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Formation Control of Mobile Robots with Obstacle Avoidance based on 

GOACM using Onboard Sensors 
 

Yanyan Dai and Suk Gyu Lee* 

 

Abstract: This paper deals with the problem of formation control for nonholonomic mobile robots un-

der a cluttered environment. When the obstacles are not detected, the follower robot calculates its way-

point to track, based on the leader robot’s state. The proposed geometric obstacle avoidance control 

method (GOACM) guarantees that the robot avoids the static and dynamic obstacles using onboard 

sensors. Due to the difficulty for the robot to simultaneously get overall safe boundary of an obstacle in 

practice, a safe line, which is perpendicular to the obstacle surface, is used instead of the safe boundary. 

Since GOACM is executed to find a safe waypoint for the robot, GOACM can effectively cooperate 

with the formation control method. Moreover, the adaptive controllers guarantee that the trajectory and 

velocity tracking errors converge to zero with the consideration of the parametric uncertainties of both 

kinematic and dynamic models. Simulation and experiment results present that the robots effectively 

form and maintain formation avoiding the obstacles. 
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1. INTRODUCTION 

 

Formation control problem has been regarded as an 

important problem in the multi-robot system, in order to 

accomplish cooperative tasks [1]. The formation control 

approaches have been proposed as: behavior-based 

approach [2], virtual structure approach [3], and leader-

follower approach [4]. Due to its easiness to implement, 

this paper focuses on leader-follower approach.  

In static environment, artificial potential field algo-

rithm [5,6] is one of the well-known methods for obsta-

cle avoidance, because of its mathematical simplicity. 

The robot is attracted by the goal and repulsed away by 

the obstacles [5]. However, besides the stability problem, 

this method also suffers from a local minimal problem. 

Mixed-integer linear programming [7] is another 

powerful tool for planning a safe path, because of its 

modeling capability and the availability of good solver. 

A major disadvantage of MILP lies in its computational 

complexity, due to the NP-hard problem. Moreover, 

every obstacle avoidance trajectory has to be calculated 

in advance. In [8], one geometric obstacle avoidance 

method is proposed that the leader robot influences the 

obstacle avoidance behavior and guides the follower 

robot to a free area. If the leader robot cannot detect the 

obstacles but the follower robot has to avoid the 

obstacles, the obstacle avoidance motion will fail, 

because follower robot cannot navigate by itself. 

In real-world, it is necessary to guarantee that multiple 

robots effectively avoid moving obstacles. To solve this 

problem, [9] proposes an approach for mobile robots, 

where the behavior of dynamic obstacle is known as a 

priori. A dynamic artificial potential field method is 

presented in [10]. The attractive potential is defined as a 

function of the relative position and velocity between the 

robot and the target. The repulsive potential is defined as 

the relative position and velocity between the robot and 

moving obstacles. The performance of this approach is 

not effective, due to the major differences in collision 

detection and the necessity to control the speed of the 

robot [11]. An improved artificial potential field method, 

by using an Anisotropic-Function, is discussed in [12]. 

However, the moving obstacle velocity is required to 

pre-set. [13] presents a dynamic obstacle avoidance 

method. The robot may not avoid the collision, if the 

velocity and the acceleration of the obstacle in the 

direction are higher than those of the robot. 

In this paper, a simple but effective GOACM is 

proposed for the robot. GOACM is executed to help the 

robot find a new safe waypoint based on limited on-

board sensor information, which includes the distance 

between the robot and the obstacle, the angle from x-axis 

to the measured range. With the consideration of the 

robot velocity constraints, a safe line, which is 

perpendicular to the obstacle surface, is used to calculate 

the waypoint for the robot instead of the safe boundary. 

In the dynamic environment, GOACM relies on the 

velocities of the robot and the obstacles. Since both 

GOACM and formation control method aim to find the 

waypoint for a robot, GOACM can effectively cooperate 

with the formation control method. 
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The trajectory tracking problem is widely solved using 

the kinematic model of a mobile robot [14], where 

‘perfect velocity’ tracking is to generate the actual 

velocity controller. Based on [15], since it is difficult for 

the dynamics of the robot to produce the perfect velocity 

as the kinematic controller, the torque controller is used. 

In this paper, an adaptive tracking control algorithm is 

presented with the integration of an adaptive kinematic 

controller and a torque controller, based on [14,16]. 

 

2. PRELIMINARY FORMULATIONS 

 

2.1. A nonholonomic mobile robot model 

In Fig. 1, the robot Ri consists of a passive wheel and 

two actuated wheels to achieve the motion and 

orientation. The radius of both of actuated wheels is ri. 

The distance between two actuated wheels is denoted by 

2bi. The mass center of the mobile robot is located at Oi. 

Mi is located in the middle point between the right and 

left driving wheels. The distance between Oi and Mi is 

denoted by di. { , , }o x y  is an inertial Cartesian and 

{ , , }
i

O X Y  is the local frame fixed on the robot. The 

configuration of robot Ri can be [ , , ]
T

i i i i
q x y θ=  in an 

inertial Cartesian frame. Define vi and ωi as the linear 

and angular velocities of the robot. The ordinary form of 

the robot Ri kinematic model is as 
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The robot’s trajectory is constrained to the horizontal 

plane. The wheels roll without slip. Define φir and φil as 

the angles of the right and left driving wheels of robot Ri. 

