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Abstract: This paper proposes a distributed control method for multi-mobile robots to avoid
obstacles. Firstly, the Limit Cycle (LC) method is exploited to set the reference trajectory for robots to
avoid obstacles. Secondly, the control rule that control a leading robot following the reference path is
introduced. Thirdly, the algorithm that controls robots moving in a formation and avoiding obstacles
based on the combination of the LC method and the reference trajectory tracking algorithm. Different
from the distributed control algorithm in related documents, the algorithm in this paper ensures that the
robot formation is not only maintained but also avoids obstacles when moving to the target. Finally,
simulation and experimental results are conducted to verify the effectiveness of the proposed method.
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Architectures, Tracking Control.

1 INTRODUCTION

Robots are increasingly used in life to meet practical needs such as cargo robots, search and rescue
robots, adventurous robots, ... Robots can replace human to work in environments with extreme
conditions, toxic to human’s health ... Recently, research is focused on the study of robot control
according to swarm behavior of wild animals. The research directions are only control a single robot
attached to the reference angle [3] [4], but these above studies ignore the reference position. There are
also many research projects study on controlling a robot attached to the position, reference angle [1] [5].
Therefore, we can combine these algorithms above to create a more complete algorithm to control the
robot smoothly.

In many practical applications, when operating a moving robot formation that encounters obstacles,
we need a flexible algorithm that can find the trajectory of avoiding the obstacle in the most efficient way.
As robots move in warehouses, when encountering obstacles on the road or another robot is on the way,
the control algorithm must be flexible to find the path while being safe and most effective. Recently,
although there have been many obstacle avoidance algorithms, such as using potential field methods [9],
avoiding obstacle with ultrasonic sensor [10], using LC method to find out reference trajectory [3]. The
LC method is best suited to the requirements of this paper and has the most flexible problem-solving
capabilities. Some studies use the LC method to find out the reference trajectory then applying the
backstepping kinematics to control the robot moving to the target [4] [S]. However, they are still not
applied to a formation of many robots.

Compared to the existing literature, the new contributions of this paper are listed as follows: 1)
exploiting a method to avoid obstacles for single robots to solve the problem of distributed formation
control and obstacles avoidance of multi-robot system. 2) designing feedback control law to ensure that
when robots avoid obstacles, the stable formation is remained.

The rest of this paper is organized as follows: Section 2 introduces the theoretical basis of limit cycle
and reference trajectory tracking, proposed an algorithm to control the distributed formation and obstacles
avoidance of multi-mobile robot system. Sections 3 and 4 are simulation and experimental results. Section
5 is the conclusion of the paper.
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2 BASIS OF THE CONTROL LAW AND ALGORITHM
2.1 Tracking a reference trajectory
The mobile robot in Fig. 1 is a nonholonomic mechanical system. The system includes two control

wheels mounted behind the vehicle and a multi-directional wheel placed in front of the vehicle. The
movement of the mobile robot is achieved by two independent torque from DC motors for two wheels.
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Figure 1. Mobile robot model of nonholonomic mechanical system

The position of the robot in Descartes coordinate system is represented by: C(x, y) (i) is the central
position of the robot, @(rad) is the angle of the robot compared to the o axis, d(m)is the distance
from the center of the robot to robot’s head position, 27 () is the distance between two wheels of the
robot.

The kinematic equation of motion of leading robot [1]:
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Figure 2. Errors between mobile robot and reference trajectory

In order to control the mobile robot following the reference trajectory, we must control the central
position C of the robot following to the reference position R so that the deviation in position, angle and
linear velocity reaches 0 when ¢ —> 0,

Figure 2 above describes the errors between mobile robot and reference trajectory. When the robot
moves along the reference trajectory R , there will be position and angle errors. To determine the error
parameters based on the paper [1], we have the following error equation:

e,=T,(9,—q) )
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e cosf smnf@ O] x —x
&le, |=|—sin@ cosd Of y -y (3)
e, 0 0 1(6-6

where ¢ and e, are the error inxand y directions between R and C, respectively. ¢, is the angle error

between g and 0.

