiple
ASVs were not fully considered in [6]-[11]. Collisions among
inter-vehicles in multi-vehicle systems can prevent vehicles
from generating the desired formation pattern [12], [13]. On
the other hand, the problems of connectivity maintenance were
not considered in [6]-[13]. In cooperative formation control,
the communication range usually limits the connectivity of
multiple ASVs. Therefore, the excessive separation distance
induced by the collision avoidance behaviors will have a
negative impact on connectivity maintenance among inter-
vehicles [14], [15]. Consequently, the cooperative formation
control of multiple ASVs inevitably faces the problems of
collision avoidance and connectivity maintenance.

The previous works on the control methods for collision
avoidance and connectivity maintenance can be mainly divided
into three categories, which are desired formation switching
methods [16], prescribed performance control (PPC) meth-
ods [17]-[20], and artificial potential field (APF) methods
[21]-[25]. A PPC-based decentralized formation control with
collision avoidance and connectivity maintenance of ASVs
was proposed in [19]. The dynamic surface control (DSC)
technologies were introduced into the kinematic design to
avoid the use of unmeasured accelerations of vehicles. In
[20], an observer-based decentralized adaptive output feedback
formation control of USVs was designed under collision avoid-
ance and connectivity maintenance constraints. The formation
control with collision avoidance and connectivity maintenance
of multiple ships was proposed based on novel APF methods



in [22]. In [23], an elliptical approximation of the ships
was adopted to replace the previous circle approximation,
thereby improving the operability and performance of collision
avoidance and connection maintenance. In [24], an observer-
based cooperative formation control with collision avoidance
and connectivity maintenance of ASVs was developed by
integrating the velocity potential functions into the kinematics
guidance laws. The nonlinear tracking differentiators (NTD)
were utilized to avoid the use of unmeasured accelerations
of vehicles and to simplify the complexity of the proposed
control laws without relying on DSC technologies.

Although the previous works have achieved many meaning-
ful results, the formation control of ASVs is still an open issue.
It is worth pointing out that most of the above results were
concentrated on the centralized and decentralized formation
architectures [18]-[23]. However, the centralized and decen-
tralized formation architectures are poor at exchanging infor-
mation among inter-vehicles, which are difficult to perform
collision avoidance and maintain connectivity. In distributed
architectures, ASVs can implement control decisions by ex-
changing information about itself and its topological neigh-
bors. Communication topology, with respect to information
exchange, plays an important role in distributed cooperative
formation control [26]. The well-developed graph theory can
provide sufficient theoretical support for the communication
topology among ASVs. The distributed formation architectures
are more suitable for performing collision avoidance and
connectivity maintenance by exchanging information among
inter-vehicles. The distributed formation architectures also
have strong robustness and extensibility. Note that we adopt
the classification views from [18]-[20] and [32], where the
distributed architectures do not refer to a special kind of one-
to-one communication topology. It is also worth noting that
the above backstepping-based cooperative formation control
of ASVs passively uses the unmeasured acceleration state of
ASVs due to the virtual control law or its derivative forms in
previous results [21]-[23]. Although some measures have been
integrated into the backstepping-based algorithms to solve
the above problems, these measures have also increased the
complexity of the controller, such as DSC technologies [17]-
[20] and NTD technologies [24], [25]. Consequently, from
a practical perspective, it is necessary to study a simplified
distributed formation control with collision avoidance and
connectivity maintenance of ASVs.

Additionally, the kinetics of ASV are characterized as non-
linearity, strong coupling and subject to model uncertainties
and environment disturbances. The cooperative motion control
of ASVs is a durable research topic. Particularly, unknown
uncertainties and external disturbances also reduce the cooper-
ative control performance of the system. NN technologies are
usually utilized as approximations in the nonlinear systems
because of its universal approximation and learning ability
[17]-[20]. In the previous literatures, the ideal approxima-
tion accuracy can be obtained at the cost of increasing the
number of neural network nodes and learning parameters.
If such NN-based algorithms are applied to the cooperative

motion control engineering of actual ASVs, it will increase
the computational burden and running cost. Fortunately, some
control theories and applications have been reported to solve
the aforementioned computational burden problems [27], [28].
In [27], the sliding mode formation controllers were studied
for multiple marine vessels with unknown nonlinear hydrody-
namics. In order to reduce the learning parameters, the NN was
utilized to approximate the unknown nonlinear hydrodynamic
collectively. The adaptive learning parameters of the NN are
designed in scalar form to reduce the computational burden of
nonlinear systems in [28]. Although the results of literature
[28] only focus on consensus control, it can be flexibly
extended to cooperative formation control of ASVs through
some approaches.