The nonholonomic constraints can be as 

cos sin 0,
i i i i
y xθ θ− =
� �  (3) 

cos sin ,
i i i i i i i ir
x y b rθ θ θ ϕ+ + =
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cos sin .
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The motion of the mobile robot Ri is given by 

( ) ( ),
i i i
q S q tν=�  (6) 
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where 
1 2

( , )T
i i i

τ τ τ=  is the torque applied on the right 

and left wheels of robot Ri. ic
m  and 

iw
m  are the mass 

of the body and wheel with a motor. ,
ic
I ,

iw
I  and 

im
I  

are the moment of inertia of the body about the vertical 

axis through Oi, the wheel with a motor about the wheel 

axis, and the wheel with a motor about the wheel 

diameter, respectively. 
id

τ  is the bounded unknown 

disturbances of robot Ri. 
 

Property 1: ( )
i

M q  is symmetric and positive definite. 

Property 2: ( 2 )M V−�

 is skew symmetric. 

Assumption 1: The bounded disturbances 
id

τ  sat-

isfies 
0 1

,
id i i i

c cτ ν≤ +  with positive constants ci0 and 

ci1 [16]. 

 

2.2. The formation control model  

Let Ri–1 and Ri be the leader and the follower robot, 

respectively. li0 is the desired distance between Ri–1 and 

Ri. βi0 is the desired bearing angle from the orientation of 

the follower robot to the axis connecting Ri–1 and Ri. The 

formation control model is as Fig. 2, where ( )
i
tθ =  

1
( ).

i
tθ

−

 The waypoint ( , , )
iw iw iw iw

T
x yq θ=  of follower 

robot Ri is denoted as  
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Fig. 2. The leader-follower formation control model. 
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Fig. 1. Two-wheels nonholonomic mobile robot model.



Formation Control of Mobile Robots with Obstacle Avoidance based on GOACM using Onboard Sensors 

 

1079

x

y

o

i
O

1i
ϕ

−

i
R

1A

n
A

1
OA

n
OA

 

Fig. 3. The measured range finder model. 

 

2.3. A measured range finder model 

Due to good cost performance, the range finders are 

used to on-line cooperative obstacle detection and 

localization. The measured range data is noiseless 

without the presence of outlier. The measured range 

finder model is as Fig. 3. There are a set of intersections, 

based on the measured line and the surface of the 

obstacle. The line connecting the intersections is defined 

as the approximate surface of the obstacle for GOACM. 

The angle from each measured range to the orientation of 

the robot is assumed to be known, so the angle 

( 1,2,..., )
i
i nϕ =  from the measured range to x-axis can 

be calculated. A set of intersections ( 1, 2,..., ),
i

A i n=  on 

the surface of the obstacle, are numbered in a clockwise 

direction. The line connecting the mass of the robot and 

the intersection is denoted as OAi, and the length of it is 

.

iOA
r  GOACM is executed by the first intersection A1 or 

the last intersection An.  

 

3. OBSTACLE AVOIDANCE CONTROL 

 

Assume two pseudo-shells surrounding each robot as 

shown in Fig. 4, where the biggest circle, and the solid 

circle filled in grey color describe the measured sensor 

range (radius = rd), the protected shell (radius = rp), 

respectively. Once the obstacles are inside the protected 

shell, the robot is to avoid obstacles.  

 

3.1. Obstacle avoidance control 

3.1.1 Static obstacle avoidance 

In a static environment, when the measured distance is 

smaller than the radius of the protected shell, the robot 

considers to avoid an obstacle using GOACM as Fig. 5. 

Based on Section 2.3, GOACM is executed by the first 

intersection A1 or the last intersection An. In order to 

avoid the static obstacle with less angular motion, the A1 

or An selection for GOACM relies on the smaller angle 

from current orientation of the robot to OA1 or OAn. In 

Fig. 5, the robot chooses point A1. OA2 is the nearest 

measured line to OA1. Since it is difficult for the robot to 

simultaneously obtain overall boundary of the obstacle in 

practice, a safe line A1S1 is considered for the robot, 

which is perpendicular to A1A2 at A1. The safe line is the 

minimal distance between the robot and the obstacle in 

the next time step. The goal of the obstacle avoidance is 

to guarantee that the obstacle is outside the protected 

shell. Therefore, safe line’s length rs should be the same 

as or longer than the protected shell’s radius. In the 

following discussion, define rs = rp. 

Based on the safe line, the robot calculates its 

waypoint S1 to avoid obstacle. φ1 and φ2 denote the 

angles from x-axis to OA1 and OA2, respectively. The 

distance of A1A2 is as  

1 2 1 2 1 2

2 2

1 2
2 cos( ).

A A OA OA OA OA
r r r r r ϕ ϕ= + − −  (9) 

The angle of α1 are given by 

2 2 2
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In Fig. 6, if the angle α1 is π/2, the safe waypoint S1 

will be on OA1. If the direction of the robot is the same 

as direction of OA1, and the length of OA1 is rs, S1 will be 

located at Oi. The dead-lock problem is caused. To solve 

the problem, a small angle ε is used, and the angle α2 is 

calculated in terms of α1 and ε. 
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Fig. 4. The protected shell, and measured sensor range.

 

1A

n
A

n
S

1
S

i
O

s
r

wp
r

i
θ

2A

2ϕ

1α

2α

3α

x

y

i
R

iw
R

1
ϕ

 

Fig. 5. Static obstacle avoidance for a robot using 

GOACM. 
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Fig. 6. Special case of GOACM: α1 = π /2. 
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Fig. 7. Special case of GOACM: α1 = 0. 

