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Abstract— In this paper, we propose a novel and distribu-
ted formation control method for autonomous robots to follow
the desired formation while tracking a moving target under inf-
luence of the dynamic and noisy environments. In our appro-
ach, the desired formations, which include the virtual nodes
arranged into specific shapes, are first generated. Then, auton-
omous robots are controlled by the proposed artificial force
fields in order to converge to these virtual nodes without colli-
sions. The stability analysis based on the Lyapunov approach is
given. Moreover, a new combination of rotational force field
and repulsive force field in designing an obstacle avoidance
controller allows the robot to avoid and escape the convex and
non convex obstacle shapes. The V-shape and circular shape
formations with their advantages are utilized to test the effect-
iveeness of the proposed method.

Keywords: Multi-robot systems, Mobile sensor networks,
Formation control, collision avoidance

I. INTRODUCTION

In recent years, multi-agent systems have widely been
researched in many areas, such as physic, biology, cybern-
etics, and automatic control over the world. Formation co-
ntrol is one of the necessary and important problems in the
research field on multi-agent systems. The formation con-
trol of autonomous robots, such as unmanned aerial vehicles
[8], underwater vehicles [9], mobile sensor networks [14,
15], etc., has potential applications in search and rescue
missions, forest fire detection and surveillance, etc.

There are several research directions on multi-robot sys-
tems, but the main aim is that the robot team has to work
together in order to achieve the desired tasks, such as trac-
king and observing a moving target. Formation control of
autonomous robots is inspired from natural behavior of fish
schooling, bird flocking or ant swarming and guaranteed that
the members in the formation have to move together under
the velocity matching and collision avoidance. There are
several methods to generate and control the formation of a
swarm of mobile robots. Artificial potential field is known
as a positive tool in order to control the coordination and the
motion of a swarm towards the target position, see [1-7].
The success of the formation control method based on the
random connections among neighboring members in a
swarm as an o-lattice configuration has been published in
some literature, such as [14-18]. In this method, the
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Fig.1. Description of the noise’s boundary guarantees that there is
no effect to each other between two active neighboring robots i
and k (a), and there is no collision between robots i and k (b).
Where d¥ and d¥ are the actual distance and the estimate distance
between robots, respectively.

neighboring robots are linked to each other by the
attractive/repulsive force fields among them to create a
robust formation without collisions. On the other hand, the
formation control based on dynamic framework was
introduced [10, 11] in which the robots are able to adjust
their formation by rotating and scaling during their
movement. In another approach, robots are controlled to
achieve given positions in the desired shape [12, 13].
Although artificial potential field is known as a positive
method for path planning of mobile robots, but in several
cases of local minimum problems this approach is still
limited. Namely, when the attractive force of the target and
the repulsive force of the obstacles are equal and collinear
but opposite direction, the total force on the robot is equal to
zero. Hence, this causes the robot motion stopped.
Moreover, in complex environments with convex and
concave obstacle shapes, such as U-shaped obstacles or long
walls, etc., the application of the traditional potential field
method is very difficult. Robots can be trapped in these obs-
tacles before reaching the target, see [1-3].

In summary, the main contributions of this paper are as
follows. The distributed formation control algorithms are
designed in order to control multiple robots to converge to
the desired positions under the influence of the noisy envir-
onments, see Fig.1. These control algorithms guarantee that
the stability of the formation is maintained, and there are no
collisions among robots while tracking a moving target.
Furthermore, the obstacle avoidance control algorithm is
built based on the combination of the rotational force field
and the repulsive force field surrounding the obstacles in
order to drive robots to escape these obstacles without collis-
ions. The stability analysis of the proposed control algor-
ithms based on Lyapunov approach is given. In case study,
V-shape and circular shape with their advantages are utilized



as the desired formations to test the effectiveness of the pro-
posed control algorithms.

The remaining sections of this paper are organized as
follows: The problem formulation is presented in the section
II. Section III presents the formation control algorithms.
Simulation results are discussed in section IV. Finally,
section V concludes the paper and proposes the future
research topics.

II.  PROBLEM FORMULATION

In this section, we consider a swarm of N robots and
their mission is to trTack a movian target in two-dimensional
space. Letp,=(x,)), v,=(v,v,)" be the position, velocity

vectors of the robot i (i=1,2,3,...,N), respectively. The
dynamic model of the robot i is described as follows:

i=1.,N o
The formation of autonomous robots must satisfy the follo-
wing conditions: All robots will converge to the desired
positions in the desired formation. While tracking a moving
target in noisy environment, the stability of the formation
must be maintained, and there are no collisions among
members. Additionally, robots must also automatically
escape the obstacles in order to continue to track the moving
target with their swarm. Hence, in order to solve these
problems we propose the control input u; for each robot as
follows:

u +u’, if robot i is leader [, i=1,.,.N

1 1

@)

u/+u’ +u', otherwise.