Motivated by above observations, this paper study the
distributed adaptive formation control of ASVs subject to
unknown uncertainties and disturbances. Through information
exchange, follower-vehicles can track the position and orien-
tation of the leader-vehicle to achieve the desired formation
pattern. The APF methods are employed to assist the formation
control of ASVs with the capability of collision avoidance
and connectivity maintenance. Specifically, the unknown un-
certainties and disturbances are recognized as unknown kinetic
entireties and approximated by NN. The scalar forms of
adaptive weight parameters are design to approximate un-
known dynamics and greatly reduce the number of learning
parameters. It can be proved that the proposed distributed
adaptive formation controller can realize the four control
objectives of formation generation, formation maintenance,
collision avoidance and connectivity maintenance for ASVs
subject to unknown uncertainties and disturbances. The hydro-
dynamic parameters of each vehicle are set to be different to
verify the effectiveness of the proposed distributed controller
to unknown dynamics. Three cases of comparative simulations
are designed to verify the superiority of the proposed controller
for multiple ASVs formation control with collision avoidance
and connectivity maintenance.

Compared with previous work, the contributions of this
article are reflected as follows: Firstly, compared to the cen-
tralized and decentralized formation control in [18]-[23], this
paper proposes a distributed formation control algorithm for
ASVs. Moreover, the proposed algorithm can simultaneously
realize the four control objectives of formation generation,
formation maintenance, collision avoidance and connectivity
maintenance by integrating the APF methods into the leader-
follower strategies. Secondly, this paper proposed a distributed
formation control algorithm for multiple ASVs without relying
on DSC methods or NTD methods, which not only avoids
the use of unmeasured acceleration, but also reduces the com-
plexity of the controller. Thirdly, compared with previous NN-
based formation control of ASVs [17]-[20], [25] and [27], the
number of learning parameters of the proposed controller can
be greatly reduced by designing learning parameters in scalar
form. Since the proposed distributed formation controller only
requires one learning parameter to be adaptively updated for
each vehicle, which can greatly reduce the computational



burden.

The remaining parts of this paper are organized as follows:
Section II present the Preliminaries; Section III introduces
problem formulation; Section IV draws the main results;
Section V provides the simulation results; Section VI gives
the conclusion.

II. PRELIMINARIES
A. Algebraic Graph Theory

In this paper, we are concerned with the formation behaviors
and information exchange of ASVs through communication
topology network. The ASVs systems are defined as vertices
of the graph. This communication topology network is de-
noted as edges of the graph corresponding to the information
exchange among inter-vehicles. The communication graph can
be indicated as G = (V, &, A), where V = {V1,Vs, ..., V,},
€ CVxVand A = [a;5] represent vertex set, edge set and
adjacency matrix, respectively. The edge &; = (V;,V;) € €
indicate that the information flow is communicated from vertex
V; to vertex V;, where the vertex V; can be denoted as a
neighbor of vertex V;. The neighbor set can be indicated as
N; ={V; : (V;,V;) € £}. As regards adjacency matrix A =
[a;;], the element a;; denotes the edge weight corresponding
to the edge &;;, where a;; > 0 represents the information
exchange between ASV i and ASV j, otherwise a;; = 0 and
a;; = 0. A graph can be termed as an undirected graph, if
a;; = aj;. The edge weight between follower ASV ¢ and
leader ASV is described as B = diag{by,ba,...,b,}, where
b; > 0 represents the information exchange between follower
and leader, otherwise b; = 0.

Moreover, the Laplacian matrix £ = [I;;] C R™*" of graph
G is defined as £ = D — A, where D = diag{dy,ds,...,d,},

n
di=)Y aj,and i =1,2,---n.
=1

Assjumption 1: For the distributed leader-follower formation
framework, at least one follower ASV is assumed to be
connected to the leader ASV.

