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Abstract: In this paper, we propose a method for designing the sliding mode based tracking control of 

a mobile robot in Cartesian coordinates with an approach angle and an improved reaching law. In the 

proposed method, to solve the singular point problem, we consider the kinematics in Cartesian coordi-

nates instead of the kinematics in polar coordinates. We consider the bounded disturbances of the dy-

namics. Next, we design a new sliding surface by using an approach angle to solve the sliding surface 

constraint problem. Also, we propose an improved reaching law which can reduce the chattering phe-

nomenon and the reaching time. Then, we derive the new matrix to use the sliding mode control me-

thod to the kinematics and dynamics equations. Based on the proposed control law, we can derive the 

control input for the given arbitrary trajectories. We prove that the position tracking error asymptotical-

ly converges to zero by using the Lyapunov stability theory. Finally, we demonstrate the effectiveness 

of the proposed control system through computer simulations. 

 

Keywords: Approach angle, Cartesian coordinates, disturbance, Lyapunov function, mobile robot, 

reaching law, sliding mode control, tracking control. 

 

1. INTRODUCTION 

 

On a tracking control of a mobile robot, there have 

been many researches [1-12]. However, it is still a 

difficult problem to design the tracking controller of a 

mobile robot, because a mobile robot has the 

nonholonomic constraint property that makes the 

restrictions on the movement of a mobile robot. 

Moreover, in real mobile robots, there exist the model 

uncertainties and the disturbances. In order to solve these 

problems, various control methodologies have been 

studied, including adaptive control theory, robust control 

theory, fuzzy theory, and switching theory. Among 

various control methodologies, many researchers focused 

on sliding mode control (SMC) [8-12] because SMC has 

robust response for the changing parameters. Therefore, 

due to those properties, SMC is suitable for the tracking 

controller of a mobile robot.  

In the design of tracking controller for a mobile robot, 

some researchers have considered only the kinematic 

model of mobile robots with the assumption of perfect 

velocity tracking [2,3]. However, since it is difficult to 

track the velocity perfectly, there are the gap between the 

simulation results and the experimental results of real 

mobile robots. Therefore, a number of researchers 

consider the kinematic and dynamic models together 

[4,8-11].  

Yang and Kim proposed a tracking control of a mobile 

robot, which considers the kinematic and dynamic 

models in polar coordinates [8]. In addition, Park et al. 

proposed a new sliding surface based SMC to improve 

the performance of a tracking controller [10]. However, 

the movement of a mobile robot is constrained in those 

studies. It is because those studies consider the kinematic 

model in polar coordinates, which has the singular point 

problem at the origin. In order to solve the singular point 

problem, Lee et al. proposed a kinematic model in 

Cartesian coordinates [11], and Dong et al. presented a 

tracking control for a mobile robot with the kinematic 

model in Cartesian coordinates by using SMC [2]. Also, 

the control input is simplified by using the backstepping 

method in some studies [12]. However, due to the sliding 

surface constraint, the control input has the constraints 

on the movement of a mobile robot. 

Moreover, many studies have considered the chatter-

ing phenomenon in the design of tracking controller for a 

mobile robot. The chattering phenomenon is undesirable 

because it can be the cause of a damage to a controller. 

Therefore, many solutions have been proposed to 

overcome the chattering phenomenon. Gao and Hung 

proposed an improved reaching law with the fractional 

power terms of the sliding surface, which reduces the 

chattering phenomenon [13]. However, the proposed 

reaching law increases the reaching time of a controller. 

In order to solve the above problem, Fallaha et al. 

proposed an advanced reaching law by using an 

exponential terms which adapts to the variations of 

chattering [14]. However, the proposed reaching law has 

the limited maximum value, so the reaching time is not 
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decreased very much. 