Where, the first controller u/ is used to control the formation
connection. The second controller ! is used to drive robots
to avoid obstacles. The controlleru; is added to help robots
avoid collision during their movement. Using the tracking
controller; the leader can easily drive its swarm towards
the target. Now, in order to design these controllers, firstly,
we have some definitions and remarks as follows:

Definition 1. Robot i (i=1/,2,3,...,N) is called an active robot
at time ¢ if the distance from it to the virtual node j
(/=1,2,3,...,N) is smaller than the radius of the active circle
surrounding each virtual node (d/ < r,, 1,.=d/2-A,, A, is a
positive factor), see Fig.2. Otherwise, it is a free robot.
Definition 2. Virtual node j (j=1,2,..N; ¢;=(x; ' v=
v;y)") of the desired formation is active if there is a robot i
(i=1,2,..,N) in the active circle of this virtual node, see Fig.2.
In contrast, it is free.

Definition 3. Desired position for each robot i in the desir-
ed formation is a virtual 'nod.e j at wh}ch }gg(pi H—q,()
= (), and the virtual node (j-1) is also active.

Definition 4. The desired V-shape formation is a formation
that is linked by two line formations. These line formations
own a leader together and are connected by a formation an-
gle ¢. In the line formations, the virtual nodes are equidis-
tant each other.

Definition 5. The desired circular shape formation is the
locus of all virtual nodes that are equidistant each other and
equidistant from the target.
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Remark 1. Consider a desired formation (V-shape or
circular shape formation) of N virtual nodes as shown in
Fig.2. Each robot must find a desired position in this desired
formation. Firstly, each free robot i will pursue a closest free
virtual node j in order to be active at this virtual node. If the
position of an active robot at the active node j is still not
desired position (for example robot k in Fig.2 with
k=1,2,..,N, k#l), then this active robot will automatically
move into the virtual nodes (j-/) until it achieves a desired
position.

Remark 2. The motion of the formation depends on the
relative position between the leader and the target. At initial
time, a robot, which is closest to the target, is chosen as a
leader to lead its formation towards the target. During
movement, if the actual leader encounters any risk, such as it
is broken or hindered by the environment, then a new leader
is replaced. This new leader will reorganize the formation
and continue to lead the new formation to track the target.
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Fig.2. Description of the formation control method following the
V-shape desired structure.

III. CONTROL ALGORITHMS

This section presents control algorithms that guarantee
the conditions as presented in section I1.

A. Distributed formation control

Firstly, surrounding the virtual nodes j (j=1,2,...N), the
attractive force fields are created to drive the free robots
towards the desired positions. Then, these free robots will
occupy these desired positions, and become active robots.
The tracking task is to make the distanced; = " )2 —q/."
approaching to zero as fast as possible. This means that
lim(p,(¢)—gq;(#)) =0 and lim(v,(1) —v,(#)) = 0 . Based on this
analysis, the formation confrol law for formation connection
is proposed in Algorithm 1.

In Algorlthm 1’ k[j)[’ kl;JZ’ kt;ﬁ’ kljv s (p; - qj) and (vi - V])
are the positive gain factors, the relative position vector, the
relative velocity vector between the robot i and the virtual
node j, respectively. In this algorithm, we use two potential
fields f]:/ = _kL;B (p[ _qj')/"p[ _q‘j " and fzf =—k, (p; _qj) as
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the artificial attractive forces. The constant potential field f;
is used to drive the free robots towards the desired forma-
tion, while the linear potential field f; is used to control the
active robots to approach to the virtual nodes. Additionally,
the component—£;,(v, —v;)is also utilized as the damping
term. Therefore, using the Algorithm 1, robots can quickly
approach the desired positions at the virtual nodes of the
desired formation.

