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Abstract

Nowadays, swarm robot is widely used in practice. Controlling the swarm robot is always a challenge for many researchers. In this paper,
the algorithm is proposed to control the swarm robot with three single mobile robots. The decentralized collaboration control is studied to
control the swarm robot to move to the target. The robots of swarm mobile robots can communicate together via the wifi protocol. The camera
and image processing are applied to localize the robots, determine the directions, and recognize the obstacles. The path-tracking algorithm is
employed to control the leader robot which allows the swarm robot can track the reference path asymptotically. In addition, the Limit Cycle
algorithm (LC) is proposed to control the swarm robot to avoid the obstacles on their way. Formation control based on leader-following is
used to control the swarm robot moving in different formations. Both simulation and experiment results are provided to prove the effective-

ness of the proposed method.
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Tém tit

Ngay nay robot by dan ngay cang dwoc sir dung rong réi trong
thuc té. Viéc diéu khién robot bdy dan luén 14 nhitng thach thirc cho
c4c nha nghién ctru. Trong nghién ctru ndy, cac thuét toan didu khién
duogc d& xuét cho robot bay dan véi ba robot di dong. Phuong phép
diéu khién hop tac phan tan duoc nghién ciru dé diéu khién robot bay
dan di chuyén t6i vi tri mong mudn. Cac robot cta robot by dan co
thé giao tiép théng qua giao thirc wifi. Cong nghé xir 1y anh dugc ap
dung dé dinh vi, xac dinh huéng ciia cic robot, va phat hién vat can.
Thut toan bam quy dao dwoc 4p dung cho robot din dau dé diéu
khién robot dan dau bam theo dudng di xéc dinh truée. Thudt todn
“Limit Cycle” dugc st dung dé diéu khién robot by dan tranh vét
can trong qua trinh di chuyén t&i dich. Thudt toan didu khién tao hinh
cho robot biy dan di dugce dé xuit dé diéu khién robot biy dan co
thé di chuyén véi nhitng hinh dang khac nhau. Két qua mé phong va
két qua thyc nghiém ddi voi robot bdy dan da dugc trinh bay dé
chtng minh sy thanh céng cia phuong phép diéu khién.

1. Introduction

Recently, there is a wide range of applications of the
swarm mobile robot in reality and it has also received great
attention from researchers. Many previous studies paying at-
tention to the controller design for swarm robots were found
in the past few years [1]-[7]. For example, in paper [1], a new
architecture for controlling the swarm robot to overcome the
challenging of the environmental constraints and the dynamic
changing of the mission is proposed. The adaptive fuzzy con-
troller was studied to control the formation of the swarm ro-
bot, where the adaptive fuzzy was applied to approximate the
error and the disturbance [2].

The algorithm based on Particle Swarm Optimization and
the artificial potential field was proposed to control the swarm
robot system to search the multi-goals [5]. In the paper [6],

the moving distance of the swarm mobile robot was optimized
by applying the PSO algorithm for minimizing energy con-
sumption and moving time. The optimal algorithm for con-
trolling the swarm mobile robot was analyzed in [7].

One of the most important problems for controlling the
swarm robots is to keep the formation of the swarm mobile
robots during movement. Recently, many papers focusing on
formation control for swarm mobile robots have been pub-
lished [8]-[16]. For instance, the modeling and controlling
methods for the swarm robot were presented in [8]. In [9], the
back-stepping control method was applied to control the for-
mation of the swarm robot. The self-organization formation
algorithm was investigated for swarm mobile robots in [10]
and [11]. In addition, the method for controlling the swarm
robot to keep the swarm mobile robot moving in a line for-
mation was studied in [12]. Moreover, the positioning of
every single mobile robot plays a very important role in for-
mation control. Morgan and Hereford in [13] proposed the
path formation method to control swarm mobile robots in case
the information of the environment is limited. The method
based on the vision technique was investigated in [14] and
[15] for to obtain the position of the swarm mobile robot and
keep the them moving in a specific formation. The loT tech-
nology has been applied for the formation control of the
swarm robot [16] in which the information of the trajectory of
the swarm mobile robot is collected by the 10T platform.

However, these above papers merely pay attention to the
formation control and other issues of swarm mobile robots
such as path planning, and obstacle avoidance have not been
addressed. It should be noted that during moving, encounter-
ing obstacle on the way is inevitable in practice.

