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A Decentralized Cooperative Control Scheme With
Obstacle Avoidance for a Team of Mobile Robots
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Abstract—The problem of formation control of a team of mobile
robots based on the virtual and behavioral structures is considered
in this paper. In the virtual structure, each mobile robot is modeled
by an electric charge. The mobile robots move toward a circle,
and due to repulsive forces between the identical charges, regular
polygon formations of the mobile robots will be realized. For
swarm formation, a virtual mobile robot is located at the center
of the circle, and other mobile robots follow it. In the introduced
approach, each mobile robot finds its position in the formation
autonomously, and the formation can change automatically in the
case of change in the number of the mobile robots. This paper
also proposes a technique for avoiding obstacles based on the
behavioral structure. In this technique, when a mobile robot gets
close to an obstacle, while moving toward its target, a rotational
potential field is applied to lead the mobile robot to avoid the
obstacle, without locating in local minimum positions.

Index Terms—Cooperative control, local minima, mobile
robots, multiagent systems, obstacle avoidance.

I. INTRODUCTION

HE FORMATION control of multiagent systems has re-

ceived many researchers’ attention in recent years. This
attention is due to its applications in several fields such as mo-
bile robots, unmanned surface vessels, autonomous underwater
vehicles, and unmanned aerial vehicles. Among these vehicles,
mobile robots have found many applications for exploration,
surveillance, search and rescue missions, agriculture, and so on
[11-[5].

Three main structures are considered for the formation
control of multiagent systems in the literature, namely:
leader—follower, virtual, and behavioral structures, each of
whom has its own advantages and disadvantages. In the
leader—follower structure, one agent is considered as a leader,
and the other agents are followers which track the leader. In this
structure, since only the followers track the leader and there is
no feedback from the followers to the leader, if a follower fails
to follow properly, no mechanism can guarantee the formation
keeping. However, this structure is easy to implement and
understand. In the virtual structure, all the agents have a rigid
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geometric relationship based on a virtual point or virtual leader
to provide polygon formations [6]. A merit of this structure is
that the virtual leader never fails, and the rigid formation will
be maintained during the swarming. This structure, however,
cannot reconfigure the formation. In the behavioral structure,
while seeking a target, collision or obstacle avoidance are
important issues, and the desired behaviors are prescribed for
each agent accordingly (see [7], [8], and references therein).

In the view of communication networks, two approaches
have been introduced for the formation control of multiagent
systems in the literature, namely, centralized and decentral-
ized approaches. In the centralized approach, the control of
each agent is based on control signals received from a central
controller. The central controller receives the states of all the
agents; then, considering all the agents as a system, control
signals are provided by the central controller. The advantage
of this method is that, in emergency conditions, a human
operator can override the control. However, it is not robust in
the presence of disturbances and faults in the central controller,
whereas in the decentralized approach, each agent makes a
decision based on the information of other agents achieved via
its own sensors. Therefore, each agent provides its own control
input without considering dynamics and control inputs of other
agents [9], [10].

The repulsive force method has been employed for swarming
and collision and obstacle avoidance of multiagent systems in
the literature [11]-[13]. In this paper, it is proposed to apply
this method in the formation control of multiagent systems
based on the virtual structure. This paper addresses a technique
for decentralized virtual structural based formation control of
mobile robots. Since all regular polygon formations can be
considered on a circle, the mobile robots are located on a
circle with a predefined radius around a virtual point which
is the center of the circle. Then, to achieve regular polygon
formations such as triangles, squares, pentagons, and so on,
each mobile robot is modeled by an electric charge which
repulses other charges. If the electric charges are identical and
the mobile robots are structurally similar, mobile robots reach a
stable formation with equal distances from their neighbors. By
considering a virtual mobile robot at the center of the formation,
the swarming of the formation is realized, and the geometric
relationship between the mobile robots is maintained during
maneuvers. Although most approaches used the virtual struc-
ture which cannot change the configuration of the formation [6],
[14], [15], in the proposed approach in this paper, each mobile
robot finds its position in the formation autonomously on a
regular polygon. In this condition, the formation can change
to another regular polygon formation when the number of the
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agents changes. It can be useful when one of the mobile robots
fails or exits or a new mobile robot enters the formation.