Lemma 1: The undirected graph G is connected if and only
if its Laplacian matrix £ is irreducible.

Lemma 2: If the Laplacian matrix £ = [l;;] C R"*" of
the undirected graph G is irreducible, then the eigenvalues
lin+b1 - lin
of the matrix L=L + B = : . : are
positive.

B. ASV System Description

In the multiple ASVs systems, the 3-DOF motional model

of ASV can be described as follows [29], [30]:
ni = Ri (i) vi
Mz'U7. = —01 (Ui) v —

i=1,2-,n

D; (vi)vi + 75 + Twi (D

where 7; = [:ci,yi,wi]T € R? indicates the position p; =
(vi,y;) € R? and heading angle ; under the Earth-fixed

frame. v; (£) = [us (t),v; (), (t)]" € R3 is the velocity
vector under the Body-fixed frame, of which w;, v; and r; are
the surge velocity, sway velocity and yaw rate corresponding
to 3-DOF, respectively. 7; (t) = [Tui,rm,rm-}T is the control
input. 7,; € R? is the bounded and continuous external
disturbances. M; = MT € R¥3, C; = —CI' € R3*3 and
D; € R3*3 respectively denote the added mass effects and
inertial matrix, the Coriolis force and centripetal matrix, and
the hydrodynamic damping matrix.

cosy; —siny; 0
The rotational matrix R; (¢;) = | sinty; cosy; 0
0 0 1

denotes the coordinate transformation from the Body-fixed
frame to the Earth-fixed frame, of which R;'(vy;) =

Rl (i), IR (o)l = 1, Ri(ys) = Ri(4i)Si(r),
RY (¢;) Si (r) Ri (i) = Si(r) are the unique properties,
0 —T;
where S; (r)=| r; 0 O
0 0 O

C. Artificial Potential Functions and Virtual Forces

In this paper, APF method is utilized to maintain an
appropriate separation distance between two ASVs. The re-
pulsive potential function and attractive potential function are
assembled to achieve such control objectives. The geometric
illustration of multiple vehicles for collision avoidance and
connectivity maintenance are displayed in Fig 1.
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Fig. 1. Geometric illustration of multiple vehicles for collision avoidance and
connectivity maintenance.

Definition 1 ( [15], [32]): The differentiable and nonnega-
tive function P, (d;; (¢)) can be defined as repulsive potential
function if it holds: 1)

1) P, (d;; (t)) = oo when ||di; (¢)|| = 7cas

2) P, (d” (t)) = 0 when Hd” (t)H — degs

3) P.(d;; (t)) is strictly reduced in the range of ||d;; (¢)|| €

(Tcaa dca} .
where d;; (¢) indicates the relative position variable between
vehicle ¢ and j, r., denotes the collision avoidance radius with
respect to minimum safe separation distance, d., expresses the
collision avoidance detection radius with respect to triggering
repulsive potential function.



Definition 2 ( [15], [32]): The differentiable and nonnega-
tive function P, (d;; (t)) can be defined as attractive potential
function if it holds: 1)

1) P, (dlj (t)) — 0o when Hdzg (t)” — Tems

2) P, (di; (t)) =0 when ||d;; (t)|| = dems

3) P,(dij (t)) is strictly increased in the range of

Hdij O € [demsTem)s
where 1., means the connectivity maintenance detection
radius, d.,, represents the connectivity maintenance radius
with respect to maximum separation distance.

Based on the aforementioned definitions, the total potential
function P (d;; (t)) can be obtained as follows

P (dij (t)) = P (dij (t)) + Pa (di () 2)

The attractive and repulsive virtual forces can be calcu-
lated from the repulsive and attracted potential functions,
respectively. Furthermore, the total potential field force can
be derived as follows

1 (le) =9, +0, =—VP, (dij) — VP, (d“) 3)

where —V represent the negative gradient. Once vehicle j
enters the collision avoidance detection range of vehicle i, j
can be called the collision avoidance neighbor of ¢, and its set
can be described as Nf*={j |||d;; (t)|| < deq }. Once vehicle
7 enters the connectivity maintenance detection range of vehi-
cle ¢, j can be called the connectivity maintenance neighbor of
i, and its set can be described as N"={j |||di; (¢)| > dem }-

Remark 1: The collision avoidance neighbor NS¢ and
connectivity maintenance neighbor N/ are different from
topological neighbor N;. Nf* and N/ are only related to

7

the distance between the two ASVs.