Therefore, obstacle avoidance and path planning control
for the swarm mobile robot is a pressing issues and great chal-
lenge for researcher. In the past few years, many papers have

Received: 26 November 2022; Accepted: 3 April 2023.


mailto:phongvv@hcmute.edu.vn

70

Measurement, Control, and Automation

concentrated on the obstacle avoidance algorithm for mobile
robots [17]-[23]. For instance, the Limit-Cycle algorithm was
proposed for controlling the mobile robot to avoid the obsta-
cles located on the way [17]. The orbit obstacle avoidance al-
gorithm based on the limit-cycle method was proposed in [19]
that allows the mobile robot can achieve the target without
collision with obstacles. The navigation control algorithm and
obstacle avoidance based on the distance sensor data were in-
vestigated for the mobile robots in the paper [20]. Addition-
ally, the path planning method cooperating with obstacle
avoidance based on the optimal methodologies such as SA,
PSO, and FA were proposed for the mobile robots in [21]. Re-
garding the path planning and obstacle avoidance algorithm
for swarm mobile robots, recently, there exist several studies
have been published [24]-[26]. For example, Meerza and Is-
lam, et al. in [24] have proposed a method based on the Q-
learning for the path planning control of the swarm mobile
robot. In [25], the problem of searching multiple targets of the
swarm mobile robot and the hybrid path planning combined
with obstacle avoidance issues were investigated in [25] and
[26], respectively. However, these articles [24]-[26] only con-
centrated on obstacle avoidance and path planning and with-
out mentioning the formation control of the swarm mobile ro-
bot.

With the aforementioned analysis, it is seen that some pre-
vious studies such as [8]-[16] focused on studying formation
control and did not investigate the problems of obstacle avoid-
ance and path planning. While several recent studies [24]-[26]
merely researched path planning and obstacle avoidance. Due
to this reason, the problems of formation control, positioning,
obstacle avoidance, and path tracking will be investigated in
this work. More importantly, not only the simulation results
but also experimental results will be provided to demonstrate
the effectiveness of the proposed method. The contributions
of this work are summarized as follows:

1) The swarm robot with three single mobile robots is
designed and implemented in this study.

2) The image processing technique is employed to de-
termine the position of the swarm robot and detect
the obstacles.

3) The leader-following control algorithm is applied to
control the swarm robot. The robot leader is con-
trolled for tracking the trajectories and then the two
follower robots will follow the robot leader.

4) The formation control robot is used to keep the
swarm robot in the specific formation.

5) The limit-cycle algorithm is employed for control-
ling the swarm robot to avoid obstacles and achieve
the target accuracy.

The rest of this paper is organized as follows. The system
description, communication protocol among the single robot,
and the mathematical model of the robot are presented in Sec-
tion 2.

The positioning and obstacle detection method is shown
in Section 3. Section 4 presents the control algorithms that are
applied to the swarm robot. The simulation and experiment
results are founded in Section 5. Finally, the conclusions are
drawn in Section 6.

2. System Description

2.1. System Description

In this paper, the swarm mobile robot structure is de-
scribed in Fig. 1. The system includes a camera USB Logitech
to collect the image and transmit it to the computer. The image
will be processed in the computer to detect both the position
and direction of the sub-robots as well as recognize the obsta-
cles. The sub-robots are connected to the computer via wifi
protocol by using Router Wi-Fi.

A single Robot is built with the structure in Fig. 2. Each
sub-robot consists of Wi-Fi module AC8265, Jestson nano
BO1 board, Driver Expension Jetbot board, Memory card, and
battery. Python language programming is used to make the
program for the system. The system also has the GUI to mon-
itor the operations of the swarm robot; and set up the for-
mation and parameters of the system.

2.2. Communication Protocol

The swarm system is connected via wifi protocol that is
presented in Fig. 3. The API server socket is built into the
computer that contains the IP server, and three mobile robots
are configured as the clients. The function of the socket server
is to store and transmit the data among the sub-mobile robots.
When the client sends the data to the server, other sub-mobile
robots can access this data, however, the program in each sub-
mobile robot will decide whether to receive this data or not.

In this paper, the server socket has to communicate with
three sub-mobile robots, therefore, the multithreaded Process
model is employed to help the system with multi-task operat-
ing simultaneously. Each task is executed independently,
hence, if a task is an error, it will not affect others.
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Figure 1: Structure of the Swarm Robot system
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2.3. Mathematical Model of the sub-mobile robot

Let us consider the mobile robot in Fig. 4.

Y,
Xc

Robot

0 x X
Figure 4: Model of the single mobile robot.

The mobile robot is represented under the following
mathematical model

x
5| -
6
where g =[x y 0]7,x,y isthe position of the robot, 8 is

the angle between the X-axis and line Xc (expressing the di-
rection of the robot).

q:

vcos B cosf 0 v
vsin@|=|sin6 0 [w] 1)
w 0 1

3. Positioning and obstacle detection

To control the warm robot, determining the position of
each robot in the swarm plays a very important role. In this
paper, the position of the mobile robot is obtained based on

image processing. Each mobile robot is attached to two circle
tags with different colors as Fig. 5.
o

”

Figure 5. The mobile with color tags

The procure for determining the position of the swarm
mobile robots and detecting obstacles is described in Fig. 6.

- . Pre-proceSSing

Detecting objects
and extracting
background

-

Figure 6. Procedure for obtaining the positions of the mobile robots and ob-
stacles.

Pre-processing: Because the captured pictures from the cam-
era are distorted that will affect the detecting results. There-
fore, the images will be calibrated by applying the calibration
tool of the OpenCV before using them for the next steps.
Detecting objects and extracting background: The objects
will be detected based on the HSV color threshold. Using the
Color Threshold will assist to extract the background and de-
tect the objects.