An important problem in the swarming of multiagent systems
is maintaining the cohesion and stability when agents avoid
obstacles. Several techniques such as neural network, fuzzy
control, and so on were introduced to address the obstacle
avoidance and path planning of autonomous agents [16]-[18].
Using potential fields and repulsive forces exerted by obstacles
also is a popular technique that was employed in several ap-
proaches. In [11], the center of the gravity of the local swarm
attracted the mobile robots, and the stability of the swarm was
guaranteed. In that paper, repulsive forces were applied for each
mobile robot to avoid collision with obstacles and other mobile
robots. In [12], each obstacle was enclosed in a convex polygon,
and they produced repulsive forces to avoid collision. In [19],
repulsive forces produced by obstacles were used for obstacle
avoidance. In [20], a potential field was employed to avoid
the collision of unmanned helicopters with obstacles. When
an unmanned helicopter approached an obstacle, the repulsive
potential field increased and led it far from the obstacle. A
similar approach was applied in [21] for obstacle avoidance of
autonomous underwater vehicles. In these mentioned papers,
however, if a vehicle moves in the opposite direction of the
potential field, it may not be able to pass the obstacle, and
it may stick in a local minimum position since the resultant
vector of the vehicle motion and the repulsive vector from
the obstacle may be zero. In the proposed approach in this
paper, the potential field produces rotational repulsive vectors.
Therefore, in the introduced rotational potential field, directions
of the vectors are adjusted to the direction of an approaching
mobile robot to lead it toward its target without locating in local
minimum positions. This technique can be applied for obstacle
avoidance of a swarm formation which is based on the virtual
or leader—follower structure. The preliminary versions of the
proposed approaches have been presented in [8] and [22] with
less details and elaborations.

The remainder of this paper is organized as follows. In
Section II, the dynamics of the mobile robots are defined.
Section III proposes the approach for swarm formation of
mobile robots based on the virtual structure. Section IV presents
our approach for obstacle avoidance of mobile robots based
on the behavioral structure. Simulation results are given in
Section V, and Section VI concludes this paper.

II. AGENT MODEL DEFINITION

Consider a multiagent system containing N fully actuated
mobile robots without motion constraints. The dynamical equa-
tions of the kth mobile robot are considered as follows:

M3y, + By, = for, — katr,
M, + Byg = fyr — kayn (D

where (zy,yr) is the coordinate of the mobile robot, M is
the mass, B is the damper coefficient, fi = (fuk, fyx) is the
control force, and k4 is a coefficient considered to control
the transient response of the mobile robot. In other words, a
large value of k; decreases the overshoot in the system but

decreases the speed of the mobile robot. It should be noted
that the mentioned parameters and variables are considered
nondimensional.

In the next section, a control strategy to lead the mobile
robots toward a circle for formation control is presented.

III. REGULAR POLYGON FORMATION BASED ON THE
VIRTUAL STRUCTURE

In this section, a method for formation control of mobile
robots based on the virtual structure is addressed. At first,
(fak, fyr) in (1) is defined to enforce the kth mobile robot to
move toward a circle with radius « and center (2., y.). Then,
a control strategy for regular polygon formations of mobile
robots on the circle will be presented.

A. Mobile Robot Motion Control

Lemma 1 introduces the desired trajectory which attracts the
mobile robots toward a circle.

Lemma 1: Equation (2) provides a trajectory toward a circle
with center (2., y.) and radius « such that, when the states get
to the circle, they will stop moving

= —(r—m) ((I*IC)2+(yfyc)2 70‘2) )

yc) ((m - 330) + (y - yc)2 - a2) (2)

where (z,y) # (2, Ye)-
Proof: By employing the polar coordinate r? = (x —

2+ (y - yo)? and 0 = arctan((y — y.)/(x — 2.)) to (2),
the following equations can be achieved:

y=—(y

2 6=0. 3)

F=—r(r? —ao?)
The main target is to converge to a circle with center (., y.)
and radius «, i.e., r = «. Therefore, we should show that r
converges to « and 7 converges to zero. Let us define an error
e = r — « and a Lyapunov function V'(e) = e2; therefore,

V(e) = 2er-. 4)