III. PROBLEM FORMULATION

Consider a group of ASVs, of which the mathematical
model of the ¢th ASV is described as equation (1). In
order to overcome the difficulties caused by the coupling of
system state variables to the formation control with collision
avoidance of ASVs. The following coordinate transformation
form is employed to transform equation (1) as the following

form [40]:
7 = w;
4
{wifi (2) + Tei @

where w; = R; (v¥;) v; and 7o = RiMi_lTi are the velocity
vector and control input vector of the transformed system,
respectively. f; (z (1)) = Siw; —RiMflci (R;lwi) R;lwi +
R;M;'D; (R; 'w;) R; 'w; + RiM; '1,;R; 'w; € R rep-
resents collective nonlinear dynamics including internal un-
certainties and external disturbances, which are conceived as
unknown dynamics. Note that in order to reduce adaptive
learning parameters, the collective dynamics f; (-) of follower-
ASV are considered as unknown entireties and approximated
by radial basis function neural networks (RBF-NNs).

The ASV group is guided by a virtual leader-ASV, and its
mathematical model can be expressed as follows:

na = Ra (a) va 5)
Mgvqg = —Cy (vg) vg — Dg (vq) vafa (d,va)
_ T 3 _ T 3
where g = [24,Y4,%q]" € R°, vg = [ug,va,7a]” € R

are position and velocity state vectors of the leader ASYV,
respectively. fq € R3 represents desired smooth unknown
dynamics. Define wy = Ry (1)4) v4, then the dynamics of ASV
¢ and leader ASV can be rewritten as follows

{ﬁdwd ©)

Wa = fud (Nd,wa, fa)

where the unknown nonlinear function f,q = Sqwgq —
RaM;'Cy (R 'wa) Ry 'wi—RaM; ' Dy (R; wq) Ry 'wa+
RqM 1 £, is bounded with an assumption of | fud| < a.

Define the position and velocity tracking error dynamic as
follows:

{ni:ni_nd_fi o

W; = W; — Wy

where 7); is with respect to position and heading, w; is with
respect to velocity and yaw, & = [£iz, &y, §iw]T € R3 denotes
the desired relative position vector between the ASV 7 and the
leader ASV.

The control objective: A distributed adaptive formation
control with collision avoidance and connectivity maintenance
strategy is designed for multiple ASVs. The desired formation
pattern can sail along the prescribed shape. Meanwhile, mul-
tiple ASVs can achieve collision avoidance and connectivity
maintenance performance in the process of vehicles formation
pattern forming and sailing by combining APF method with
the leader-follower formation framework.

(1) Formation Generation: The ASVs are driven to achieve a
desired formation pattern with relative position and orientation
satisfying lim ||7; (¢)|| =0

t—o0
(2) Formation maintenance: The velocity of the ASVs
must be consistent to maintain formation while performing
formation tracking objectives to satisfy tlgrolo llos (t)]] = 0.
(3) Collision avoidance: The collision among vehicles can be
avoided if satisfied ||d;; (t)|| > r, at any time, Otherwise, the
multiple ASVs fail to avoid collision.
(4) Connectivity maintenance: The connectivity among ve-
hicles can be maintained if satisfied ||d;; ()| < 7¢m at any
time, Otherwise, the connectivity of multiple ASVs will be
failed.

Remark 2: In fact, such a coordinate transformation (4)
transforms the controller from the Body-fixed frame to the
Earth-fixed frame. Note that the controller designed later is for
dynamic (4). In order to achieve the original motional model
(1), the control law should be left multiplied by matrix M; R}



IV. CONTROLLER DESIGN

Using the aforementioned dynamics (4) and (5), the follow-
ing error dynamic can be obtained:

i (t) = wi (t) —wa (t)
(bi (t) = fl (Z (t)) + Tei (t) - fwd (t)

The error dynamic (8) can be rewritten in following vector

®)

form as
- n Onm Onm Onm
E_—@®hﬂmw F}+[l]]—[&d]®
where E = [T/Taa}T]Ts N = [77,{7 aﬁr{]T7 w =
Wf, @l FT = [T (), fT ()] FL =
On _In
[qudf'f ] U_[cl""’cn] P = 0 0
n n

® represents the Kronecker product. Because the nonlinear
function f; (z) is unknown, it cannot be directly applied in
controller design.