In this paper, we propose a method for designing the 

sliding mode based tracking controller of a mobile robot 

in Cartesian coordinates with an approach angle and an 

improved reaching law. In the proposed method, in order 

to solve the singular point problem of the kinematics in 

polar coordinates, we consider the kinematics in 

Cartesian coordinates. Also, we consider the bounded 

disturbance of the dynamics. In order to use SMC to the 

kinematics and dynamics equations, we derive the new 

matrix. Then, to solve the sliding surface constraint 

problem, we design a new sliding surface by using an 

approach angle. In addition, we propose an improved 

reaching law which can reduce the chattering 

phenomenon and the reaching time. By using the 

proposed control system, we derive the control input for 

the given arbitrary trajectories. We prove that the 

position tracking error asymptotically converges to zero 

by using the Lyapunov stability theory. Finally, we 

demonstrate the effectiveness of the proposed control 

system through computer simulations. 

This paper is organized as follows: In Section 2, we 

introduce the kinematic and dynamic models of a mobile 

robot in Cartesian coordinates. In Section 3, we propose 

a new controller of a mobile robot with a new sliding 

surface and an improved reaching law by using an 

approach angle, and then prove the stability with 

Lyapunov function. We present several computer 

simulation results in Section 4, and draw conclusions in 

Section 5. 

 

2. MOBILE ROBOT MODELING 

 

We consider the kinematic and dynamic models of a 

mobile robot in Cartesian coordinates instead of polar 

coordinates. The kinematic model of a mobile robot in 

polar coordinates has the singular point problem. 

Therefore, by using the kinematic models in Cartesian 

coordinates, we remove the restrictions on the movement 

of a mobile robot. Then, by adding the dynamic models, 

we improve the performance of tracking controller for a 

mobile robot. 

 

2.1. Kinematic model of mobile robot 

In this paper, we consider a mobile robot which is 

composed of two driving wheels and having a driving 

axis at the center of the wheels as shown in Fig. 1. In 

order to describe the posture of a mobile robot, we define 

the position as (xc, yc), the middle point of the driving 

axis, and the heading angle as θ
c
, the angle between the 

X-axis and the heading direction. Fig. 1 describes the 

posture of a mobile robot in Cartesian coordinates. 

We define the current posture of a mobile robot as 

[ ] ,
T

c c c c
q x y θ=  and then by using the defined 

variables in the above, the nonholonomic constraint of a 

mobile robot is described as follows: 

sin cos 0.
c c c c
x yθ θ− =� �  (1) 

We then define the linear velocity and the angular 

velocity of a mobile robot as v and w, respectively. 

Additionally, we define the control input of current 

posture as [ ] .
T

c c c
z v w=  The kinematic model of a 

mobile robot in Cartesian coordinates is then expressed 

as follows: 

cos cos 0

sin sin 0 .

0 1

c c c c

c c c c c c

c c

x v

q y v z

w

θ θ

θ θ

θ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= = =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

�

� �

�

 (2) 

Similarly, we define the reference posture and the 

reference control input as [ ]
T

r r r r
q x y θ=  and 

r
z =  

[
r
v ,]

T

r
w  respectively. With these defined terms, we 

derive the posture error (3), which is the difference 

between the current posture and the reference posture, as 

follows: 

cos sin 0

sin cos 0 .

0 0 1

e c c r c

e e c c r c

e r c

x x x

q y y y

θ θ

θ θ

θ θ θ

−⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥= = − −⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥ −⎣ ⎦⎣ ⎦ ⎣ ⎦

 (3) 

Differentiating (3) yields (4), which contains the linear 

velocity and angular velocity terms as follows: 

cos

sin .

e e c c r e

e e e c r e

e r c

x y w v v

q y x w v

w w

θ

θ

θ

− +⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= = − +⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎣ ⎦

�

� �

�

 (4) 

 

2.2. Dynamic model of mobile robot 

With the Euler-Lagrange formulation, the dynamic 

model of a mobile robot under nonholonomic constraints 

is described as follows: 

( ) ( , ) ( )

( ) ( ) ,

c c c c c c

T

c c

d
M q q V q q q G q

dt

B q A qτ λ

+ +

= −

� � �

 (5) 

where n

c
q R∈  is the generalized coordinates, r

Rτ ∈  is 

the torque control input vector, m

Rλ∈  is the constraint 

force vector, ( ) n n

c
M q R

×

∈  is the symmetric and posi-

tive definite inertia matrix, ( , ) n n

c c
V q q R

×

∈�  is the cen-

tripetal and coriolis matrix, ( ) n

c
G q R∈  is the gravitation 

vector, ( ) n r

c
B q R

×

∈  is the input transformation matrix, 

and ( ) m n

c
A q R

×

∈  is the matrix related to nonholonomic 

constraints. 