Substituting 7 from (3) into (4) yields V (e) = —2e2r(r + ).
From (z,y) # (xc, y.), it can be said that r > 0. Since r > 0
and « > 0, one can get V(e) < 0. Therefore, e and also r
are bounded, and V(e) converges to zero. On the other hand,
the only solution of V'(e) =0 is e = 0. In other words, all
trajectories converge to the circle, and since 6 = 0, when the
states move toward the circle, they do not have rotational
motion, and this proves the lemma. [ ]
Lemma 1 provides us a guideline to find the proper direction
of the mobile robot in (1), i.e., by considering the result of
Lemma 1, input force ( fyx, fyx) in (1) is defined as follows:

for=— ks ((xr — zc) (mp — 2)* + (yr — ye)? — %))
fure= =k (e — ve) (@ — 2)% + (g — ye)* — %)) (5)

where kg is a positive gain.
The next section extends the proposed control strategy for
regular polygon formations of mobile robots on the circle.
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B. Mobile Robot Formation

We target to arrange the mobile robots in a regular polygon
formation. To achieve this goal, each mobile robot is modeled
by an electric charge. If all the charges are negative or positive,
they repulse each other. Let us consider all the mobile robots
with identical charges and define a virtual point at (2, y.). The
force defined in (5) holds the mobile robots on a circle with
radius « and center (z.,y.), and they cannot move far while
they repulse each other. In other words, when the force defined
in (5) is larger than the resultant of the repulsive forces in the
direction of the radius of the circle, it can keep the mobile
robots on the circle. Since the electric charges are identical,
they reach equilibrium points if the distances between them
are identical. Because, in this condition, the resultant of the
repulsive forces tangent to the circle is zero, therefore, a regular
polygon formation of the mobile robots on the circle can be
obtained. The repulsive force between each two electric charges
is defined as follows:

where Fj; is the force between the kth and ¢th electric charges,
k, is a positive constant coefficient, ¢; and ¢ are the elec-
tric charges, and r; is the distance between the two electric
charges. Therefore, the force that exerts on the kth charge from
N — 1 charges is as follows:

N
4di
Fi=kax Y, o (6)
i=1,i#k ki

where it can be decomposed on the x- and y-axes as follows:

N
qkqi

Fop =k, g 5 c08(0k;),
i=1,itk ki

N
qrqi .
Fyp =k, Z T%l sin(0;)
i=1,i£k ki

where
T — T4

|7kl

sin(@ki) = Ll yi.

cos(Oki) = ]

Hence, the dynamics of the kth mobile robot in the proposed
virtual structure can be stated as follows:

M3y, + By = forrvs) — kadk,
My + By = fyrvs) — kaUk @)
where
Jarvs) =Fer—ksk
X ((xk—xC) ((mk—xC)Q“‘(yk_yc)z_aQ)) )

Jyrevs) =Fyx—Fksk
(g —ye) (e —2e)+(yr—ye)*—a%)) . (®)

It should be noted that, in (6), the repulsive force is propor-
tional to 1/rZ,. This states that each agent will be repulsed

_4 ..................................................................................
)
X
Fig. 1. Regular polygon formation in Example 1.

by near agents or neighboring agents. The following example
illustrates the mentioned formation strategy.

Example 1: Consider four mobile robots with initial posi-
tions (=3, 3), (1, 1), (5, 2), and (5, 5) and dynamical equa-
tions defined in (7) and (8), where M =1, B=1, kg =9,
ke = 1, k. = 0.15, (z¢,y.) = (0,0),« = 3,and g, = 10, k €
{1,2,3,4}. The square formation of the four mobile robots is
depicted in Fig. 1.

An advantage of the proposed method is that each mobile
robot finds its equilibrium point and proper position to locate in
the regular polygon formation autonomously, and it is not nec-
essary to set the position of each mobile robot in the formation.
This equilibrium point depends on the initial position of the
mobile robot which means that, if we change the label of the
agents, the provided formation and the positions of the agents
in the formation do not change. Therefore, since the equilibrium
points of the agents are on regular polygon formations, the
proposed approach is useful when the number of the agents
changes during maneuvers due to the mobile robot failures or
adding new ones to the system. In other words, a change in the
number of the agents leads to reach another regular polygon
formation.