Determining the center of the objects: The center of the ob-
jects is calculated in the following formula

Mio
Cx = —
Moyo

— Mo
and C, = o 2
where ( C, , C, ) is the center of the objects.

Mo, Moo, and M, are the image moment of each pixel.

Determining the position: The camera will detect the center
of each tag by using the image processing algorithm as in Fig.
6. After obtaining the center of the two circle tags, the center
of the mobile robot is computed as follows
X1+Xp
x =T ®3)
_y1ty2
o == _ _ (4)
and the direction of the mobile robot is calculated in the fol-
lowing formula
0 = tan~1(222) + 90° (5)
X1—X3
or
0 = tan™'(£22) + 270° (6)
X1—X2
where (xq, y1), (x5, ¥,) are the centers of the tags, 9 is the
angle that expresses the direction of a mobile robot in Fig. 7.
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After applying the image processing the position and the
direction of the three mobile robots are determined in Fig. 8.
The values of the positions of the leader mobile robot and two
slave robots are shown in Fig.9

Oy

N
Y2

Y XX Ox
Figure 7: Positioning the mobile robot based on image processing.

Jli;li

Figure 8: Position and direction of the mobile robot

Figure 9: values of the position and direction of the mobile robot on the
GUI

4. Control Algorithm for Swarm robot

In this paper, a swarm robot with three sub-robots is de-
signed and implemented. Robot 1 is assigned as a leader robot;
Robots 2 and 3 are follower robots. The motion of the Sub-
Robot 1 will lead the motion of the swarm. The tracking path
algorithm will be applied for the swarm robot to make the
swarm robot to be able to track the pre-defined trajectories.
The swarm also is controlled to avoid the obstacles that locate
on their path by applying the Limit-Circle Algorithm.

Finally, the formation control method, called Leader-Fol-
lower, is employed to control the swarm robot moving in a
specific form such as a triangle, vertical line, and horizontal
line.

4.1. Tracking Path Algorithm

Because the movement of the swarm robot depends on the
movement of the leader robot, in this article, the tracking con-
trol is applied for the leader robot to track the reference tra-
jectories. The purpose of the tracking path algorithm is to con-
trol the center of the mobile robot C approach to the reference
point and make the tracking error converge to zero when t —
0,

Suppose that the reference point is expressed in the follow-
ing equation

vy cos 0, cos6, 0],
[Ur sin @ ] [sm 0, 0] [w:] (7
1

where g, =[x, ¥ 6,17, (x,, y,) is the reference position,
6, is the reference angle. v, and w, are the reference linear
velocity and rotatory velocity (see Fig. 10).

Y Xc

Reference

X
Figure 10. The mobile robot and tracking trajectory [22]
Let us define the tracking error
ey = T.(ar — q) (8)
cos§ sinf 0
where T, = |—sin6 cos6 0, then (8) is written
0 0 1
cosf sinf 0 xr_x
e2 — sm 7] cos 0 0 9
9 - 9

in which ey, e, are the tracklng error in the x and y-axis, re-
spectively. e is the angle error between 6,. and 6.

Based on the method in [22], the linear velocity and angle
velocity for the leader robot are calculated as follows:
_[v1] _ v, cose; +kie;

Ve = (U1] - [wr + k3v, sine; + kyv,e, (10)
where k4, k,, and k5 are the positive scalars that are selected
by using the trial-and-error method. Finally, based on the ob-
tained v; and w,, the velocity of the left and right-wheel
Vr1, V11 Of the leader robot are computed in the following for-
mula

VLl = U1 - a)lr

{VRI =1 + w1Tr (11)

where 2r is the distance between the two wheels of the leader
robot.
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4.2. Obstacle avoidance algorithm

To avoid the obstacle located on the trajectory of the
swarm robot, the Limit Cycle algorithm [5] is employed for
the swarm robot. It should be noted that to avoid a collision
between the robot and obstacles, the mobile robot and obsta-
cle are surrounded by the safety circle with a radius R.

The limit cycle algorithm is operated based on the obstacle
and mobile robot detection. Let us consider the system with
three obstacles in Fig. 11 where 0, is the object that obstacle
the moving of mobile robots and 0,, is the object that is not
impacted by the moving path of the robot.

- N

A 1 et
{ ‘ \ . Target
\ ! s @

L
'
e |
X | 1
Y ’
~_ #

Oy

Figure 11: The mobile robot with three obstacles

To determine the path plan to achieve the target and avoid
the obstacle, the Limit-Circle algorithm is carried out by the
following procedure:

Step 1: Plot a line | connecting the center of the mobile robot
and the center of the target that has an equation in Oxy coor-
dinate: ax + by +c =0

Step 2: If line | crosses the influence circle of the obstacle, this
obstacle is considered a disturbing obstacle 0,, otherwise, it
is taken into account non-disturbing obstacle 0,, (see Fig. 10).

Step 3: The mobile robot will achieve to the target directly if
there does not exist the obstacle 0.

Step 4: If there exist 0,4, the nearest distance d between the
center of the obstacle 0,4 and line | is computed as follows:

aQx+bQy+c

va?+b?

where Q,, @, are the center of the obstacle, a, b, and c are the

d = 12)

coefficients of the line I.