 

The difference of the orientation between OA1 and OS1 

is defined as α3 in 

13 2
arccos(( cos ) / ).

OA s wp
r r rα α= −  (13) 

The waypoint qiw to avoid an obstacle is as 

1 3

1 3

1 3

( 1) cos( )( )

( ) ( 1) sin( ) ,

( )

i wpiw

iw i wp

iw

x t rx t

y t y t r

t

ϕ α
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θ ϕ α
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⎢ ⎥⎢ ⎥ ±⎣ ⎦ ⎣ ⎦

 (14) 

where rwp is the distance to move for the next step, and 

1 3
ϕ α±  is the turning angle in the next step. Based on 

the orientation of the robot Ri, note that when the 

waypoint is on the left-side of the robot, select 
1 3

ϕ α+  

in (14), otherwise, select 
1 3

.ϕ α−  A big value of α3 

may cause a big value of 
1 3

.ϕ α±  Based on [17], the 

robot effectively reaches its waypoint using the 

geometrical waypoint in cone method. 

In Fig. 7, one measured line exists inside the measured 

sensor range, so α1 = 0. The safe line is assigned 

perpendicular to the measured line, so 
2

/ 2.α π=  The 

safe waypoint is calculated in terms of (12)-(14). 

 

3.1.2 Dynamic obstacle avoidance 

The GOACM in a dynamic environment is shown in 

Fig. 8. For simplicity, the obstacle is assumed to be circle 

shape with known of the radius. Based on the measured 

range finder model and the radius of the obstacle, robot 

knows the obstacle location B. Define Pr and Po as the 

position vectors of the robot and the obstacle, respective-

ly. And Pro is denoted as the relative position, 
ro
P =  

.
o r
P P−  The distance between the robot and the obstacle 

is .

OB ro
r P=  If the robot and the obstacle velocities 

are 
r
P�  and ,

o
P�  the relative velocity of the robot to the 

obstacle is .

or r o
P P P= −
� � �  Based on the smaller angle 

from the relative velocity of the robot and the obstacle to 

OA1 or OAn, the intersection point A1 or An is chosen for 

the robot to apply GOACM. In Fig. 8, An is used for 

GOACM. The angle γ from x-axis to the line connecting 

Oi and B is 

a tan 2(( ), ( )).
o r o r
y y x xγ = − −  (15) 

φn denotes the angle from x-axis to OAn. The distance of 

AnB is calculated as 

2 2
2 cos( ).

n n n
A B OB OA OB OA n
r r r r r γ ϕ= + − −  (16) 

The direction of the safe line AnSn is defined the same as 

BAn. α1 can be calculated as 

1
arccos(( cos( )) / ).

n n
OA OB n A B
r r rα π γ ϕ= − − −  (17) 

The distance of OSn can be calculated as 

2 2

1
2 cos .

n n
wp OA s OA s
r r r r r α= + − ⋅  (18) 

The angle α2 between OAn and OSn is as 

2 1
arccos(( cos ) / ).

n
OA s wp
r r rα α= −  (19) 

The waypoint qiw for the robot is as 

2
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where rwp is the distance to move for the next step, and 

2n
ϕ α±  is the turning angle in the next step. Based on 

the orientation of the robot Ri, note that when the 

waypoint is on the left-side of the robot, select 
2n

ϕ α+  

in (20), otherwise, select 
2
.

n
ϕ α−  

 

3.1.3 Multiple obstacles avoidance 

When the robot is required to avoid multiple obstacles 

at the same time, there are multiple intersections on the 
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Fig. 8. Dynamic obstacle avoidance for the robot using 

GOACM. 
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surfaces of the obstacles. Define the intersection points 

as 
1 2
, ,..., ( 2)

n
A A A n ≥  in a clockwise direction. The 

robot chooses A1 or An to apply GOACM, and the 

waypoint equation is as (14) or (20). 

 

3.1.4 Multiple robots avoiding an obstacle 

Another issue is that multiple robots avoid an obstacle. 

Multiple robots should choose proper intersections to 

apply GOACM, in order to avoid collision. Fig. 9 shows 

that two robots avoid an obstacle with GOACM. Define 

two robots as Ri and Rn, and the intersections as Aii and 

Ani, respectively. If Ri should start GOACM, there are 

three cases. Firstly, if robot Rn does not need to avoid an 

obstacle, robot Ri will select Ai1 or Ain, and calculate qiw. 

Secondly, if robot Rn already started GOACM, Rn will 

continue avoid an obstacle. Based on relative locations 

between Ri and Rn, Ri chooses proper intersection for 

GOACM. If Ri is on the left-side of Rn, robot Ri will 

choose Ai1 to calculate qiw; otherwise, robot Ri will select 

Ain. Thirdly, if robot Rn should also start obstacle 

avoidance, two robots will compare their locations. If Ri 

is on the left-side of Rn, Ai1 and Ann are selected for 

GOACM; otherwise, Ain and An1 are selected.  

 

3.2. Cooperation with the formation control method 

Fig. 10 shows the robot control flowchart, which 

combines the formation control method and GOACM. 

According to block (A), the robot determines whether to 

start GOACM or not. If it is not necessary, the robot 

moves to the waypoint calculated by the formation 

control method. Otherwise, the robot calculates its safe 

waypoint based on GOACM and then moves to it. 
 