From formula (3) to find out the law of kinematic control for mobile robots based on [1], the linear
velocity and angular velocity are calculated as follows:

% v, _cose, +ke
I/(:|: l:|:|: 7 3 11' j| (4)
w, w. +k,v.e +kyv sine,
where ,, and , are reference linear velocity and angular velocity, respectively. ,, and , are linear

velocity and angular velocity of the robot respectively and K = [k1 k, kK ]T is a positive constant

vector.
2.2 Formation control for three robots

In this section, configurations of a robot formation is introduced, then LC method is employed to
design the control algorithm.

Figure 3. Control methods of the three-robot formation

We have three methods to control the robot formation (Fig. 3) in which g is the leading robot, g,
and R, in order are robot 2 and the robot 3: On Fig. 3 (a) is the first method sB,,C & SB,,C . In this

method, robot 1 is controlled to keep the desired distance with robot 2 by lldz and robot 1 is required to
maintain the desired distance with robot 3 by lld3 . The second method sB,C & sB,,c (Fig. 3 (b)), this

method keeps the desired distance from robot 1 to robot 2 by lé and robot 2 to robot 3 by l;g by using
control algorithm. The last method SB,,C & SB,,SB,,C on Fig. 3 (c) is the most stability one. In this

method, Robot 3 is controlled to keep the desired distance from robot 1 and robot 2 by lld3,

l2d3 ,srespectively, robot 1 keeps the desired distance with robot 2 by lé . Among the three control methods,

the third method is more flexible than the other two. Therefore, this paper employs the third method to
control the three-robot formation.
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Figure 4. Three-robot formation

Consider a three-robot formation presented in Fig. 4, in which ;

.15, 1,,(m) respectively are the

distances from the center of robot 1 to the center of robot 2, the center of robot 1 to the center of robot 3

and the center of robot 2 to the center of robot 3. Calculating the parameters Ly, 15,1, WE have:

I, =x,—x,—dcos6

Vo vy A "

512 =V =), ddsmj l,= ’]122 +1)7

T =X, —Xx,—d CcoS I r——

13 1 3 1 — 113 — le32+lly32 (5)

Iy =y —yy;—dsing,

_ x2 2
I —x;—dcos6, by = b+

n =X

Ly=y,—y;—dcosb,

where v, ...y, (rad) respectively are the directional angle between robot 1 and robot 2, robot 1 and
robot 3, robot 2 and robot 3. Calculate the parameters v/, iy, s :

ly
v, =arctan| -2 |—6, + 7
112
ly
w,, =arctan| == |-, + 7 (6)
113
ly
W, =arctan| = | -6, + 7
123

where g,,0,, 6,(rad) are the angle of the robot 1, robot 2, robot 3 compared to the o_ axis respectively.
The kinematic equation is defined as [2]:

2=G,(z,6,6,,6,)u,, +F,(2)u,

0,=w,,0,=w,

(7
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where Z=[112 Vi, I 1//13]Tis the system output, u,, =[v2 w, Vv, o ]Tis the input vector.

Noting 7; = ,BU + ¥, with ﬂl] =0 - 9]- , we obtain that:

cosy,, dsiny, 0 0
—siny,, dcosy, 0 0
Gz = 112 112 ()
0 0 cosy,; dsiny,,
—COSYW 53 0 COS Y, dsinyy,
—cosy,, O
siny, |
F, = L, )
—COSYy;
0 0
kl (lldz _112)
_ kz(‘//ldz_‘//lz) (10)
k3 (llcg _113)

k4 (153 _123)
where k = [k1 k, k, k4]T with &, ,k,,k, and £, > 0.

The control input vector of robots 2 and robots 3 is defined as [2]:
T -1
Ups :[Vz @, Vs a)z] =G, (p—Fu) (1)

where V,,V,,V, (m /s ) are linear velocities, @, ®,,®, (l’ad / S) are the angular velocity of robot 1, robot
2 and robot 3, respectively.
2.3 Limit-Cycle algorithm to avoid obstacles

Motivated by [3] , we set up the steps of LC method as follows:

Step 1: Draw a line / from the leading robot to the target in a global Descartes coordinate as

follows:
ax+by+c=0
Step 2: Treat variable obstacles as disturbing obstacle Oy's if the line / crosses them, else treat

them as non-disturbing obstacles and O, s .
Step 3: Move towards the target if there is no Od .