It should be noted that the mobile robots move toward the
circle and each mobile robot is repulsed from other mobile
robots. In Fig. 2, the attractive force toward the circle is shown
by fi defined in (5). The repulsive force resultant from other
agents is shown by F}, defined in (6), and it is decomposed into
two terms: F, perpendicular to the circle radius (tangent to the
circle) and Fy! in the direction of the circle radius. To keep the
kth mobile robot on the circle, the resultant of the repulsive
forces exerted on it should be smaller than the attractive force
toward the circle; in other words, fx should be larger than F,g’ It
means that k4 in (5) should be chosen large relative to k,.qrq;
(¢x = ¢;) in (6) to hold the mobile robots on the circle with
favorite errors.
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j}c: Attractive force toward the circle
F,.: Resultant of the repulsive forces

Fig. 2. Forces exerted on the kth mobile robot.

In this condition, the equilibrium positions of N agents are
on the vertices of a regular polygon formation (with N sides
or N vertices). Because, in a regular polygon formation, the
sides are identical, the resultant of the repulsive forces exerted
on each agent tangent to the circle is zero, i.e., F,; =0,ke€

(1,2,...,N}.

C. Swarm Formation for the Virtual Structure

In the previous section, the mobile robots were positioned
in a regular polygon formation around a circle with radius «
and center (., y.). For swarm formation control of the mobile
robots, a virtual mobile robot should be considered at the center
of the circle that tracks a trajectory. The mobile robots placed on
the circle adjust themselves to the virtual leader and therefore
follow its trajectory. Therefore, the force ( fyr(vs), fyr(vs)) for
the kth mobile robot in (8) is modified as follows:

fervs)y =For — ksk

x ((zr — o) (1 = 20)* + (g — 90)* — %)),
fyrvs)y =Fyk — ks

X ((yr = vo) (T — 20)* + (Y — 30)* — %)) 9)

where (2,,y,) is the coordinate of the virtual mobile robot.
The dynamics of the virtual mobile robot can be expressed as
follows:

qu + Bmu :fa:v - ]fdjj'uv

Mijv +Byv :fyv *kdy.v (10)
where (fyv, fyo) is a virtual force.

The obtained regular polygon formation is based on the
repulsive effect of the mobile robots; therefore, it is not neces-
sary to control the distance between the mobile robots directly.
The problem of the virtual structure is the formation changing
during maneuvers, while the proposed approach in this paper
can change the formation automatically when some mobile
robots exit or enter the formation.

IV. OBSTACLE AVOIDANCE IN THE BEHAVIORAL
STRUCTURE

In this section, at first, a control scheme for obstacle avoid-
ance of mobile robots is proposed. Then, it will be extended for
a team of mobile robots based on the behavioral structure.
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B:Vector of the potential field
C:Resultant vector

D:Horizon

>

Fig. 3. Potential field around an obstacle and the trajectory of an approaching
mobile robot.

A. Obstacle Avoidance

This section proposes a technique for obstacle avoidance of
mobile robots based on a rotational potential field. The main
advantage of the proposed obstacle avoidance technique is that
the repulsive forces from an obstacle are adaptive with the
motion of the mobile robot. In other words, the potential field
vectors rotate around the obstacle whose directions depend on
the motion direction of the mobile robot.

For instance, as depicted in Fig. 3, in a case that a mobile
robot is approaching an obstacle in its left-hand side, the rota-
tional potential field around the obstacle is counterclockwise.
The direction of the potential field can be clockwise when the
mobile robot approaches in the opposite direction. Therefore,
the potential field will not be in the opposite direction of the
approaching mobile robot, and the resultant input force on the
mobile robot will not be zero. Therefore, the mobile robot will
not stick in a local minimum position.

Without loss of generality, an obstacle is considered as a
rectangle in the direction of the z- and y-axes whose center
and dimension will be identified via the mobile robot sensors.
As shown in Fig. 3, an ellipse is considered around the obstacle
whose equation is proportional to the location and dimension
of the obstacle. This ellipse has minimum area that passes
through the vertices of the rectangle, and the defined rotational
potential field vectors are on ellipses parallel to this ellipse.
The following lemma provides the equation of the ellipse with
minimum area.