Remark: The following two cases determine whether 

the robot starts GOACM or not as block (A) in Fig. 10. 

Case 1: Define the angle ,
wd

φ  which is from 
i

OA  

(used in GOACM) to the connection line between the 

robot and the waypoint (calculated by formation control 

method). If / 2,
wd

φ π>  the robot will not start GOACM. 

Case 2: Regardless of the measured distance, if the 

robot cannot communicate with the leader robot, the fol-

lower robot has to start GOACM. 

The minimum measured length between the robot and 

the obstacle is defined as rm. The pseudo code of block 

(A) is as follows: 

1. if (rm < rd) 

2.   {  if (rm < rp) 

3.      {obstacle not free; 

4.         if ( / 2
wd

φ π< ) 

5.           start GOACM; 

6.         else 

7.           do not start GOACM; 

8.         end} 

9.     else  

10.      obstacle free; 

11.     end} 

12. else 

13. obstacle free; 

14. end 

 

4. ROBUST ADAPTIVE CONTROLLERS 

 

4.1. Adaptive control of the kinematic model 

An adaptive tracking controller for the kinematic part 

is designed based on (6) and [14]. The waypoint model is 

cos ,
iw iw iw
x v θ=�  (21) 

sin ,
iw iw iw
y v θ=�  (22) 

,
iw iw

θ ω=�  (23) 

where viw and ωiw are the waypoint input. Comparing the 

waypoint state qiw with the current state qic, the tracking 

error posture can be described as 

cos sin 0

sin cos 0 .

0 0 1

iE ic ic iw ic
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x x x
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θ θ
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 (24) 

The derivative matrix 
iq

E�  can be derived as 
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to avoid obstacle?

Select       or 1iA inA
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Fig. 9. Two robots avoid an obstacle with GOACM. 
Fig. 10. The control flowchart combining the formation 

control method and GOACM. 
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Based on [14], the linear and angular velocities vic and 

ωic are given as vif  and ωif, respectively. 

1

2 3

cos
,

sin

if iw iE i iE

iw i iw iE i iEif

v v K x

K v y K

θ

ω θω
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 (26) 

where Ki1, Ki2, and Ki3 are positive constants. Using (2), 

(25) is  

1 2

2 2 2 2
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i i i i
iE iE

i i

i i
iq iE i iE i

i i

i i

i i

iw iE

iw iE

iw

r r r r
y y

b b

r r
E x x

b b

r r

b b

v

v

ν ν

θ

θ

ω

⎡ ⎤ ⎡ ⎤
− + − −⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥

= − +⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥

−⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

⎡ ⎤
⎢ ⎥+ ⎢ ⎥
⎢ ⎥⎣ ⎦

�

 (27) 

If the parameters ri and bi are not known, the angular 

velocities of the left and right wheels cannot be obtained 

by (2). Based on [16], set 
1

1/i ia r=  and 
2

/ ,i i ia b r=  

input velocities are chosen as 

1 2

1 2

1 1 2 2

1 1 2 2

ˆ ˆ

ˆ ˆ

,

ifi i

ic

i i if

ifi i i i

i i i i if

va a

a a

va a a a

a a a a

ν

ω

ω

⎡ ⎤⎡ ⎤
= ⎢ ⎥⎢ ⎥− ⎢ ⎥⎣ ⎦ ⎣ ⎦

⎡ ⎤+ +⎡ ⎤
= ⎢ ⎥⎢ ⎥+ − − ⎢ ⎥⎣ ⎦ ⎣ ⎦

� �

� �

 (28) 

where 
1

ˆ

i
a  and 

2
ˆia  are the estimate of 

1i
a  and 

2
,ia  

and 
1 1 1

ˆ ,
i i i
a a a= −�

2 2 2
ˆ .

i i i
a a a= −�  (27) can be as 

1 2

1 2

1 0 1

0 1

cos

sin .

if iE

i i
iq if iE

i i

iw iE

iw iE

iw

v y
a a

E x
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v

v

ω

θ

θ

ω

−⎡ ⎤ ⎡ ⎤
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⎡ ⎤
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⎢ ⎥⎣ ⎦

� �

�

 (29) 

To design 
1

ˆ

i
a  and 

2
ˆ ,ia  based on [18], the Lyapunov 

function is chosen as (30), where 
1 1

ˆ ,
i i
a a=

�
�

�

2 2
ˆ .

i i
a a=

�
�

�  

( )
( ) 2 2

2 2 1 2

1

2 1 1 2 2

1 cos1 ,
2 2 2

iE i i

iE iE

i i i i i

a a
V x y

K a a

θ

γ γ

−

= + + + +

� �

 (30) 

1i
γ  and 

2iγ  are positive constants. The differential of 

V1 is 

1 1 2 2

1

2 1 1 2 2

sin
iE iE i i i i

iE iE iE iE

i i i i i

a a a a
V x x y y

K a a

θ θ

γ γ
= + + + +

� � �

� � � �

�

� �  (31) 

( )
( )

2

32 1

1 1 1

2 1 1

2

2 2

2 2 2

sin
ˆ

sin
ˆ .

i iE i
i iE i i iE if

i i i

if iEi
i i

i i i

K a
K x a x v

K a

a
a

a K

θ
γ

γ

ω θ
γ

γ

= − − + −

⎛ ⎞
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�

�

�

�

 

The parameters in (31) are chosen as 

1 1
ˆ ,
i i iE if
a x vγ=

�  
2 2

2

sin

ˆ .
iEf

i i
i

i
a

K

ω θ
γ=�  (32) 

Equation (31) becomes 

( )
2

32

1 1

2

sin
0.

i iE
i iE

i

K
V K x

K

θ
= − − ≤�  (33) 

As ,t →∞
iq

E  is shown to be a stable equilibrium 

point. Using Barbalat’s lemma, iEx  and iEθ  tend to 

zero as .t →∞  Since 
1i

a�  and 
2ia�  are bounded, iEx�  

and 
iE

θ�  are bounded. 