Step 4: calculate the distance d from the center of the nearest disturbing obstacle, Od to the line

1, using:
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Figure 5. Navigation using the limit-cycle method

Then, the desired direction of the robot at each position is calculated by using the following
equations:

. d
X, =

|d|y+x(rzv—x2—y2)
- d 2 2 2 (13)
yr=—my+x(r X =)

X:Rx—Gx;yIRy—Gy

(14)
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Figure 6. Describe parameters while robots avoid obstacle
where (Qx, Qy) (G G ), (Rx,Ry) are the central positions of the obstacle, the target and the robots. 7;,
is calculated by the total radius of robot 7, , the radius of obstacle 7, and safety distance o .

Remark 1: if d is positive, the robot avoids obstacles in a clockwise direction, otherwise, d is
negative, and the robot avoids obstacles in the opposite direction to the clockwise.

Based on formula (13) and the laws of kinetic control [3], the desired angle and velocity is written as:
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0, = arctan (&J
X, (16)
vr = q xrz + yrz
To calculate the angular velocity of Limit Cycle trajectory over time, the following formula is used:

_de,

17
0 == (17)

3 SIMULATION RESULTS

In the section, we conduct a simulation to verify the stability of the system. If the simulation result
are met the desired requirements, we will implement a real experiment.

We run the simulation with these following values:, —1 (m),lfd2 =lfl3 =lj3 =0.2 (m) and

‘sz =260°.1fd > 0, the robot avoids obstacle in a clockwise direction as shown in Fig. 7.

Figure 7. Obstacle avoidance trajectory of the three-robot formation (d > 0)

From the chart of x— ) coordinate on Fig. 8, it can be seen that the leading robot tracks the
reference trajectory quite exactly and avoids obstacles with the radius ;. =1 (72) . It is also shown on Fig.
9 that, the errors ¢, e, gradually reduce to zero in a short time, so we can conclude that the leading robot
tracks to the reference trajectory.

Fig. 10 shows that the algorithm works efficiency to keep the distance among 3 robots at the desired
distance. Fig. 10 (a) compares measuring distance (red line) to the set distance (blue line) between robot 1

and robot 2 with the desired distance lf; =0.2 (m). Fig 10 (b) compares measuring distance (red line) to
the set distance (blue line) between robot 1 and robot 3 with the desired distance lfg =0.2 (m). Fig 10 (c)
compares measuring distance (red line) to the set distance (blue line) between robot 2 and robot 3 with the
desired distance 1513 =0.2 (m). Fig 10 (d) compares measuring angle (red line) to the set angle (blue line)

between robot 1 and robot 2 with the desired angle v//{i =260". The results on Fig. 10 show us the

formation of three robots are kept at the desired distance and angle from the beginning of the /i,
simulation to the end. So we can conclude the control theory is working well in the simulation
environment.
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Figure 9. Position error of leading robot compared to the reference trajectory
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Figure 10.(a) Distance between the leading robot and the robot 2 compared to the desired distance
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Figure 11.(b) Distance between the leading robot and the robot 3 compared to the desired distance
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Figure 12.(c) Distance between the robot 2 and the robot 3 compared to the desired distance

'

300

250

N
o
o

(P (deg)

100

50

0 1 1 1 1 1
0 10 20 30 40 50 55

t(s)

Figure 13.(d) Angle between the leading robot and the robot 2 compared to the desired distance
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4 EXPERIMENTAL RESULT
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Figure 11. A real experimental model of nonholomonic mobile robot.