Target
e
R,R, > G, G,
Pid \
] T \
e 1
- W 1
= ,,' Safety
~--- circle
Robot

Q,.0Q,

Figure 12: Determining the moving direction of the Mobile robot

Based on the value of d, the moving direction of the robot
is determined. If d is positive, the robot will avoid the obstacle

in the clockwise direction, otherwise, it will move in the coun-
ter-clockwise direction.

When there are disturbing obstacles, the avoiding obstacle
trajectory is constructed by tracking the safety circle of the
obstacle (see Fig. 13).

4
— S ,

Robot

Figure 13: The avoidance obstacle operation

In order to build the avoidance obstacle trajectory, the co-
ordinate needs to be re-established in the center of the obstacle
as in Fig. 14.

R
2| s
s X5 1 Mew Croridante
! I )
L]
* —-— \ s
— *\ Obstacle .
Robot
—
Original i

Cooridant
Figure 14: Re-establishing the coordinate

The new position (x,, y, ) of the robot in the new coordi-
nate is determined:

Xg cosa —sina 0 x| /X

Vs | _|[sina cosa 0 yopst y 1

0 o o 1 0] (o) @
170 0 0 0 1 1/ 4

After obtaining the incremental position of the robot in the
new coordinate and based on the value of d, the robot will
determine the moving direction (clockwise or counter-clock-
wise trajectory) to for avoiding the obstacle and achieve the
shortest path. The two trajectories are described in the follow-
ing equations.

Clockwise trajectory movement:

Xs = Y5 + xs(rvz - xsz - ysz)

Vs = —Xs + ys(rvz - xsz - ysz) (14)
Counter-Clockwise trajectory movement:

x.s ==Y +xs(2rv2 _szz _3752)

Vs = X5 + ¥s(r5 — x5 — ¥5) (15)
1, IS calculated as follows

p=7+1,+0 (16)

in which ;. is the radius of the robot, 7, is the radius of the
obstacle and § is the radius of the safety circle.

The angle for demining moving direction is obtained as fol-
lows:
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0, = arctan(%) a7
where

. d

Xs = mys + XS(T'VZ - xsz - ysz) (18)

. d

Vs = _mxs + ys(rvz - xsz - ysz) (19)

From the obtained x; and y;, in eqg. (18) and eq. (19), the lin-
ear velocity for obstacle avoidance moving is calculated

Ur =+ xsz + ysz (20)
The angular velocity is determined as follows
w, =" (21)

dt

From (20) and (21), the reference trajectory for avoiding ob-

stacles is
Xy cosg 0
. U,
r =[sin9 0] ] 22)
6, o 17

Applying the tracking reference path algorithm in Section 4.1,
the linear velocity and angle velocity of the robot result in:

V. =V, coSeyg + ke,
we = wp + kgvy sineg + kyvee,

(23)
(24)

4.3. Formation Control Algorithm

To control the swarm mobile robots moving in a specific
formation, the Leader-Following is applied in this paper. It
means that the follower mobile robots will follow the action
of the leader mobile robot when they are moving. There are
three methods for formation control of the swarm mobile ro-
bot are illustrated in Fig. 15. In this paper, the swarm mobile
robot with three mobile robots is considered as Fig. 16. The
mobile robot R, is a leader and mobile robot R;and R3 are the
followers.

:@ :@ :be

a) b) c)
Figure 15: Formation control robot algorithm

In the algorithm in Fig. 15(a), the mobile robot R, and Rs
are controlled to keep the distance between mobile robots R,
to R; and Rs to R to be a constant value. Fig. 15b expresses
the formation moving of the swarm robots in which the swarm
robot is controlled such that the distance between R and Rs.
Rs to R, are constant. Unfortunately, the formation control
methods in Fig. 15a and Fig. 15b is with low accuracy. Due
to this reason, in this paper, the method in Fig. 15c is applied
to control the swarm mobile robot.

From Fig. 16, it is seen that [,,, 3, l,3 are the distance be-
tween Ry and Rz, R1 and Rs, Rz and Rs, respectively. In this
paper, the control method will maintain the distances

15, 113, 1,3 (see Fig. 10) based on the formation of the swarm
robot.

Y

Figure 16: Swarm mobile robot system with three members.

From Fig. 16, we have

I¥, =x1 —x, —dcos 6,
B,=y, —y, —dsin6,
¥ =x; —x3 —dcos0
l]j/3_1_3_d,93 (25)
13=Y17)3 Sin 3
I35 =x, —x3 —dcos 05
l§3=y2—y3—dsin93

Then the distances 1,5, l;3,and l,5 is computed as follows
Ly = 152+,
liz = 1/li%z + lfsz
s = w,13632 + l%/32

The angles ¥;,,143,¥,5 (rad) are the angle between Robot 1
and robot 2; robot 1 and robot 3; and robot 2 and robot 3, re-
spectively. These angles are computed in the following for-
mula.