Algorithm 1: Reaching the desired position at the
virtual nodes in the desired formation

Consider: a robot i and virtual nodes j (i,j=1,..,N, i#]).
Determine the shortest distance from p; to all the

virtual nodes ¢; and the scalar factorc! given as

j=1,. N} ¢/ = !
> yees 5 C; 0
if d/™<r & c/™" =1 then
u :_kjl(p[ q/ml)
elseif d’/™' <r & ¢/™"'=0 then

/ 7_kz;2(pi_qj)n1-1) k (V v]r/111)+ Jjml-1
elseif d/™ >r, then

if ¢/™'=0 then

u = _kz;d (pi _qjml)/"pi _qjml

if q, is active

d/™ =min{d/ =
! { ! if q,is free.

pi—q;

(V v/mI ) + v/m]

kj v, v/ml) + “}jml

else
Determine the shortest distance from p; to the
free virtual nodes g; in the desired formation as

¢W:mqw:m—%, |

kz{* (V[ - ijZ) + l;ijZ

= _k:;/ﬁ (pi _qij)/"pi G|~

end

end

To consider the stability of the formation under the inf-
luence of noises, which cause the position errors between the
robot i and the virtual node j, we assume that the estimates
of the position and the velocity of the robot i are
Di=p, +z, candV, =v,+z,, wherez ,and z,, are the position
and Ve1001ty measurement errors of the robot i, respectively.
Similarly, the estimates of the position and the velocity of
tpe virtual node j are also defined as: ¢, . =q;+z,and
Vv, =v,+z,, where Z, andz are the position and Veloc1ty
noises of the node j, respectlvely Now, we propose a new
control law for the robot i at the active node j in noisy

environment as follows:

=k, (p,—
Where, klp =k e, ||\3j " and kf are the positive factors.
Let ¥ = =p—¢;+z, and xz—v—vj—v—v +z, be
the relatlve position and velocity of the robot i and node jin
noisy environment, herez,=z,-z, and z,=z,-z.. We
have the error dynamic of the system as:

G-k (5, =)+, —z,. ()

x =%
X L ) .. 4)
X, =V, =V, +Z Lj=1,2.,N.

vij 2
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However, in order to guarantee that the active neighboring
robots while movmg in a formation do not repel, the noise
Zy r,, here r,is a noise radius. This
noise radius can be selected as deplcted in Fig.la, such that:
1, =4/2, here the posmve factor A=d-r, as shown in Fig.2.
Moreover, the noise’s amplitude must also guarantee that
robots do not collide to each other during movement. Thus,
we can choose another noise radiusr, =1 /2 see Fig.1b,
here 1'>0 is a region used to detect the collision among
robots. Finally, in order to solve both above conditions the
noise z,; has to satisfy "zp " <min(r,, 7,,).

nl’ n2

Proposition:

Consider the active robot i with its dynamic model (1) and
control inputu] given as (3) at the active node j of the
desired formation in noisy environment. If the velocity of the
node j is smaller than the maximum velocity of the robot i,
and the node j-1 is also active, and the noise is bounded by
” |L< mm(/l/2 A /2) then the system (4) is stable at the
equilibrium state (D, = qj, . ~v ) foralliand].

Proof of this proposition:

Consider the vector field i ——k’ ,(p q ) =

hereP——k’](x xj) 0 =- W(y[
cording to [19] we obtain:

l’ Ql" ZI)TS
yj)andZ. =0.Ac-

>

2,00 ok 3z, 30 )
o, oz 0z ox  ox, oy, )

mm:[

Equation (5) shows that the vector field f; is irrotational.
Consider the scale function as follows:

. 1 AL A A A A
W =2k h, -4 (h,-4,)- ©6)

Taking the negative gradient of the function Vl.j we obtain:

- 1~ 6i 2 2 @
-5 +(5-5)
A T
(5 -3,

= Afl(x ) =k (b -3)= 11 .
k3, (v -y,

So, (5) and (7) show that the vector field f,; is a potential
field, and its potential function is V.

Substitute #/ in (3) into (4) we obtain the error dynamic
model of the system as follows:

X =%
®

X, ==VV/ ~kl (5, =¥, i,j=12.,N.



To analyze the stability of model (8) at the equilibrium
position (p, —¢, =0, v, =V, = 0), the positive definite function
is selected as follows:

A

X,.

)

z i

V.=V’ +%fc§

Consider the potential function (6) we have the relation
(6V/ /6;3,,) :(61{.’ /6([7,.—@/,))7 Taking the time derivative of
(9) along the trajectory of the system (8), we obtain:

AT A

V.()=VV/3I +31%, =21 (VV/ +%,).  (10)
Substitute );cz in (8) into (10) we obtain:
V.(t) =—k[% %, <0. (1

So, equation (11) shows that the system (8) is stable with the
control law (3). However, this stability is limited by the
boundary of the noise. If ||zpl.||2min(/1/2,/1*/2), then the
active neighboring robots can repel to each other or the
robots can collide, so the stability is broken, see Fig.1.