 

Fig. 1. Coordinate assignment for a mobile robot. 
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From the nonholonomic kinematic constraint, we 

derive two equations: ( ) 0
c c

A q q =�  and ( ) ( ) 0.
c c

A q S q =  

Here, ( ) n r

c
S q R

×

∈  is composed of linearly independent 

vectors in the null space of ( ).
c

A q  From the relation 

between those two equations, we can derive 

( ) .
c c c
q S q z=�  (6) 

Using (6), we transform (5) into 

( ) ( , ) ,
c c c c

H q z F q z τ+ =�  (7) 

where 1( ) ( ( ) ( )) ( ) ( ) ( )T T
H q S q B q S q M q S q

−

=  and ( ),F q z  
1

( ) .( ) ( ) ( )( ( ) ( ) ( , ) ( ))T T
S B S zq q q M q S q v q q S q

−

=

�

�  

Assumption 1: If there are the bounded disturbances 

τd, (7) can be represented as follows: 

( ) ( , ) ,
c c c c d

H q z F q z τ τ+ + =�  (8) 

where ( ) ,
d c

H q fτ =
1

2

,

f

f
f

⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

= ,
i mi
f f≤ 2,1,i =  and 

( )
c

H q  and ( , )
c c

F q z  are assumed to be known. 

By using the computed torque method, we can derive the 

torque control input τ as follows: 

( ) ( , ) ( ) .
c r c c c

H q z F q z H q uτ = + +�  (9) 

By substituting (9) into (8), we can derive 

.

c r
z f z u+ = +� �  (10) 

Then, by transforming (10), we can derive 

.

c r

c r

c r

v v
z z u f

w w

−⎡ ⎤
− = = −⎢ ⎥−⎣ ⎦

� �

� �

� �

 (11) 

 

3. DESIGN OF TRACKING CONTROLLER 

 

In this section, we describe the process for designing 

the tracking control of a mobile robot. First, we develop 

a new appropriate sliding surface to solve the sliding 

surface constraint problem. Second, we design an 

improved reaching law to reduce the chattering 

phenomenon and the reaching time. Third, we design a 

control law based on the proposed sliding surface with 

the proposed reaching law. Finally, we prove that the 

posture errors converge to zero with the Lyapunov 

stability theory. 

 

3.1. Sliding surface with approach angle 

The objective of a tracking controller is to make the 

posture error qe converge to zero for an arbitrary 

reference trajectory as time elapses. However, the 

previous sliding mode tracking controllers have some 

restrictions on the movement of a mobile robot. 

Therefore the posture error does not converge to zero for 

the specific condition. It is because that in those studies, 

the sliding surface is defined as follows: 

1(tan 0.)
e r e

v yθ
−

+ =  (12) 

In (12), we can see that even when θ
e
 converge to zero, 

y
e
 does not converge to zero if 0

r
v ≈  and 0.

e
y >  It 

is because .0
r e
v y ≈  Thus, the tracking controller with 

the sliding surface (12) has the surface constraint. To 

solve this problem, with respect the newly defined 

coordinate as shown in Fig. 2, we introduce an approach 

angle θ
a
 as follows: 

1
where and

wher

tan

.e and

r c

r c r c

a r c

r r c r c

y y
y y x x

x x

y y x x

θ

θ

−

⎧ ⎛ ⎞−
≠ ≠⎪ ⎜ ⎟

= −⎨ ⎝ ⎠
⎪

= =⎩

 

 (13) 

Then as shown in Fig. 2, if the heading angle θ
c
 of a 

mobile robot converges to an approach angle θ
a
, then y

e
 

converges to zero as follows:  

0.
c a e

yθ θ ⇒→ →  (14) 

Since the heading angle θ is tangential of trajectory, 

the heading angle error θ
e
 converges to zero as y

r
 and x

r
 

converge to y
c
 and x

c
, respectively. Then, we define the 

first order filters as follows: 

,
x e e
s x x= +�  ,

th ca ca
s θ θ= +

�  (15) 

where .

ca a c
θ θ θ= −  According to (15), if 

x
s  and 

th
s  

converge to zero, then x
e
 and θ

ca
 converge to zero.  