In order to obtain available controllers, RBF-NNs are
employed to approximate unknown nonlinear dynamics as
following forms [31]:

fi(z) =

The formation tracking error associated with position and
velocity can be obtained as

Wi TH; (2) + & (10)

el =Y ai; (i —nj) — (& — &) +bi (0i =10 — &)
JEN;
ey = Z Qi (w; — Wj) + b; (Wi — wa)
JEN;
1=1,2,---,n
Y

Using the aforementioned tracking error dynamic (7), the
formation tracking error (11) can be rewritten as follows:

el = > ai; (7 — ;) + bl

JEN;
67 = Z Qij (a}i — (I)j) + b;w; (12)
JEN;
1=1,2,---,n

The distributed adaptive formation controller can be de-
signed as

— Ko || Hi (2)| (€] + €f) + K6
(13)
where K;, K2; and K3; are positive gain parameters, w; is
estimation of w}, and w} = HWI*H;
The adaptive laws of estimation weight parameters w; can
be designed as follows:

. 2 w2
w; =Y (KZiHHi (z)lI"llef + e |

Tei = 7K1i (6;7 + 6‘;))

_ Jw) (14)
where Y'; and o; are positive parameters.

Remark 3: The adaptive NN weight parameters designed in
scalar form are extended for current working conditions to
approximate nonlinear dynamics, which is the estimation of

the norm of the optimal weight matrix [28]. The number of
adaptive weight parameters of the proposed algorithm can be
greatly reduced to only one for each vehicle compared to other
previous NN-based formation control algorithms [17]-[20],
[25], [27].
Theorem 1: Consider that multiple ASVs system (1) with
bounded initial state under undirected communication topol-
ogy. If all the assumptions are satisfied, then the proposed
distributed adaptive formation controller (13) can achieve the
four control objectives, i.e., all error signals are semi-globally
uniformly ultimately bounded (SGUUB) and all vehicles can
maintain an appropriate distance to avoid collisions and main-
tain connectivity through the assistance of the potential fields.
The proof of Theorem 1 is divided into two parts, Part 1
proves the formation control behavior, and Part 2 proves the
collision avoidance and connectivity maintenance behavior.
Part A: Define the Lyapunov function as follows:

+ZT Lol (1) iy (t)

5)

V() = 3BT () Qe ) Bt

2L L
where Q =
@ L L
2, Lisa positive definite matrix, the Lyapunov function V' is
also a positive definite function.
Substituting (9) into the time derivative of , we have

,L=L+B According to Lemma

- _ 1= - n .
B (Q®13)E+EET(Q®13)E+ZT;1@T@Z

i=1

*%ET((PT®13)(Q®I3)+ Q®I3)(P®Is))E

V

l\)\'—*

+EUQ®hﬂ

F+U - Flg } i

1~ _ = :
=—_FET((PT P)®I3)E f PRETEETY
SET((PTQ+QP) ® 1) +; T,
T
+E (Q®13)|:F+U Fwd:|
(16)
Using the following fact of
0, —L
Pt P= e ~ 17
Q+Q 7 _£] (17)
ETQeh)| p, o
3 F+U-F, (18)
= 3 (el +e)" (fi+7¢ = fua)
i=1
Equation (16) can be rewritten as
: 1 0, —L
Vi =—ZET £ I | E
o= ([ % £ |en)
19)

n

() (it -

i=1

fwd) + >0 o] b
1=1



Substituting (10) into (19), we have

®I3>E

0, —L

(20)
=1
+ 3 (€l + e (7 = fua) + Y T 0T
=1 =1

Based on Young’s inequality and Cauchy inequality [28],
the following results can be obtained as
Z (6:’ + €$)TWZ‘*TH¢ (Zz)