 

4.2. Adaptive control of the dynamic model 

Define the velocity tracking errors of robot Ri as 

1 1

2 2

.

i i c

ic i ic

i i c

E
ν ν

ν ν

ν ν

−⎡ ⎤
= − = ⎢ ⎥−⎣ ⎦

 (34) 

Equation (7) can be rewritten as 

( ) ( ) .
ic ic ic ic id i

M E V E Bν ν τ τ+ + + + =
�

�  (35) 

The differential of icE  multiply M  can be described as 

( )

,

ic ic ic ic id i

ic i ic id i

ME M V VE B

Y P VE B

ν ν τ τ

τ τ

= − + − − +
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�

�

 (36) 

where  

,
ic ic ic i

M V Y Pν ν+ =�

1 2 2

2 1 1

,i c i c i i c
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i c i c i i c

Y
ν ν θν

ν ν θν
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�

� �

�

� �
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2

2

2
( )
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i
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P m b I I
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2 2

2

2
( ) .

24

T

i i

i i i ic i

ii

r r
m b I m d
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⎤
× − ⎥

⎥⎦
 

Based on [16], the torque controller is as 

1 ˆ( ),
i id ic ic i is

B K E Y P uτ
−

= − + −  (37) 

where idK  is a diagonal positive-definite design matrix. 
ˆ

i
P  is the estimate of Pi, and ˆ .

i i i
P P P= −
�  sgn( ),

is ic
u A E=  

where sgn( )
ic

E  is a sign function, and A is a positive-

definite controller gain. Define 
0

ˆ

i
A c= +

1
ˆ ,
i i
c ν  

0
ˆ

i
c  

and 
1
ˆ

i
c  are the estimate of ci0 and ci1 in Assumption 1, 

and 
0 0 0

ˆ ,
i i i
c c c= −�

1 1 1
ˆ .

i i i
c c c= −�  To design 

0
ˆ ,
i
c

1
ˆ

i
c  

and ˆ ,
i
P  the Lyapunov function is chosen as (38). 

2 2

1 0 11 1

2 1 2 2
3 4

,
2 2

T T i i

ic ic i i

i i

c c
V V E ME P P

γ γ

−

= + + Γ + +

� �

� �  (38) 
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where 
3i

γ  and 
4i

γ  are positive constants. 
2

V�  is as 

1 0 0 1 1

2 1

3 4

1
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2

( )

T
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i i
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3 4
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i i
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γ γ
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� �

� � � �

 (39) 

The parameters in (39) are selected as 

ˆ ,
T

i ic ic
P Y E= −Γ

�

 
0 3

ˆ ,
i i ic
c Eγ=�  

1 4
ˆ .
i i i ic
c Eγ ν=

�  (40) 

Therefore, (39) can be rewritten as 
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1

0 1

0 1

0 1

1
0.

T

ic id ic

i i

i ic i i ic

i i

T

ic id ic

V E K E

c c
c E c E

V E K E

ν

α α
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 (41) 

V2 is non-increasing with time, so it is bounded. Using 

Barbalat’s lemma, ,
iE
x

iE
θ  and 

ic
E  tend to zero as 

.t →∞  
iE

θ  and iEθ��  are bounded. This implies iEθ�  is 

uniformly continuous. From Barbalat’s lemma, 0
iE

θ →
�  

as .t →∞  Based on (25), (26) and (34), variable 
iE

θ�  

can be described by the equation 0.iy iw iEK v y →  
iw
v  is 

a bounded function of time. These imply that 
iE
y  has to 

converge to zero. 0
iq

E =  is an asymptotically stable 

point as .t →∞  The error ( ) 0T T T
iq icE E E= = is an 

asymptotically stable equilibrium point. 

 

5. SIMULATIONS 

 

The physical parameters of the robot are defined as 

0.125
i
b = m, 0.15

i
d = m, 0.08

i
r = m, 4

ic
m = kg, 

iw
m  

=1 kg, 2.325
ic
I = kgm2, 0.005

iw
I = kgm2 and 

im
I =  

0.0025 kgm2. The parameters for the adaptive controllers 

are as 
1

0.1, 
i

K =
3

0.28,
i

K = {0.5,0.5},
id

K diag=
1i

γ =  

2
0.001,

i
γ =

3 4
0.01

i i
γ γ= =  and {0.01,0.01,diagΓ =  

0.01}.  In the simulations, the time step is 0.2s. Input 

noise is 3.
id

τ ≤  The velocity constraints of follower 

robot 1 are 
max

1.1 m / s,v =
max

/ 2ω π= rad / s.  The 

velocity constraints of follower robot 2 are 
max
v =  

0.7 m / s,
max

/ 2ω π= rad / s.  