(26)

P, = arctan (%) -0,+m
l}'
P13 = arctan <ﬁ> —-0,+m
ly
tlpn = arctan <§> -60,+m
in which 6,, 6,,and 85 (rad) are the angles between Robot 1,

Robot 2, and Robot 3 with the Ox axis, respectively.

To design the formation controller for the swarm robot
system, the dynamic equation of the swarm robot with three
mobile robots is expressed in the following equations [22]:

92 = (Uz

(27)

(28)

93 = w3

Z = G,(2,04,0,,03)uy3 + F(2)uy
where z=1[l;, ¥, Lz P3]7 is the output vector,
Uy = [V2 w2 V3 ws]T isthe input vector. v;, v,, and v,
are the linear velocities and w,, w,, w5 are the angular veloc-
ities of Robot 1, Robot 2, and Robot 3, respectively.
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Based on the method in [20], the parameters G,, F,, and p
are determined

[ COS V12
—sinys2 —d cos Y12

G, = ‘ li2 li2
0 0

l— coS Py 0
[— cosyP;, O ]

dsinyq, 0 0
0 0

(29)

dsiny;s
dsiny,s

COS V13
C0S Y23

sinia
1 (30)

key (1f —
ko (i, —
ks(lfs = Lis)
ka (15 — L33)

where k,, k,, ks, and k, are the positive scalar controller
gains that are selected arbitrarily by the user. y;; = B;; + ¥
with B;; = 6; — 6. The control inputs for Robot 2 and Robot
3 are computed:

Uy = [V2 W2 V3 W3]

1/’12) (31)

|
=
| |

T'=6'(p — Fuy)

It should be noted that the relations between the linear ve-
locity and the rotatory velocity of Robot 2 and 3 and the ve-
locities of the left and right wheels are represented

(32)

v, = Vi2+VR2
, = ——=2
2
{ VR2—Vi2 (33)
w2 = 2r
_ Vi3tVRs
3 =
2
{ VR3—VL3 (34)
w3 2r

in which V,, and V/, are the velocities of the left and right
wheels of Robot 2. V;; and V4 are the velocities of the left
and right wheels of Robot 3.

From Egs. (33) and (34), the velocities of the left and right
wheels of Robot 2 and Robot 3 are determined:

VLZ =V — Wyr
VRZ =7, + wyTr
Vi3 = v3 — w3r (35)

VR3 = V3 + w37

5. Simulation and Experiment Results

In this section, both simulation and experiments are exe-
cuted for the swarm robot with three mobile robots the prove
the effectiveness of the proposed method.

5.1 Simulation results

«+ Tracking reference trajectory for a single mobile

robot

Firstly, to verify the effectiveness of the tracking controller,
the single mobile robot is used for validation. The reference
trajectory used for simulation in this paper is calculated by
using eg. (7) in Section 4.1 with (x,,y,.) = (2, 1) (m) and
6, = 45% v, = 0.04(m/s). The initial position of the leader
robotis (x,,y,) = (2.18,1) (m)and 8 = 90°. The simulation
results for tracking reference trajectory are shown in Figs. 17-
20.

Reference trajectory
_Real trajectory

7

.' Initial position

Figure 17: Tracking trajectory control for a robot

©
Figure 18: Tracking errors: (a) the tracking error in the x-axis, (b) the track-
ing error in the y-axis, (c) the direction angle error.

The simulation results are shown in Figs. 17 and 18. Fig. 17
shows that with a single mobile robot, the tracking controller
can successfully control the robot to track the reference tra-
jectory accurately. The tracking errors are illustrated in Fig.
18, it is obvious that the tracking errors in the x-axis, y-axis,
and direction angle approach zero asymptotically.

+» Tracking reference path for a warm robot with a

triangle formation

In this section, Robot 1 is the leader; Robot 2 and Robot 3 are
the followers. The leader robot is controlled to track the ref-
erence trajectory and two follower robots will follow the
leader robot with a constant distance to achieve the target.
The initial position of the leader robot (Robot 1)
X, =[1 1 g]and the linear speed and angular
speed are (Vo @®o) = (0.04 0). The target is (X¢ Y¢) =
(2.4 3.4). The initial positions of Mobile robot 2 and Mo-
bile robot 3 are: [x, Yy, 6] = [0.8 0.8 2?"] and

s

[xs ys 65]=[11 09 —]
The expected distance between the mobile robot leader and
two followers: mobile robot 2 and mobile robot 3, and the
expected directions of these two robots

d a d dl —
are[1$, v& 1% 1%]1=1[03 137 0.3 03]

Reference trajectory - o
Robot 1 ° g °
Robot 2
Robot 3 Target

Initial

position

®
. b

Figure 19: Moving the swarm robot with triangle formation
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Figure 20: Tracking errors of the leading robot: (a) the tracking error in x-
axis, (b) the tracking error in y-axis, (c) the direction angle error.