By using (14) and (15), we design a new sliding 

surface, which does not have the sliding surface 

constraint, as follows:  

1

2

.

x e e

th ca ca

s x xs
S

ss θ θ

+⎡ ⎤ ⎡ ⎤⎡ ⎤
= = =⎢ ⎥ ⎢ ⎥⎢ ⎥ +⎣ ⎦ ⎣ ⎦ ⎣ ⎦

�

�

 (16) 

 

3.2. Design of reaching law 

After designing the sliding surface, we should design 

the control law that makes each state reach the sliding 

surface. To do so, we design the control law with the 

following reaching condition: 

0S S⋅ <
�  for any t. (17) 

Here, S�  is typically chosen to satisfy the above 

condition as follows: 

( )sgn ,S K S= − ⋅
�  (18) 

where K is the positive constant. From the above 

reaching law, we derive the reaching time t
r
, which is the 

necessary time for each state to converge to the sliding 

surface, as follows: 

 

Fig. 2. Coordinate assignments for an approach angle. 
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(0)
.

r

S
t

K
=  (19) 

However, a controller with typical reaching law has 

the large t
r
 and the chattering phenomenon. In order to 

decrease the chattering, some studies proposed the 

reaching law with sat(S),  instead of sgn(S).  However, 

with this reaching law, there exist a tracking errors, and 

does not decrease t
r
. In the other studies, to decrease t

r
, 

the reaching law is proposed as follows:  

sgn( ),S K S S
α

= −
�  (20) 

where , 0K α >  and 
(0)

| |
.

S

K S
r
t

α
=  With a large α, the 

proposed reaching law decreases t
r
, but it makes the large 

tracking errors. To solve this dilemma, we propose an 

improved reaching law as follows: 

( ) sgn( ),S K R S S= − ⋅ ⋅
�  (21) 

where  

(1

| |

| |)

( ) .
S

S
P P

R S
α

γβ−
+ −

=   Here, P is a strictly positive 
 

offset less than 1. α, β and γ are a strictly positive integer. 

With the above conditions, R(S) is always strictly 

positive. Therefore, R(S) does not affect the stability of 

controller. Also the proposed reaching law has the 

following properties. 

With a large | | ,S  R(S) converges to | /| ,S P
α  it 

means that each states converge to the proposed sliding 

surface with the 
(0)| |

| |
.

S
P

K S
r
t

α
=  Furthermore, the proposed 

reaching law does not need to have the large α because t
r
 

can be controlled by P. Therefore, with the proposed 

reaching law, we can reduce the reaching time, the 

chattering phenomenon, and the tracking errors by 

selecting an appropriate α and P. 

 

3.3. Design of control law 

In this subsection, we design an appropriate control 

law which makes the proposed sliding surface (16) 

converges to zero with the proposed reaching law (21). 

In the designing process for control law, we consider the 

underactuated problem of a mobile robot. To solve this 

problem, we derive a new matrix, which is used to apply 

SMC to the kinematics and dynamics equations, from (2) 

as follows:  

( ) 1 2 3

4 5 6

1 2 3

4 5 6

1 1 1

4 4 4

, ,

cos , sin , 0

sin , cos , 1

x x
p p p v

P x y y y
p p p w

p x p y p v

p x p y p w

p p p

p p p

θ

θ θ

θ

θ

θ θ

θ θ

⎡ ⎤ ⎡ ⎤
⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥

⎣ ⎦⎣ ⎦⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

⎧ + + =⎪
⇒ ⎨

+ + =⎪⎩

= = =⎧
⇒ ⎨

= − = =⎩

� �

� �

� �

�

� �

�

� �

 