 

5.1. Static obstacle avoidance 

Fig. 11 depicts simulation results that three robots 

form a formation in sinusoid trajectories while avoiding 

static obstacles. The predefined leader robot’s obstacle-

free trajectory is sinusoidal. If there are no obstacles, the 

two follower robots and the leader robot should form and 

maintain formation with the desired distance 
10 20
l l=  

1.2= m, and the desired orientation 
10

/ 3β π= −  and 

20
/ 3.β π=  0.35

s p
r r= = m is selected for follower 

robots 1 and 2. The initial states of the leader robot, 

follower robots 1 and 2 are as (0,0,0) ,T ( 1.5,1.2,0) ,T
−  

( 0.5, 2.2, / 6) ,T
π− −  respectively. The trajectory of the 

leader robot is as 

0 0
0.38 ,   1.5sin(0.18 ).x t y t= =  (42) 

Follower robot 1 avoids a static rectangular obstacle 

and static multiple obstacles composing of two circles. 

Follower robot 2 avoids a rectangular obstacle and a 

circle obstacle. The result shows the follower robots can 

avoid any kind of obstacles using GOACM, in Fig. 11. 

Figs. 12 and 13 show trajectory tracking errors of two 

follower robots while moving in the trajectories as Fig. 

11. The state errors are small when the follower robots 

avoid the obstacles. Because the leader robot moves 

forward when the follower robots avoid the obstacles, 

there are oscillations after avoiding the obstacles, but the 

followers can quickly reform formation.  

Figs. 14 and 15 show velocity tracking errors of two 

follower robots when tracking the trajectories in Fig. 11. 

Although oscillations occur, the velocity tracking errors 

approximately converge to zero.  

For comparison with the result in Fig. 11, the artificial 

potential field method (APFM) is applied to avoid static 

obstacles for the follower robots. When avoiding the 

rectangular obstacle, the magnitude of the repulsive force 
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Fig. 11. The follower robots track the leader robot 

avoiding static obstacles using GOACM. 
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Fig. 12. Trajectory tracking errors of follower robot 1. 
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Fig. 13. Trajectory tracking errors of follower robot 2. 
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is calculated by taking the nearest point from the robot to 

the obstacle, while the direction is given from its center 

as [19]. The trajectories of the robots are described in Fig. 

16, where each follower robot’s path length is longer 

than in Fig. 11 when avoiding obstacles. 

Table 1 shows the average path length of follower 

robots 1 and 2 avoiding the obstacles. The performance 

of GOACM is better than APFM. Using GOACM, the 

path length of follower robot 1 is reduced by 2.3586m 

and 1.1205m related to APFM, avoiding rectangular 

obstacle and multiple circular obstacles, respectively. For 

follower robot 2, compared with APFM, GOACM 

reduces the path length by 0.5512m avoiding the 

rectangular obstacle, and reduces the path length by 

1.4412m, avoiding the circular obstacle. 

Figs. 17-20 show the better performance with 

GOACM than with APFM. When avoiding the obstacles, 

relative distance and bearing angle errors between the 

leader robot and follower robot using GOACM are 

smaller than the errors using APFM. After avoiding the 

obstacles, GOACM contributes that the formation state 

errors more quickly converge to zero. 

 

5.2. Dynamic obstacle avoidance 

To make the simulations realistic, the uncertainties are 

added to the simulated measured position of the dynamic 

obstacles. If there are no obstacles, two follower robots 

and the leader robot form and maintain the formation 

with the desired distance 
10 20

1.2l l= = m, the bearing 

angle 
10

/ 6β π= −  and 
20

/ 3.β π=  0.7
s p
r r= = m is 

selected for follower robots 1 and 2. The initial states of 

the leader robot, follower robots 1 and 2 are (0,1,0) ,T  

( 1.5,1.2,0) ,T
− ( 1, 1, / 6) ,T

π− −  respectively. The trajec-

tories of dynamic obstacles 1 and 2 are defined as  

1
0.1 2 0.35,

o
x t= −  

1
0.1 2 2.42,

o
y t= − +  (43) 

2
0.1 2 1.15,

o
x t= − +  

2
0.1 2 0.58.

o
y t= −  (44) 

Fig. 21 shows the trajectories of three robots and two 

obstacles. At t = 3s, the dynamic obstacles do not enter  
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Fig. 14. Velocity tracking errors of follower robot 1. 
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Fig. 15. Velocity tracking errors of follower robot 2. 
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Fig. 16. The follower robots track the leader robot 

avoiding static obstacles using APFM. 

 

Table 1. The average path length comparison between 

GOACM and APFM. 
 path Length (meter)

obstacle type 
rectangular 

obstacle 
multi- circular-

obstacles
follower 
robot 1 

GOACM 1.5758 1.0695
APFM 3.9344 2.1900

obstacle type 
rectangular 

obstacle 
circular obstacle

follower 
robot 2 

GOACM 2.3481 1.1942
APFM 2.8993 2.6354
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Fig. 17. Relative distance errors between the leader 

robot and follower robot 1. 

 

0 10 20 30 40 50 60
-1

-0.5

0

0.5

1

time(sec)

d
 e
rr
o
r 
(m
e
te
r)

 

 

GOACM

APFM

Fig. 18. Relative distance errors between the leader 

robot and follower robot 2. 
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(a) t =3s. 
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(b) t =5s. 
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(c) t =7s. 
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(d) t = 9s. 
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(e) t =13s. 