1112 (m)

Figure 21: The distance between Robot 1 and Robot 2

Khoing céch gitra Robot 1 va Robot 3 —i
-3,

0ar

Khodng cach L13 (m)

Time (s)

Figure 22: The distance between Robot 1 and Robot 3

Khodng céch L23 {m)

0 5 10 15
Time (s)

Figure 23: The distance between Robot 2 and Robot 3

Fig. 19 shows the trajectories of the reference, Robot 1, Robot
2, and Robot 3. The tracking errors [e,, ey, €44 | are demon-
strated in Fig. 20. The distance between the leader robot and
two follower robots is shown in Figs 19-21. From these sim-
ulation results, it is clear that the leader robot (Robot 1) can
approach the reference trajectory asymptotically, the tracking
errors [ex, ey, ethem] converge to zero. Figs 20-23 illustrated
that the distances 1,5, l,3, l,3 approach the expected distances
1%, 1%, and I, with very small errors.

Therefore, it concludes that the tracking trajectory and for-
mation control algorithms operate well.

++ Obstacle Avoidance for a leader robot
In this section, the obstacle avoidance algorithm Limit Circle
is carried out for the single robot. The initial position of the

leader robot is (x;, y;,6;) = (3,6, %) The position of the tar-

get G (X*¢ Y¢) = (5.5 7.4). Center of the obstacle Q is
(%@ Yo) = (4.4 7.2).The safety circle is established with
aradius & = 0.8. The radius of the robot and obstacle are ;. =
0.1 and 7, = 0.2, respectively.

Safety Circle Target
[
.. Initial position _
- ¥—_ Trajectory of
° leader robot

Figure 24: Obstacle avoidance of the leader robot

From Fig. 24, it is seen that the leader robot can move to the
target and did not go inside the safety circle. Therefore, the
leader robot can avoid obstacle Q.

7

< Obstacle Avoidance for the swarm mobile robot

For the swarm robot with three mobile robots, the Limit
Circle algorithm is applied to control the swarm robot to avoid
obstacles and go to the target. The Limit Circle algorithm is
employed to control the leader robot (Robot 1) and two fol-
lower robots will follow with the constant distance
(g, 9%, 1% 1%]1=1[0.15 2365 0.15 0.296]. The
initial position is (xq,y,0,) = (362) The position of tar-
get Gis (X6 Ys) = (5.8 8). The Center of obstacle Q is
(%o Yo) = (4.4 7.2). The radius of the robot, obstacle,
and safety circleare [, 7, &]=[0.1 0.4 0.5].

Target

S

Safety Circle

| Initial position

Figure 25: Obstacle avoidance of the swarm robot

Fig. 25 shows that the swarm robot with three robots main-
tains a triangle formation and avoids obstacles when they are
moving to the target.

5.2. Experiment results

To prove the effectiveness of the proposed control methods,
the swarm robot with three mobile robots is built and tested.
The experiments are executed in three cases:
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Case 1: Formation control

Case 2: Tracking reference trajectories with a triangle for-
mation.

Case 3: Formation control and obstacle avoidance.

To monitor and set up parameters for the swarm robot, an
Interface is built as in Fig. 26. Interface is designed for con-
figuring formations, setting the target, monitoring the status
and position of the swarm robot.

Configuration settings Present value

ol propes Current coordinates of the robots

- Desired
distance (m):

~ouection (oc0): [JIEIN

ROBOT1 ROBOT2 ROBOT3

- Slave 2 coordinates:
y3

(oo |
o

Target value

- Master coordinates target:

- Slave 1 coordinates target:

- Slave 2 coordinates target:

Figure 26: Interface for configuring and monitoring swarm robot.

«» Formation Control of the swarm robot

There are three formations including vertical formation,
horizontal formation, and triangle formation of the swarm ro-
bot to be tested in this paper.

Mode 1: Triangle formation

The swarm robot is set up at arbitrary positions: Leader
robot (x;,y;) = (1.9, 0.31), Robot 2 (x,,y,) = (1.78, 1.31),
and Robot 3 (x3,y5;) = (0.85, 1.4) (m) that are shown in Fig.
27. Applying the formation control and selecting the triangle
formation in the Interface, three mobile robots move and ar-
range in the triangle formation that can be seen in Fig. 28 and
the trajectories of the three mobile robots are shown in Fig.
29.

The results in Figs. 27-29 show that the formation control-
ling algorithm is successful to control the swarm robot ar-
ranged in a triangle formation from arbitrary positions.

Mode 1: Make swarm | Viewmode 1 | Mode 2: Move in Swarm | View mode 2and3 | Mode 3: Obstacle Avoidance in Swarm | View mode 3

Target value
- Master coordinates target:
- Slave 1 coordinates target:

- Slave 2 coordinates target:

Configuration settings
Mode In progress
Triangle
Trangle J

- Master coordinates:

==
i o |
- Direction (Deg):

ROBOT1 ROBOT2 ROBOT3

Figure 27: Initial position of the swarm robot

Present value
Current coordinates of the robots

-~ Master coordinates:
x1 yl  Thetat

- Slave 1 coordinates:
x2 y2  Theta2

- Slave 2 coordinates:
x3 y3  Thetas

Mode 2: Move in Svarm | View mode 2and 3 | Mode 3; Obstacle Avidance in Swarm | View mode 3
Configuration settings Present value