=1

n 2 1
(e *T o
< ZKQl((ei +e¥) (WZ H; (zz))) i @
ZKzl S Pl + e +
e
n n
V! i (@, m) < Zflle +e2||” + 7 (22)
=1 =1
i (e + e -<i1\|67+e9"||2+ﬁ—2 (23)
i=1 oS =1 2 ' ' 2
Using inequalities (21)-(23), the result (20) can be derived
as
VL < —ET On~ 7‘6: ®I3 EI—an:Hen—Few”Q
= L —L B

+ 3 Eopwf || H; (z0)|P[lef +e 2+ 0wl by (24)

1 i=1
, n 1 52 + a2
T/ ¢

Substituting distributed adaptive formation controller (13),
adaptive learning parameters (14) into (24), one has

® 13> E=Y o] ]
=1

+ (1-Ku) ||e?+e7||2—z Ksidi(e] +e2)" (25)
i=1 i=1

- Z L 5—2 + T
4K, 2
Outside the collision avoidance and connectivity main-
tenance range 7.4 lldi; })|l < 7Tem» 0; = 0. Hence
S (e () + e¥ ()" (—Ks:6;) = 0 [24]. Based on the fact

i=1
of wf (t)wy (t) = 3 (w7
inequality can be obtained

vl

7

+

Vi

(e +€7)

i=1

0, —-L

Vi < —ET
L < L -L

(t) + w2 (t) — w;?), and following

| I
o,W; + oW,

27 (6

—0 Wy < —

Substituting inequality (26) into (25), and after several
manipulations, one has

~ _ L2 [2 0, L
Vi <-ET((Ku-1)| %, %, |- @1
L <( U F L L 3)
o~ (27
1 n » n 1 [32+C¥2+Ui’UJi*
Let ¥9; > 0 and satisfy the limit of ¥; < Ky; — 1, the

inequality can be transformed as

. I
Vi < —ET (9,0 — N&I,) E — EZ @2+A (28)
2222 0 E L [3 —}-(124-07;“)%2
where O = il ;(41(2 ff)
2 r2_r
Using the result of 9,0 — A = 0%5 7 3122 %
and linear matrix inequality, ;L% — £ > 0, %2 —
0, L2 — E) = L > 0, so we get the result of matrix
2 r2_r
9, %f z Zlﬁvz % > 0. Further, setting the parameter

to satisfy the limit of 9; > 12— (A2

max
mm

4L
+ EX%.y), where A9,

denoting the smallest elgenvalue of the matrix ©. A2, and
AP . pointing the largest eigenvalue of the matrix A and

max

@, respectively. In addition, ¢ = min{o1 Y1, -+ ,0,T,}.
Inequality (28) can be displayed as follows:
Vi < — 1ET( ® I3) lzn:
LS — M 3 3) 2 2 (29

=—uV+A

Based on [35, Lemma 1], the following inequality result can
be obtained as

Vi (t) < VL (0)e M + % (1—e™#) (30)
Consequently, the distributed adaptive formation control
with collision avoidance and connectivity maintenance per-
formance can be achieved by setting appropriate parameters.
Part B: The collision avoidance and connectivity mainte-
nance performance is analyzed only for vehicle ¢ and vehicle
7, and the others can be analyzed by the same way.

Define the quadratic energy function as follows:

Velt) = b (1 (1) + 3T () GD
Taking the time derivative of (31), one has
V., = dz;gdik + WZTUJ,L
= diy, (i = 7w) + @] (fi + 7ei)
(32)

= dj), (wi — wi) + ] (fi = Kui(e] +¢)
—Kost] [ Hy ()| (€] + ) + Kaidy)

where d;;, represents the relative position variable between
vehicle ¢ and vehicle k.



Because the dwell time ¢ of each vehicle is finite in the
region of Qi = {di (t)]0 < ||dir (O)|| < Tem }. According
to the remark and assumption, the terms d;x, w;, Wk, e?, ey,
fi (2) and @F () ||H; (z:)||? are continuous and bounded in
this region. According to the design of the artificial potential
function, the repulsion potential function and the attractive
potential function will not work at the same time, so the two
cases can be discussed separately.