Fig. 21. Trajectories of the three robots and the two dy-

namic obstacles. 

the protected shells of the follower robots, so both of the 

follower robots form a triangle formation with the leader 

robot. At t = 5s, since both dynamic obstacles enter the 

protected shells of the follower robots, follower robots 1 

and 2 avoid obstacles using GOACM. At t = 7s, after 

completion of avoiding dynamic obstacle 2, follower 

robot 2 attempts to track the leader robot, while follower 

robot 1 still avoids the dynamic obstacle 1. At t = 9s, 

follower robot 1 tracks the leader robot, and follower 

robot 2 reforms the formation with the leader robot as the 

desired distance and bearing angle. At t = 13s, both of 

the follower robots reform and maintain the formation 

with the leader robot. 

Figs. 22 and 23 show state errors of two follower 

robots moving in a dynamic environment. The results 

show that the state errors can effectively converge to 

zero. After avoiding the dynamic obstacles, the followers 

can quickly come back to the formation.  

The velocity tracking errors of the two follower robots 

are shown in Figs. 24 and 25, when moving as the 

trajectories in Fig. 21(e). In Fig. 24, the velocity errors 

are close to zero. In Fig. 25, although oscillations occur, 

the velocity tracking errors finally converge to zero. 

To compare with the result in Fig. 21(e), two follower 

robots avoid the same dynamic obstacles using APFM in 

Fig. 26. For both follower robots, the obstacle avoidance 

path lengths are longer than them in Fig. 21(e). 
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Fig. 22. Trajectory tracking errors of follower robot 1. 

 

0 2 4 6 8 10 12 14

-3

-2

-1

0

1

Time (sec)

E
r
r
o
r

 

 

x error(meter)

y error(meter)

θ error(rad)

Fig. 23. Trajectory tracking errors of follower robot 2. 
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Fig. 24. Velocity tracking errors of follower robot 1. 
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Fig. 25. Velocity tracking errors of follower robot 2. 
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Fig. 26. Trajectories of the three robots and the two dy-

namic obstacles compared with Fig. 17(e). 
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Fig. 27. Relative distance errors between the leader ro-

bot and follower robot 1. 
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Fig. 28. Relative distance errors between the leader ro-

bot and follower robot 2. 
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Fig. 29. Relative bearing angle errors between the leader 

robot and follower robot 1. 
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Fig. 30. Relative bearing angle errors between the leader 

robot and follower robot 2. 

 

Using GOACM and APFM, Figs. 27-30 show the 

comparison results of the formation state errors, includ-

ing relative distance errors and relative bearing angle 

errors between the leader robot and follower robots 1 and 

2, respectively. The formation state errors using 

GOACM are smaller than the errors using APFM. 
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Fig. 31. Trajectories of three robots and two dynamic 

obstacles. 
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Fig. 32. Trajectory tracking errors of follower robot 1. 
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Fig. 33. Trajectory tracking errors of follower robot 2. 
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Fig. 34. Velocity tracking errors of follower robot 1. 

 

Fig. 31 shows two follower robots avoid two dynamic 

obstacles while forming formation with the leader robot. 

Dynamic obstacle 1 moves in a sinusoid trajectory. 

During the process, dynamic obstacle 2 turns 180 degree 

and accelerates. In Fig. 31, follower robot 1 effectively 

avoids dynamic obstacle 1. Since the dynamic obstacle 2 

changes its direction, follower robot 2 applies GOACM 

by choosing different intersections. Follower robot 2 can 

also effectively avoid dynamic obstacle 2. After avoiding 

the obstacles, two follower robots form a formation with 

leader robot with the desired distance 
10 20

1.2l l= = m, 

and the desired bearing angle 
10

/ 6β π= −  and 
20

β =  

/ 3.π  

Figs. 32 and 33 present trajectory tracking errors of 

two follower robots avoiding two dynamic obstacles. 

The state errors can correctly converge to zero. 

In Figs. 34 and 35, the velocity tracking errors can 

converge to zero. 
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Fig. 35. Velocity tracking errors of follower robot 2. 

 

5.3. Multiple robots avoiding an obstacle 

Fig. 36 shows that two follower robots simultaneously 

avoid the same obstacle. Follower robot 1 is located on 

the left-side of follower robot 2, so follower robots 1 and 

2 choose A11 and A2n to avoid the obstacle, respectively. 

After avoiding the obstacle, three robots can effectively 

and efficiently reform and maintain formation.  

Figs. 37 and 38 show trajectory tracking errors of two 

follower robots while moving in the trajectories as Fig. 

36. Based on the results, the trajectory tracking errors 

can finally converge to zero.  

The velocity tracking errors of two follower robots are 

shown in Figs. 39 and 40. The velocity tracking errors 

approximately converge to zero. 
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Fig. 36. Two follower robots simultaneously avoid one 

obstacle.  
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Fig. 37. Trajectory tracking errors of follower robot 1.  
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Fig. 38. Trajectory tracking errors of follower robot 2.  
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Fig. 39. Velocity tracking errors of follower robot 1. 
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Fig. 40. Velocity tracking errors of follower robot 2. 

 

6. EXPERIMENTS 

 

In order to validate the proposed methods, experi-

ments were conducted using three robots. The experi-

ments include three robots avoiding static obstacles, and 

two robots avoiding a dynamic obstacle.  