Mode In progress
[
| xi yi  Thetat

- Slave 1 coordinates:
x2 y2  Theta2

Lo o o]

- Slave 2 coordinates
x3 y3  Thews

[ o o | ez |

Current coordinates of the robots

- Master coordinates:

| Trangle

- Master coordinates:

[ o |
pesied
Pt o< |
- ouscton oes. [N

ROBOTL ROBOT2 ROBOT3

Target value Theta  Theta target

- Master coordinates target:

- Stave 1 coordinates target: [ 00 |

XY
Slave 2

Trajectory of Robot 3

TRUONG DAT HOC SU' PHAM K¥ THUAT < . b /
® o\

Figure 29: Triangle formation and trajectory of swarm robot.
Mode 2: Horizontal Alignment

The initial positions of the swarm robot are (x;,y,) =
(0.99, 0.76), (x,,v,) = (0.76, 1.18), (x3,vy3) = (2.08, 1.38)
(m) that are shown in Fig. 30. The swarm robot is controlled
to align horizontally in Fig. 31 with the expected distance of
0.4 (m), and the trajectories of the swarm robot are demon-
strated in Fig. 32. It is seen that the experimental results in
Fig. 30-32 shown that three robots of the swarm robot have
the same position in Y-axis 0.4m, it means that the formation
control is successful to arrange the swarm robot horizontally.

‘Configuration settings

Present value

Mode in progress.

_»mimnu alignment |- m

Horizontal allgnment | Thetat

Current coordinates of the robots

- Master coordinates:

- Master coordinates:
- Slave 1 coordinates:

L.
x2 y2  Thetaz
i) & 3 B3

ROBOT1 ROBOT2 ROBOT3

- Direction :
- Slave 2 coordinates:

x3 y3  Thetas

===
Target value Theta target
e

- Slave 1 coordinates target:

- Slave 2 coordinates target:

Figure 30: Initial position of the swarm robot.
Mode 3: Vertical Alignment

The initial positions of the swarm robot are illustrated in
Fig. 33 with the position of Robot 1 (x;,y,) = (0.99, 0.76),
Robot 2 (x,,v,) = (0.76, 1.18), and Robot 3 (x3,y;) =
(2.08, 1.38) (m). Formation control algorithm is employed to
control the swarm robot moving in a vertical formation that is
presented in Fig. 34 and their moving trajectories are shown
in Fig. 35.
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From the Figs. 33-35, it is easily seen that the swarm robot
can arrange exactly in a vertical formation from an arbitrary

position.

The positions in Y-axis of Robot 1, Ro-
bot 2, and Robot 3 are the same and
equal to 0.4 m

Target value
- Master coordinates target:
- Slave 1 coordinates target:

- Slave 2 coordinates target:

TRUONG DAI HOC SU PHAM KY THUAT
KHOA DIEN - DIEN TU'

Target value
- Master coordinates target:

- Stave 1 coordinates target:

- Slave 2 coordinates target:

The posi-
tions in X-
axis  of
three ro-
bots are
equal to
1.19m

Target value
- Master coordinates target:

- Slave 1 coordinates target:

- slave 2 coordinates target:

Figure 34: Vertical Alignment

\s¢/

GROUP: SWARM ROBOTICS UTE

Configuration settings

Mode in progress

Horizontal alignment| m

- Master coordinates:

[Configuration settings

Theta

Configuration settings

Mode In progress.

Vedalgmatil]

- Master coordinates:
[ |

ROBOT1 ROBOT2 ROBOT3

Theta

=il
m 3263
[0 |

Present value
Current coordinates of the robots

- Master coordinates:
x1 yl  Thetai

E2 B3 3

- Slave 1 coordinate::

x2 y2  Theta2

- Slave 2 coordinate::
x3 y3  Theta3

View mode 2and 3 | Mode 3: Obstacle Avoldance in Swarm | View mode 3

Present value
Current coordinates of the robots

- Master coordinates:
vyl Thetai

x1
=1 &3 e

- Slave 1 coordinates:

x2 y2  Theta2

Theta target

Present value
Current coordinates of the robots.

- Master coordinates:
x1 yi  Thetat

- Slave 1 coordinates:
x2 y2  Theta2

- slave 2 (oordinates:

x3 y3  Theta3

Theta target

TRUONG DAT HOC SU' PHAM KY THUAT

@) KHOA DIEN - DIEN TU

—

\§¢/

GROUP: SWARM ROBOTICS UTE

Figure 35: Vertical alignment and trajectory of swarm robo

% Moving Swarm mobile robot with a triangle for-
mation
In this section, the swarm mobile robot is tested with mov-
ing in the triangle formation and achieved the target position.
The initial position of the leader robot is[x; y; 61] =
[1.96 0.43 309.3] and the position of the target is
*c Ye)=(2 0.4).

The expected distances among the mobile robots of the
swarm robot are [1%,
[0.24(m)

1pfz lfs llzis]Tz
—147(deg) 0.25(m) 0.36(m)].