B. Target tracking, collision avoidance and obstacle avoi-
dance control

As discussed above, with the formation stability and
maintenance following a desired formation in a free environ-
ment, robots must automatically escape obstacles in order to
approach to the target without collisions. To perform these
works, we use the control algorithms: collision avoidance
control, obstacle control and target tracking control. Acc-
ording to [5, 6], these control algorithms are summarized as
follows:

o Target tracking control

For the target tracking, the control law is given as:

u = f =k, (0, =0)+7, (12)
where, k;, and v, are the positive factor and the acceleration of
the target, respectively. The component(V,—v,)is the
relative velocity vector between the leader and the target.
The potential field f,' from the target is used to drive the
leader moving towards the target, and it is calculated as
11 =& —p)|p, - Bl|, here: & is a control element, and
(p, — p,) is the relative position between the leader and the
target.

e Collision avoidance control

According to [5, 6], the collision avoidance controller,
which is designed based on the combination of the repulsive
potential field with the damping term, is given as follows:

u = ﬁ: 1.1 k—’ﬁ—k.k (d.k—r) n'
i e dlk }"r (dlk )2 i2 i r i
k e NF(t)
v (13)
- Z k[v(vz_vj)
k=1, k=i,
k e N (1)

Where, r. is the repulsive radius surrounding each robot, and
d} is the Euclidean distance between robot £ and robot i.
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The positive factors k., k', k! are used to control the fast
interaction. The unit vector n/ from robot k to robot i is
given as n' =(p,—4,)/||p, =4/l The set of the neighboring
robots of the robot i at time ¢, is defined as follows
N ={Vk:d =|p,-4,|<r.ke{l, N}k=i}.

The controller (13) shows that the neighboring robots are
always driven to leave each other. In other words, this con-
troller guarantees that there are no collisions among robots
in the swarm.

e Obstacle avoidance control

The obstacle avoidance control algorithm for each
member robot i (i=1,2,..,N) is designed as follows:

[ M 1 1 klo [ o [
u, = 0:;0# [[a’_’” - r_ﬂJ(d,T])z —ki, (d,- —rf )]ni
0eN; (1)

w (14)
+ z (Wionior _ki(\)/("}i _{}0))'

o=l,02k

0eN? (1)
Where, the relative velocity vector (v; — v,) between the
robot i and its neighboring obstacle o (0=1,2,..,M) is used as
a damping term. The components * >0and d; =|p, - p,
are the obstacle detection range and the Euclidean distance
between the robot i and the obstacle o, respectively. The set
of the neighboring obstacles of the robot i at time ¢ is also
defined as N/(1)={Vo:d’ <r’, oe{l,.M},0# kL. The
positive factorsk;, k,, k; are used to control the fast
obstacle avoidance, and the unit vector n/is given as
n' =(p,-b,)/|p,—b,|. Additionally, in the rotational
force, which is applied to drive robots to escape obstacles,
w’is a control factor and the unit vectorn;” is chosen as

T = (G -5,)/d) —G - %)]d)

n;
Iv.

i

SIMULATION RESULTS

In this section, we present the results of the simulations
of the above proposed control algorithms. We test the
stability of the formation under the influences of noise and
the change of the formation angle.

A. Preparation for simulation

For these simulations, we assume that the initial
velocities of the robots and target are set to zero. The initial
positions of the robots are random. V-shape and circular
shape formations are used to test the proposed control
algorithms. According to [5, 6], the algorithm to generate the
desired V-shape formation of the virtual nodes j (j=1,2..,N)

O e,
],

%, cos@ —sin@

i

d, cosd,

sin@ cos@ )\ d,sind,

if j<N/2+1;j=12.N,

H |

otherwise,

(15)

cosd —sind ~d, cosd,

d,sino,

X

i sind cos@




and the algorithm to generate the desired circular shape for-
mation of the virtual nodes j (j=1,2..,N) is also designed as:

({C"}= j +d|
yj Vi

j:1,2..zv,-§:j—1.