Lemma 2: The equation of an ellipse with minimum area
which envelopes a rectangle with (z, & v1,y, = v2) as its
vertices is given as follows:

1

1
2 2
— (@ —z)+ =5y —w) =1 11
21;%(9” o) +2v§(y Yo) (11)
where (z,, y,) is the center of the rectangle.
Proof: Consider an ellipse with
Az —20)* + By — )" = 1. (12)
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The area of the ellipse is proportional to 1/AB. Therefore, to
achieve the minimum area of the ellipse, AB and also (AB)?
should be maximum. By substituting the coordinates of the
rectangle vertices in (12), it can be stated that

1— AQ 2

721}1. (13)

AQ’U% + BQUS =1= B?=
V3

Therefore, the maximum (AB)? can be obtained by the follow-
ing conditions:

d(AB)?
9A

By substituting (13) in (14), since A # 0, one can get A? =
1/2v?, and then, B? = 1/2v3. Therefore, by substituting A?
and B? in (12), (11) is achieved, and this proves the lemma. H

Therefore, the equation of an ellipse with minimum area
around an obstacle on the x —y plane whose vertices are
(2o & v1, Yo £ v2) can be stated as follows:

=0.

(14)

AQ(:E - mo)Q + BQ(y - yo)2 =1

where A? = 1/2v? and B? = 1/2v2. The potential field vec-
tors are parallel to this ellipse, on ellipses which can be ex-
pressed by the following equation:

Az —20)? + B2y —yo)* = 1 (15)
where A / B=4A /B. On the other hand, the potential field is
rotational on these ellipses. Lemma 3 provides required state
space equations with trajectories rotating around the introduced
ellipses in (15).

Lemma 3: In the following state space equations, the tra-
jectories of the states with any initial positions rotate on
the ellipses A%(x — 2,)? + B2(y — y,)? = 1 in the clockwise
direction:

B
x—A(yA Yo),
U= — %(xfxo). (16)

Proof: By defining the polar coordinate 72 = A? (x —
20)? + B2(y — y,)? and 0 = arctan((y — y,)/(x — z,)) and
substituting them in (16), one can get 7 = 0 and 0= —1, and
this proves the lemma. |

It should be noted that the clockwise direction of the vectors
in (16) can be reversed by inverting the sign of = and y. To
avoid a sudden change in the direction of the mobile robot
approaching the obstacle and to avoid locating in local mini-
mum positions, the direction of the potential field is determined
based on the direction of the kth approaching mobile robot, i.e.,
Yy = arctan 2(y, ¢ ) (when it gets close to the potential field
vectors). The direction 15 should be compared with the angle
between the line linking the mobile robot and the center of grav-
ity of the obstacle and the horizontal axis which is indicated by
X&- Therefore, based on the aforementioned reasons, in a case
that the mobile robot approaches the obstacle with 5, > xg, it
is proper to move in the clockwise direction. In the other case
that 1, < xx, the vector direction should be counterclockwise.

The angle between the line linking the mobile robot and the
center of gravity of the obstacle and the horizontal axis can be
obtained as follows:

Xk = arctan 2(Yo — Y, To — Tk)

where X and v are shown in Fig. 3. Since —n <
arctan 2(.) < mr, therefore, —m < x; <, and —7 < ¢, < .
On the other hand, in the proposed approach, ¢, and yj are
considered between 0 and 27; therefore, they can be compared
as follows:

Vi > Xk
P < Xk

if mod(wk — Xk, 27‘() <m,
if mod(¢r — xp,27) >
where mod(.) is the modulus after division.

Considering the aforementioned issues, the rotational vectors
around the obstacle can be stated as follows:

fer = fakr® + fyrd (17)
where
Jakr = fakres fykr = fykre Yk 2 X
fakr = fakree, fykr = fykree ¥k < Xk

and (fzkre, fykre) a0d (fakree, fykree) Tespectively show the
clockwise and counterclockwise force vectors as follows:

B B

karc = Z(yk - yo) = Z(yk - yo)

A A
fykrc - - E(xk - mo) - _E(ajk - -ro) (18)

B B
fmkrcc = - Z(yk - yo) = 7Z(yk - yo)

= A = 19

fyk:rcc — E(xk - xo) — E(xk - xo)- ( )

The magnitudes of the potential field vectors expressed in
(18) and (19) decrease when they get closer to the obstacle.
However, it is desired to increase the potential field when
the mobile robot is approaching the obstacle. To modify (17)
properly, let us first normalize it as follows:

fatkr fykrj
|fkr‘ |fl€r|

where [y, is the normalized form of (17), and then multiply it
by 1/r? where 7y, is related to an ellipse that is tangent to the
mobile robot position which is defined as follows:

rL = \/AQ(ack — %)%+ B?(yr — yo)% — 1.