( )
cos sin 0

, , .
sin cos 1

P x y
θ θ

θ
θ θ

⎡ ⎤
∴ = ⎢ ⎥−⎣ ⎦

 (22) 

By using the above derived matrix, we modify (16) 

and (4) as follows: 

( )

cos

, , sin

cos
,

x

e e

c c c x

ca ca

th

e c r e e c

a ca c

s
x x

S P x y s

s

y w v x v

w

θ

θ θ
θ θ

θ

θ θ

⎡ ⎤
+⎡ ⎤⎢ ⎥= = ⎢ ⎥⎢ ⎥ +⎣ ⎦⎢ ⎥⎣ ⎦

+ +⎡ ⎤ ⎡ ⎤
= −⎢ ⎥ ⎢ ⎥+⎣ ⎦ ⎣ ⎦

�

�

�

 (23) 

( ), , .

r

r

r r r r

r

r

x
v

P x y y
w

θ

θ

⎡ ⎤
⎡ ⎤ ⎢ ⎥=⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎢ ⎥⎣ ⎦

�

�

�

 (24) 

Next, by differentiating (23) and (24), we obtain  

cos
,

c e c r e e

c a ca

v y w v xd
S

w dt

θ

θ θ

+ +⎡ ⎤ ⎡ ⎤
= − +⎢ ⎥ ⎢ ⎥+⎣ ⎦ ⎣ ⎦

�

�

�

�

 (25) 

( ) ( ), , , , .
r

r r

r

r r r r r r r

r

r r

x x
v d

P x y y P x y y
w dt

θ θ

θ θ

⎡ ⎤ ⎡ ⎤
⎡ ⎤ ⎢ ⎥ ⎢ ⎥= +⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

� �

�

�

� �

�

� �

 (26) 

Then, by substituting (25) and (26) into (11), we then 

obtain 

( ) ( )

cos
 

, , , , .

e c r e e

a ca

r r

r r r r r r r r

r r

y w v xd
S

dt

x x
d

P x y y P x y y u f
dt

θ

θ θ

θ θ

θ θ

+ +⎡ ⎤
− + ⎢ ⎥+⎣ ⎦

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥− − = −⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

�

�

� �

�

� �

� �

 (27) 

Then, by substituting (21) and sgn( )l S⋅  into (27) for 

bounded disturbances, we derive the control input u as 

follows: 

( )
cos

( ) sgn( )
e c r e e

a ca

y w v xd
u K R S l S

dt

θ

θ θ

+ +⎡ ⎤
= ⋅ + + ⎢ ⎥+⎣ ⎦

�

 

( ) ( ), , , , ,

r r

r r r r r r r r r r

r r

x x
d

P x y y P x y y
dt

θ θ

θ θ

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥− −⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

� �

�

� �

� �

 (28) 

where 

1

2

,

l
l

l

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

 
1

2

,

k
K

k

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

 ,
( )

sgn( )
( )

x

th

sgn s
S

sgn s

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

 

 

1 1
( ,f l<

2 2
f l<  and 

1 2
, 0).k k >  

 

3.4. Stability analysis 

In this paper, we use the Lyapunov stability theory to 

analyze the stability of the proposed tracking control 

system. 

Theorem 1: The control input (28) stabilizes the 

sliding surface (23) under Assumption 1. Thus, the 

posture errors q
e
 converge to zero. 

Proof: We use the Lyapunov stability theory to 

analyze the stability of the proposed sliding surface and 

the control law. For this purpose, we choose the 

Lyapunov function as follows: 
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1
.