 

6.1. Experimental setup 

The test field is a 1.85m by 2.25 m wooden bed for 

three nonholonomic mobile robots as shown in Fig. 41(a). 

A CCD camera (640×480) is located approximately 

2.45 m above the floor to measure the positions and 

attitudes of each robot. For each robot as Fig. 41(b), the 

diameter of each wheel is 4.3 cm, and the distance 

between the left and right wheels is 6.9 cm. The weight 

of the robot is 0.4 kg. The robot is equipped five onboard 

modules: communication module, sensor module, MCU 

module, DC motor module, and power module. The 

robots use bluetooth to communicate with a computer. In 

sensor module, compass and encoder are used to detect 

robot angles and positions. The distances between robot 

and obstacle are measured by ultrasonic sensors. 

Onboard processing is carried out by an ATmega 2560 

AVR for communication and sensor control, and a DSP 

for motor control. The gear ratio of DC motor is 8:1. The 

experiment procedure for each robot is as: 

1) The robot detects the distances between itself and 

an obstacle using ultrasonic sensors, and transmits the 

measured distances to server PC. 

2) In server PC, if the minimal measured distance is 

smaller than the radius of the robot protected shell, the 

waypoint is calculated based on GOACM. If no obstacle, 

the waypoint is given by the leader robot’s information.  

3) Server PC calculates the torques and sends motion 

commands to the robot by Bluetooth. 

4) DC motors are actuated on the robot. 

5) The robot transmits encoder values and angle val-

ues to server PC. 

 

(a) Test bed. (b) Three robots. 

Fig. 41. Experiment system. 
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6) Localizations are carried out on server PC based on 

the encoder values and angle values. 

7) The adaptive controllers are utilized to minimize 

the trajectory and velocity tracking errors. 

 

6.2. Experimental result 

In the experiment, the parameters for the algorithm are 

as 
1

0.1,
i

K =
2

0.2,
i

K =
3

0.28,
i

K = {0.5,0.5},
id

K diag=  

1 2
0.001,

i i
γ γ= =

3 4
0.01,

i i
γ γ= = {0.01,0.01,diagΓ = 0.01}. 

The radius of the protected shell of each robot is 8 cm. 

 

6.2.1 Static obstacle avoidance 

The initial states of the leader robot, follower robots 1 

and 2 are (0 cm,60 cm,0deg) ,T (0 cm,90 cm,0deg) ,T  

and (0 cm,30 cm,0deg) ,T  respectively. The desired 

distances for follower robots 1 and 2 with the leader 

robot are 
10

30l = cm, and 
20

30l = cm, respectively. 

The desired angles of the follower robots 1 and 2 with 

the leader robot are 
10

/ 2,β π= −  and 
20

/ 2,β π=  

respectively. Fig. 42 shows the sinusoid trajectories of 

three robots forming and maintaining a line formation. 

Snapshots of video are presented in Fig. 43. Based on 

GOACM, follower robot 1 avoids a circular obstacle at 

around 70 s, and follower robot 2 avoids a circular 

obstacle at around 25 s. After avoiding the obstacles, 

both follower robots reform the formation with the leader 

robot. 

 

6.2.2 Dynamic obstacle avoidance 

In Fig. 44, a robot acts as a dynamic obstacle, and a 

follower robot avoids the dynamic obstacle while 

maintaining formation with a leader robot. The initial 

states of the leader robot and the follower robot 
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Fig. 42. The sinusoid trajectories of three robots avoid-

ing two circular static obstacles. 

 

 
(a) t = 0s. (b) t = 20s. 

 
(c) t = 25s. (d) t = 29s. 

 
(e) t = 35s. (f) t = 55s. 

 
(g) t = 65s. (h) t = 70s. 

 
(i) t = 75s. (j) t = 90s. 

Fig. 43. Snapshots of three robots avoiding two static 

obstacles. 
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Fig. 44. The trajectories of two robots avoiding a dy-

namic obstacle.  

 

(a) t = 0s. (b) t = 10s. 

(c) t = 12s. (d) t = 15s. 

(e) t = 20s. (f) t = 25s. 

(g) t = 35s. (h) t = 48s. 

Fig. 45. Snapshots of two robots avoiding a dynamic 

obstacle. 
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are (20 cm,90 cm,0deg)T  and (0 cm,120 cm,0deg) ,T  
respectively. The desired distance for the follower robot 
with the leader robot is defined as 10 36l = cm. The 
desired angle of the follower robot with the leader robot 
is 10 5 g.6deβ = −  Snapshots of video are presented in 
Fig. 45. The follower robot avoids the dynamic obstacle 
at around 70s. 

 
7. CONCLUSIONS 

 
This paper presents a group of nonholonomic mobile 

robots form and maintain formation under a cluttered 
environment. In order to avoid the static and dynamic 
obstacles, GOACM is proposed for the robot using 
limited on-board sensor information, and considering the 
velocity constraints of each robot. In case of dynamic 
environment, the trajectories of the dynamic obstacles 
are not pre-known. Since both the leader-follower 
formation control method and GOACM focus on finding 
waypoints for the robot, GOACM can effectively 
cooperate with the formation control method. The 
adaptive controllers are used to minimize the robot’s 
trajectory and velocity tracking errors. The simulation 
results show the better performance based on GOACM 
than the performance based on APFM. The simulation 
and experimental results demonstrate the effectiveness of 
GOACM to avoid the static and dynamic obstacles. 
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