1+

fkrn = ftkfnl + fykrnj = (20)

Therefore, 1/r% increases when the mobile robots approach the
obstacle, and it enlarges the potential field vector magnitude.
On the other hand, the normalized vectors in (20) should be
large enough to be able to change the direction of the mobile
robot; therefore, the magnitude of these vectors should depend
on the magnitude of the desired input force on the mobile
robot (without obstacle avoidance) through a function g(.).
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O Robotl] :
* Robot2| :

The local minimuni position when

10 15 20 25 30 35
X

Fig. 4. Obstacle avoidance of two mobile robots in Example 2.

Therefore, the following equations show the input force for
obstacle avoidance considering all the aforementioned issues:

ifr, <r,:
g fkdes karn 1 1
fmk(OA) = kades + (‘# ( -—,
Tk Tk Ta
_ 9 (frdes) fyprn (1 1
fyk(OA) - fykdes + T]% - o
else :

frk(OA) = fa:kdes

Jyroa) = fykdes 21
where frdes = (fzkdes: fykdes) is the desired input force on
the mobile robot without obstacle avoidance, g(|fxdes|) is the
function of frges, and 7, is defined as an ellipse where the
potential field vectors are active inside it.

In the last term of (21), ((1/7%) — (1/74)) helps us to keep
the cohesion of the effect of the potential field vectors on the
mobile robot. The smaller r (closer to the obstacle) yields the
larger effect of the potential field for obstacle avoidance.

It should be noted that the target of the mobile robot should
not be in the effective region of the obstacle where the potential
field is active inside it.

Example 2: Suppose two mobile robots with initial positions
(14, 12) and (14, 14) where their input forces are (8, 8), M =1,
B=1, and k;=09. Then, consider g(|fxdes|)=|frdesl ra=1,
and an obstacle with (20 + 3, 20 + 2) as its vertices. The
trajectories of the two mobile robots are depicted in Fig. 4.
The mobile robot shown by x moves toward the center of the
obstacle, and if the traditional potential field is employed, it
cancels the input force (8, 8); therefore, the mobile robot sticks
in a local minimum position. The trajectory of the mobile robot
when the traditional potential field is applied is depicted in
Fig. 4 with a dashed line.

As shown in Fig. 4, each mobile robot passes the obstacle
based on its direction and relative position to the obstacle. The
second terms of f,10a) and fyr(0a) in (21) present the effect
of the potential field, and based on the definition of the potential
field, the resultant of the input forces on the mobile robot will
not be zero. In other words, the potential field force cannot
cancel the desired input force on the mobile robot. Therefore,
the mobile robots do not stick in local minimum positions. This
issue is verified in Fig. 3.

The proposed potential field is rotational on ellipses envelop-
ing a rectangular obstacle. It should be noted that, if we can find
a method to calculate the equations of ellipses which envelope
an obstacle with any shapes (nonrectangular), the proposed
approach can be extended for avoiding the obstacle.

B. Behavioral Structure

To extend the proposed approach for obstacle avoidance
of swarming mobile robots, the mobile robots should rebuild
the formation again, after passing the effective region of the
potential field. Therefore, the force which is used for obstacle
avoidance should decrease continuously, and the force which is
employed for the virtual structure should be increased. Accord-
ingly, to apply the mentioned behavioral structure for obstacle
avoidance of a team of swarming mobile robots, (21) for the
kth mobile robot should be modified for the conditions that
the mobile robot approaches the obstacle and then passes it as
follows:

ifr, <rg:

Jok(BS) = Jak(VS)|y=ra

g (‘fk:(VS)\Tk:m ) ka:rn 1 1
il sy
i T Ta

Fyr®8) = Fyk(v8)lry =,

9 ([fecvsi, .
+

2
Tk

fl ™
) fu (1) e

TR Tq
else (after passing the obstacle) :
.f:rk(BS) = fa:k:(VS)\rk:m eXP(—TTk)
+ far(vs) (1 —exp(—=717%)),
fyr®s) = fyk(vs)lr, ., EXP(=TT)

+ fyr(vs) (1 — exp(—=77)) (23)
where fiBs) = (ferBs), fyr(ss)) is the input force in the
behavioral structure, 7 is a positive constant number to
have a smooth switching from the strategy for obstacle
avoidance to the virtual structure, and the fi(vs)

lrk=ra
(fk(VS)lry —ra > Syl (VS) ey ) 18 the frvs) = (fur(vs) s Syr(vs))
when the formation reaches the obstacle which is considered to
keep cohesion in the switching.