Hore: 0=4(3, ) 0.4 = = j= 1= floor(N[2),

( yj) p,=,3) and p;=(%,7,) . d,=constant
and @, o0, are the desrred distance between the nelghborlng
virtual nodes and the desired formation angle, respectively.
In these case studies, we design the control element & in
(12) as follows:

cosf —sinf

=<

cos(2{r|N)

sin@ cos@ )\ sin(2{x/N)

(16)

kltl(dlt -r")

1 1)k .
(—t——f] s ifdi <
&= d, r)d) ' -r") (17
—k;,, otherwise,
where, k;,,7 and 7* are the positive constant, the target

approaching radius, and the desired radius of the circular
formation 7, <r’ <r', respectively. d =|p, - pt | is the
distance between the leader and the target ky =k e v,
here k”d, &;are the positive factors. Equation (17) shows
that a formation is driven by the leader will track a moving
target when d, > 7. In contrast, it will approach and encircle
the target. The noises used in this simulation are Gaussian
function with zero mean, variance of 1 and standard
deviation of 1, see Fig.3. The formation angle ¢@(¢) is
utilized as follows: (p(t)=27r/3+1.6sin(0.2t), see Fig.4.
The target moves on a sine wave trajectory as follows:
p, = (0.9t +640, 160sin(0.01t)+250)" .The general parameters
of the simulations are listed in table I.

TABLE I: PARAMETER VALUES

Parameter Definition Value
dy Desired distance between robots 60
A Positive constant 20
N Number of robots 9
0a Desired formation angle 2n/3
r Target approach radius 60
Ta Radius around each active node 25
ki’ kit Factors for approach to target 9,0.6
kil kid, ki Positive constants 3,4,9
kil k) ki, Damping factors 1.4
2
1.5
1 | [

_os | 1“\‘1 il i : L H“ | I
£ | !
5 0
172}
2 0.5
1R M A

-1

1.5
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Time (s)

Fig.3. Noise effects on the system.
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Fig.4. Formation angle ¢(t)/2 while tracking a moving target.

B. Test the stability of the swarm in noisy environment
without obstacles
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'iloo ﬁ v
: | / =gl ~ 0
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Fig.5. Position errors ||pl- —q; || under the effect of the noise.
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Fig.6. The influences of noises and the different formation angles
on the swarm’s trajectory while tracking a moving target.

The results in Fig.5 show that the robot i is always closed
to the active node j in the desired formation, and its
formation was maintained following the desired formations
(V-shape and circular formation) although there are the
effects of the noisy environment and the changes of the
formation angle ¢(t)/2. The position error between each
robot i and the active node j, at which this robot i was



occupying, is small, see Fig.5 and Fig.6. The simulation
results in Fig.6 also shows that from the random initial
positions, the free robots have quickly found their desired
position on the desired V-formation. Then, they tracked a
moving target in a stable V-formation. At time =70s, un-der
the influence of the sudden change of the formation angle
from 27/3 to Qmax=(7-0.6) the stability of the formation was
broken, but it was quickly redesigned to continue to track
the moving target. In contrast, when the formation angle ¢(t)
changed slowly the formation of robots was always main-
tained following the desired V-formation with the small
position errors, see Fig.5, Fig.6. Moreover, the simulation
results also show that the noise had influences to the position
error on the robot formation, but this influence only caused
small formation changes as shown in Fig.5.

C. Test the stability of the swarm in noisy environment with
obstacles

The simulation results in Fig.7 also show that robots can
easily escape obstacles, and always converge to the designed
virtual nodes in the desired formations although there are
effects of the noisy environment.

900 . . . . : .
2001 Desired formation ~ Leader’s O Desired formation
(red shapes) trajectory Target’s trajectory
700- @ 5 Leader i
0O ™= Obstacle

6001
500+

4001 t=0s

y-position

3001

2001

O )
L t=50s  =130s .
1001-® ﬁ “®<" Leader
t=220s ermutation
0r Initial position p 1
of robots (blue shapes)
_100 L L L L L L L
0 200 400 600 800 1000 1200 1400 1600
Xx-position

Fig.7. Path planning for a swarm following the desired formations
while tracking a moving target in a noisy environment.

V. CONCLUSION

This paper presents a novel approach to formation cont-
rol of autonomous robots following the desired formations to
track a moving target in a dynamic and noisy environment.
The robot team is able to form predefined formations such as
V-shape or circular shape while tracking a moving target.
The stability and convergence analysis of the proposed for-
mation control is given. The rotational force field combining
with the repulsive force can drive the robot to quickly escape
from the obstacles, more importantly is to avoid the local
minimum problems when the sum of the attractive and rep-
ulsive forces of the potential field is equal to zero in the case
of concave obstacle shapes. The development and applica-
tion of this proposed approach for formation control of the
flight robots in 3D space, such as formation of the unman-
ned aerial vehicles will be our future research.
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