Now, the experimental is implemented. Firstly, we set up the hardware. The overall appearance of
the robot is shown on Fig. 11(a). On the upper side of each robot is equipped with two different colors to
distinguish it from other robot. Each pair of colors is different from others. The robot is controlled by two
RC servo motors via two wheels. RC servo motor is include a driver and a feedback circuit to keep the
desired speed of the motor. A multi-directional wheel is mounted in front of robot to balance the robot.
Fig. 11(b) shows the circuit that receive the control signal and control the robot. The MCU gets data from
RF module through UART communication and sends control value to RC servo motors. Then, a camera is
connected to the computer, which is responsible for locating the position and direction of movement of
the robot through image processing. The computer runs the control interface including image processing,
control algorithms for the three-robot formation, and the computer is also connected to the RF transmitter
module through COM port (RS232 standard). On each robot is also equipped with RF receiver module,
which helps these robots receive control data from the PC, then the microcontroller on the robot outputs
suitable control signal for the motor drive circuit to control two wheels of the robot. Through RF
communication, the transmitter module receives data from the computer from COM port, then transmits
data to the robots. Each frame data includes the left wheel and right wheel velocity (m/s) of each robot.

Camera

RF
Transmiter
Module

A

PC

RF Receiver
Module

A

Battery

Y

Micro Controller Unit |

PWM LEFT PWM RIGHT

Motor H Driver Driver H Motor

RCSERVO RCSERVO

3 I
1 J

Figure 12. Schematic diagram of system
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Figure 15.(a) Distance between the leading robot and robot 2 compared to the desired distance
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Figure 15. (d) Angle between the leading robot and the robot 2 compared to the desired angle
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Figure 13 shows that the leading robot tracks the trajectory very well and the three-robot formation is
guaranteed to maintain the desired distance and angle by the control algorithm while the formation moves
to the target. Position and angular errors of leading robot (Fig. 14) gradually reduce to zero in a short
time. Then we can conclude that the designed control algorithm performs well to keep leading robot
tracking to the reference trajectory and maintain the formation. Fig. 15(a) shows distance between the
leading robot and robot 2 compared to the desired distance. Fig. 15(b) shows distance between the leading
robot and robot 3 compared to the desired distance. Fig. 15(c) shows distance between robot 2 and robot 3
compared to the desired distance. Fig. 15(d) shows angle between the leading robot and robot 2 compared
to the desired angle. From the results, it can be seen that the followers are controlled to keep the distance
and angle with leading robot as the desired value.

S CONCLUSION

In this paper, backstepping kinematic control, limit-cycle and formation control of nonholomonic
mobile robots are combined to design a control algorithm for a flexible formation to avoid obstacles and
follow the leading robot. The simulation and experimental results show that the algorithm achieves the
expected design purpose. The desired distance from each robot to the others in three-robot formation and
the angle between leading robot and robot 2 are guaranteed. The future work will be focused on
developing the algorithm for industrial robots.
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PIEU KHIEN PQI HINH PHAN TAN VA TRANH VAT CAN CUA HE
THONG NHIEU ROBOT

Tém tit: Bai bao nay dé xuit phuong phép didu khién phan tan bay dan cho nhiéu robot di dong
tranh vat can. Tht nhét, thudt toan Limit Cycle dugc khai thac dé 1ap quy dao tham chiéu cho robot tranh
vat can. Thir hai, luat diéu khién bam qui dao tham chiéu cho robot dan dau duoc dugc gidi thiéu. Thir ba,
thudt toan diéu khién robot di chuyén theo doi hinh va tranh vét can dya trén sy két hop cua thuét toan
Limit Cycle va diéu khién bam qui dao tham chiéu dugc thiét ké. Khac voi thuét toan diéu khién phan tan
trong cac tai liéu lién quan, thuat toan trong bai bao nay bao dam rang khong chi doi hinh robot dugc duy
tri ma con tranh duoc vat can khi di chuyén dén muc tiéu. Cudi cung, két qua md phong va thuc nghiém
duoc tién hanh dé kiém chimg tinh hiéu qua ciia phuong phap dé xuat.

Tir khéa: Tranh vat can, Didu khién doi hinh, Robot phi holonom, Kién trac diéu khién,
bicu khién bam
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