To rebuild the formation after passing the obstacle, a feed-
back from the position of all the mobile robots in the formation
is considered to control the position of the virtual mobile robot.
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Therefore, the input force on the virtual mobile robot in the
behavioral structure can be stated as follows:

if r,, <rq (T'm = minimum of ry, ke {1, 2,..., N}) :
wa(BS) = fmvdes + kp(Im - Iv) (1 - eXp(*TTm))
— o) (1 —exp(=77p))

else (after passing the obstacle) :

fyv(BS) = fyvdes + kp(ym

fmv(BS) = frvdes
fy'u(BS) = fyvdcs

where (fyydes, fyvdes) 1S the desired input force on the virtual
mobile robot without obstacle avoidance, £, is a positive gain
of the feedback, and (x,,, y,,) is the mean of the mobile robot
positions which can be stated as follows:
N N y
k k

k=1

V. SIMULATION RESULTS

The proposed approaches for different formation structures
are evaluated by the following scenarios.

Scenario 1: Consider four mobile robots with dynamical equa-
tions (7) and the input force given in (9) where their initial
positions are (5, 5), (2, 4), (4, 4), and (5, 1). The mobile
robots surround a virtual mobile robot with initial position
(4, 5). Without loss of generality, consider M =1, B =1,
kq =9, ke, = 100, k € {1,2,3,4}, k, = 10, a = 3, and
qr = 10, k € {1,2,3,4}. The dynamical equations of the
virtual mobile robot are given in (10), where f,, = 8 and
fyv = 8sin((1/4)z,). In practice, the actuators have a
limited range of application. To consider this constraint,
it is supposed that | fx|max = 20, k € {1,2,3,4}. Fig. 5
shows the four mobile robots around a virtual mobile robot
in a square formation for ¢ = 50. The figure confirms that
the mobile robots reach a square formation with distance
4.24(2 x 3sin(mw/4)) from their neighbors with negligible
errors.

Scenario 2: Now, we repeat the previous scenario when one of
the mobile robots fails or exits the formation arbitrarily.
Fig. 6 shows that, when the fourth mobile robot exits the
formation, the formation changes to a triangle formation
automatically. Indeed, when the mobile robots stop and
fail to follow the virtual mobile robot, as other mobile
robots move and get far from it, forces exerted by the faulty
mobile robot will be gradually diminished.

Scenario 3: Now, suppose that there is an obstacle with vertices
(25 + 4, 25 4+ 3) and the virtual mobile robot desired
input force is (8, 8). Then, consider g(|fx(vs)l,,_.,|) =
|fk(vs)|%:m |, 7q =1, kp = 10, and 7 = 4. As the mobile
robots approach the obstacle, by using (22) and (23), the
strategy switches to obstacle avoidance, and after passing
the obstacle, the formation of the mobile robot will be
rebuilt. Fig. 7 shows this scenario when the formation gets
close to the obstacle for ¢ = 50.
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Fig. 5. Mobile robots swarming with square formation in Scenario 1.
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Fig. 6. Swarming of the mobile robots with a square formation in Scenario 2
when one of the mobile robots exits the formation.

VI. CONCLUSION

In this paper, by using attractive forces toward a circle and
by inspiring from the repulsive force between identical electric
charges, a control strategy for regular polygon formations of
mobile robots was presented based on the virtual structure. In
the proposed approach, the distances between the mobile robots
regulated autonomously to reach a regular polygon formation,
and the formation was maintained while it was moving. It
could also be adjusted to the formation changing when some
mobile robots exited or entered the formation. A novel method
for obstacle avoidance of mobile robots in a formation was
also introduced. This method that was based on a rotational
potential field prevented the mobile robots to be in contact with
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Fig. 7. Obstacle avoidance in Scenario 3 when the formation gets close to an
obstacle.

obstacles and led the mobile robots to move toward their desired
targets in a smoother trajectory compared to similar techniques
in the literature. Although obstacle avoidance approaches used
potential fields, the proposed approach prevented vehicles to
stick in local minimum positions.
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