When ASV £k enters the collision avoidance detection range
of vehicle i (k € N{?), the repulsive potential function can
be triggered to compel the vehicles to separate. According to
Definition 1, w] (t) K3;6; = —w! (t) K3; VP (dix) — +00,
if ||dik|| = 7ca- Therefore, the followmg inequality can be
obtained as

wle;> = dz;gdtk—k wFw;— K (dfy, (wi — wi)+w] ;) (33)
3i
where ;= f; (2)— Ko || Hi ()| (e] +€2)—K1; (e] +¢5).
Substituting inequality (33) into (32) and (31), one gets

Ve > K3V, (34)

According to [33, Lemma 6], the following inequality can
be obtained as

d% (8) dag, (t) > 2653070V (1) — Wl (8) w; ()

Since the continuous term w? (¢)w; (t) is bounded in the re-
gion of Q;. The inequality 9ekon(t= LIV, (to)—wl (t) w; (t) >
(rca)2 can be obtained by designing the posmve gain pa-
rameter K3; to be large enough and setting appropriate ini-
tial state. Further, the main conclusion can be obtained as
ldix. ()|l > 7ca- So, the collision avoidance performance can
be achieved by the proposed controller.

When vehicle k enters the connectivity maintenance detec-
tion range of vehicle i (k € NJ™), the attractive potential func-
tion can be triggered to compel the Vehicles to collect. Accord-
ing to Definition 2, w! (t) K3;6; = —w! (t) K3,V P, (d;1;) —
—00, if ||dik|| = Tem- Therefore, the followmg inequality can
be obtained as

1

(35)

1 1
Substituting inequality (36) into (32) and (31), one gets

V. < K3V, (37)

wi)+wy pi) (36)

According to [33, Lemma 6], the following inequality can
be obtained as

dh (t) di (1) < 253V (1) —wl (B w; (1) (38)

Since the continuous term w; (¢)w; (t) is bounded in the re-
gion of ;1. If the approprlate initial state and positive gain pa-
Fllwsll?

rameter K3; < ;= ln m2nv )

results can be obtalned as 2eXs: (710 V, (1) —wl w; < (rem)?.
Further, the main conclusion can be obtained as ||d; (¢)|| <
Tems 1.€., the connectivity maintenance performance can be
achieved by the proposed controller. As a result, by setting
appropriate initial positions and parameters, all four control
objectives can be achieved.

are satisfied, the inequality

V. SIMULATION RESULTS

To verify the effectiveness of the proposed control scheme,
we assume that a fleet of ASVs include a leader-ASV and
four follower-ASVs. Note that the different parameter ma-
trices are set to four scale-down follower-ASVs to simulate
unknown hydrodynamics in the following simulation exam-
ples [34] [35]. The initial state of leader ASV is given as

= [6,2, %] ; The initial state of follower-ASVs are set

as s ( )= [452.5] 12 (0) = [415]. ms (0) = [7.2.5]

and 4 (0) = [6,1, %], respectively. The desired relative po-

sition vectors are defined as & = [2,0 ] L& =10,-3, O]T,
T

53 [ 7270] and 54: [733070]

The edge weight between follower ASV ¢ and leader ASV is
described as B = diag{0,0, 1,0}. The Laplacian matrix £ and
adjacency matrix .4 of communication topology are defined as
follows:

-1 0 -1 01 01

-1 3 -1 -1 1 01 1

L= o -1 2 -1 A= 0 1 0 1
-1 -1 -1 3 1 110

The parameters of APF are defined as r., = 1, d.q = 1.5,
demn = 3.5, e = 4.0 and K3; = 30. The repulsive and
attractive forces corresponding to the APF are expressed as

follows:
s o dea — ||di; (2)||
o= =VE s ) = Gy O — 7).
i ) m = lldiy (1)
b0 = =V P (diy (1)) = rcm> (ldis ) = 7em)

A. Formation control of ASVs

In previous works, the hydrodynamics of multiple ASVs
were simulated with the same parameters. In order to verify
the effectiveness of the proposed controller against the un-
known uncertainties and disturbances, the different parameter
matrices are raised in this paper. The simulation results of
formation control for Case A are shown in Fig.2-3. Fig. 2
shows the formation trajectories of multiple ASVs without
considering collision avoidance and connectivity maintenance
performance. First, all follower-vehicles can perform good for-
mation control tasks, i.e. formation generation and formation
maintenance. Fig.3 shows the distance between all follower-
vehicles. At the initial moment, the distance between vehicles
(ASV-2 and ASV-4) (ASV-1 and ASV-4) is less than the
minimum separation distance, which represents the occurrence
of multiple inter-vehicle collisions. It can be further concluded
that the formation controller in Case A is unable to avoid inter-
vehicle collisions without taking any measures.