B =

t=0(s) t=28(s) t = 16(s)
Figure 36: Swarm robot moving with the triangle formation

1

Configuration parameters: Present value

Runmode Time: (i)

RAVEOR 20 | o4 |

Current coordinates of the robots

- Master coordinates:
x1 yl  Thetai

- slave 1 coordinates:
x2 y2

- Stave 2 coordinates:

Theta2

Theta3

x3 y3

3 B B2
[ oo

Psi12 e:
us_e:

123e:

Value

Vehicle Master Vehicle 2 Vehicle 3 K-factor for the host vehicle K-factor establishes the robot swarm

vw il K -l «BEB<Bl «wBEl <« El
w Il Kl KN <« En 0 [«
Figure 37: The results of the swarm robot moving in a triangle formation.

The experiments for the swarm robot moving to the goal
with the triangle formation are illustrated in Figs. 36-38. From
the results in Fig. 36, it is seen that the swarm robot can move
in a triangle formation. Fig. 38 shows that the distance among
the robots can approach the expected distances. The real dis-
tance 1,, can track the reference distance %, with small error
0.04(m). The distances l;3,l,5 also converge to the expected
values. Therefore, we can conclude that the control algorithm
can successfully control the swarm robot to move in a strangle
formation.
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Error set value for swarm robot
L2d: [ psitzd : [BED (46)
_1 ® ) % @ ) 0 @
Pz oW ) e
agni| o iager] e
%'——mvv-u-e— . -~ 1 | =S 1y
. t=0(s) t=11(s) t=30(s)

Time ) S Tme

L23d: (m)

Lzd: [ (m)

Figure 38: Expected distance among the robots.

+« Avoidance obstacle
The results of the experiments for avoiding obstacles are
demonstrated in Figs. 39-43. The initial positions of the
swarmrobotare [x; Yy; 6;]=1[0.8 0.52 38.7]thatis
shown in Fig. 39. The expected distances and angles that
need to maintain our [1%, &, 1% 4] =
[0.26(m) 257.7(deg) 0.29(m) 0.45(m)]. The posi-
tion of the target G is (X¢  ¥Y6) = (2 1.4) (m). Based on
the image processing technique, the center of the obstacle Q
is determined (¥¢ Y¢) = (1.5 0.7) (m). The radius of
the robot, obstacle, and safety circleare [, 7, 6] =
[0.15 0.15 0.2] (m).

HOME | Mode 1:Make warm | View mode 1 ‘ Mode2:

-
XY_target(m) : m m
2N owtanceto oss R
o e |
e |
ua: N v
o 2 o

rrobot r_ostace r_safe

- ¥

Ostacle

Value

K-factor for the host vehicle K-factor establishes the robot swarm

o o
o R o N

Vehicle Master Vehicle 2 Vehicle 3

R N

Figure 39: Initial positions of the swarm robot.

‘Configuration parameters:

Runmode Time: [EXEM
R - - |
oistance to 085 [JIEXERN

we: R o [
Psi12d :m Psi12:

r_robot r_ostade r.

Ostacle

Value

K-factor for the host vehicle
< N

K-factor establishes the robot swarm

w EE oo BN
ol o BN

Vehicle Master Vehicle 2 Vehicle 3
R

Figure 40: Results of the obstacle avoidance of the swarm robot.

Figure 41: Avoidance Obstacle moving of the swarm robot.

Error set value for swarm robot

vi2d: [ psirzd : [ @

-

L13d: - (m) L23d: - (m)

| 7‘

Figure 42: The real distances and the expected distances among robots.

XY
Plot Mode3 o

Figure 43: The trajectories of the three robots.

For avoidance obstacles, the experimental results are
shown in Figs. 39-43. In Fig. 41, we consider the experiment
at three points: start point (0 s), 11 s (avoiding obstacle action
is taking place), and 30 s (swarm mobile robot successfully
avoids the obstacle), it is seen that when the system detects
the obstacles Q, it will create a safety circle with radius 6§ =
0.2 (m) that is larger than the radius of the obstacle. On the
basis of the Limit-Circle algorithm, the leader mobile robot
(Blue color) will move outside of the safety circle and leads
the swarm mobile robots to avoid colliding with obstacle Q.
Moreover, it is also seen that the swarm mobile robot can
avoid the obstacle during moving and keep the triangle for-
mation to reach the target (X¢  ¥c) = (1.95 1.42) ;Fig. 42
illustrates that the swarm robot can maintain the distances
among the robots during avoiding the obstacle. Hence, the al-
gorithm control of this paper successfully controls the swarm
robot both moving in a specific formation and avoiding obsta-
cles.
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6. Conclusion

The swarm robot with three mobile robots has been de-
signed and implemented in this paper. Image processing tech-
nique is employed to determine the positions of each robot of
swarm robot and detect the obstacle successfully. The control-
ling algorithm for tracking the trajectories, avoidance of ob-
stacles, and formation control are studied and applied success-
fully for this swarm mobile robot. The simulation and experi-
mental results proved that the swarm robot can track the ref-
erence trajectories, move in the specific formation, and avoid
obstacles successfully.
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