B. Formation control with collision avoidance of ASVs

The simulation results of formation control for Case B are
shown in Fig.4-5. Fig.4 displays the formation trajectories of
multiple ASVs with considering collision avoidance perfor-
mance. Compared with the formation trajectories in Fig. 2, the
generation trajectories of formation are significantly changed
at the initial moment. Fig.5 illustrates the distance between all
follower-vehicles. It can be seen that all distances between any
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Fig. 3. The distance between all inter-vehicles.

two inter-vehicles are greater than the minimum separation dis-
tance at any time, which means that the multiple inter-vehicle
collisions in Case A are successfully avoided. However, the
distances are greater than the maximum separation distance
corresponds to the limited sensing range of inter-vehicle. As
explained in the section of introduction, collision avoidance
behavior poses the problem of connectivity failure. Note that
according to the simulation results of Case A and Case B, the
foresight can be confirmed to be necessary for the formation
control with collision avoidance and connectivity maintenance
of multiple ASVs.

C. Formation control with collision avoidance and connectiv-
ity maintenance of ASVs

The simulation results of formation control for Case C are
shown in Fig.6-10. Fig.6 describes the formation trajectories
of multiple ASVs with considering collision avoidance and
connectivity maintenance performance. It can be seen that

30 T T T T

25

20

20

Fig. 4. The performance of formation control with collision avoidance.
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[| 24|
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30

Fig. 5. The distance between all inter-vehicles.

the cooperative formation control for ASVs subject to un-
known uncertainties and disturbances can be realized through
the proposed distributed controller. Fig.7 shows the distance
between all follower vehicles, from which it can be seen that
all distances between any two inter-vehicles are greater than
the minimum separation distance and less than the maximum
separation distance at any time. It is inferred that the problems
of collision avoidance and connectivity maintenance in Case
A and B are effectively solved. Fig.8 and Fig.9 provide
the tracking errors with respect to position and velocity.
It further reveals that the proposed distributed controller
can completely achieve the control objectives of formation
generation, formation maintenance, collision avoidance and
connectivity maintenance. Fig.10 shows the adaptive weight
parameters of the neural network. It can be seen that the NN
can approximate unknown uncertainties and disturbances by
updating the adaptive weight parameters online. Compared
with previous NN-based works, using NNs to approximate
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Fig. 6. The performance of formation control with collision avoidance and
connectivity maintenance.
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Fig. 7. The distance between all inter-vehicles.

collective nonlinear dynamics requires at least three adaptive
weight parameters to be updated for each ASV. In this paper,
the proposed algorithm can greatly reduce the number of
adaptive weight parameters to only one for each vehicle. Note
that it means that only four adaptive weight parameters are
required for the four ASVs in the simulation, rather than the
twelve weight parameters of other NN-based algorithms.

VI. CONCLUSION

This paper has investigated a distributed adaptive formation
control with collision avoidance and connectivity maintenance
strategy for multiple ASVs subject to unknown uncertainties
and disturbances. Combining with APF methods into the
leader-follower strategies, the distributed formation controller
can achieve formation generation, formation maintenance,
collision avoidance, and connectivity maintenance, simultane-
ously. NN technologies are employed to against the unknown
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E
=
E of
& ASV 1
g AsV2
g 2 4
g ASV3
g ASV 4
5
4 s s . . s s
0 5 10 15 20 25 30 35
. . . T . .
= 05 1
§ 0 4
g .
0051 .
g
g |
5.5 1
. . . . . .
0 5 10 15 20 25 30
t(s)
Fig. 8. The position tracking errors.
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Fig. 9. The velocity tracking errors.

uncertainties and disturbances. The adaptive weight parameters
are designed in scalar form, which can greatly reduce the
number of weight parameters. Furthermore, three different
simulation cases prove the effectiveness of the proposed
distributed controller to against unknown uncertainties and
disturbances and to achieve the four control objectives.
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