2

TV S S=  (29) 

Differentiating (29), we obtain 

( , , ) ( , , )

r r

T

r r r r r r r r

r r

x x
d

V S S S P x y y P x y y
dt

θ θ

θ θ

⎧ ⎡ ⎤ ⎡ ⎤
⎪ ⎢ ⎥ ⎢ ⎥= = − −⎨ ⎢ ⎥ ⎢ ⎥
⎪ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎩

� �

�� �

� �

� �

         
cos

.
e c r e e

a ca

y w v xd
u f

dt

θ

θ θ

+ +⎡ ⎤
+ − +

⎫⎪
⎬⎢ ⎥+⎣ ⎦ ⎪⎭

�

 (30) 

By applying (28) to (30), we obtain 

[ ]{ }( ) sgn( )

( ) ,

TV S S S K R S l S f

K R S S l S f S

= = − ⋅ − ⋅ +

= − ⋅ − + ⋅

��

 (31) 

where 0l S f S− + ⋅ ≤  and .( ) 0R S >  Since V is positive 

definite and V�  is negative definite, the sliding surface S 

converges to zero by the Lyapunov stability theory. Then, 

from (16), we derive 

2 2 2 2

1 2
0.

x th
s s s s+ = + =  (32) 

According to (32), sx and sth converge to zero, which 

means that xe and θca converge to zero. Since ye 

converges to zero as θca converge to zero, the position 

error ( , )
e e
x y  converges to zero. In addition, the 

heading angle error θe converges to zero because the 

heading angle is tangential of trajectory. In conclusion, 

with the control input u, the posture error ( ), ,
e e e
x y θ  

converges to zero, and then a mobile robot exactly 

follow a given reference trajectory.        � 

 

4. SIMULATION RESULTS 

 

In this section, we present the simulation results for 

the given reference trajectory to demonstrate the 

effectiveness of the proposed tracking controller. For the 

simulation, we select the design parameter values as 

1 2
5,k k= = 0.3,α = 0.3,β = 0.2,γ = 0.3,P =  and α  

1.5=  for the reaching law (20). Then we select the 

initial point of a mobile robot as [ , , ] [0,0,0]
c c c
x y θ =  to 

show the improvement of singularity at the origin with 

the proposed control system. Then, the input 

disturbances for a mobile robot control system are 

chosen to be Gaussian random noises with variance = 0.5 

and mean = 0, which are assumed that the upper bounds 

are 
1 2

0.5( ).
m m
f f N= =  The reference trajectory is 

generated by using the kinematic model (2) with the 

reference velocities v
r
 and w

r
, which are depending on 

the following conditions:  

Condition 1: For the sliding surface constraints, we 

select the initial conditions of the reference trajectory as 

[ , , ]
r r r
x y θ = [5, 3, 

4
],π  the linear velocity as vr = 0 m/s, 

and the angular velocity as wr = 0 m/s. 

Condition 2: For the complicated line, we select the 

initial conditions of the reference trajectory as [ , ,
r r
x y  

]
r

θ = [5, 3, 
4
],

π

 and the linear and angular velocities as 

follows: 

0s 3st≤ < : / s5 ,m
r
v = 0m / s,

r
w =  

3s 7.7st≤ < : 
 

1. ,/ s5m
r
v = 0.m / s,

r
w = −  

7.7s 10st≤ < : / s3 ,m
r
v = 0m / s,

r
w =  

10s 15st≤ < : 1.5 ,m / s
r
v = 0.5m / s,

r
w =  

15s 17st≤ < : / s3 ,m
r
v = 0m / s.

r
w =  

Then, to show the effectiveness of proposed reaching 

law, we present three simulation results to Condition 2; 

one is with the typical reaching law (18), other is with 

the reaching law (20), and the other is with the proposed 

reaching law (21).  

Fig. 3 depicts the tracking result of a controlled mobile 

robot with Condition 1 for the sliding surface constraints 

of previous study. As shown in Fig. 3, a mobile robot 

follows the given reference trajectory exactly from the 

origin point. Also, the posture error converges to zero, as 

shown in Fig. 4. From the results of Figs. 3 and 4, we 

verify that the sliding surface constraint and the singular 

point problems are solved with the proposed tracking 

controller.  

For Condition 2, Figs. 5-8 depict the tracking control 

results with the reaching laws (18), (20) and (21). Then, 

by comparing Fig. 5-8, we can see the effectiveness of 

the proposed tracking controller for a mobile robot. As 

shown in Fig. 6, the tracking controller with a typical 

 

 

Fig. 3. Tracking control result for Condition 1. 

 

Fig. 4. Tracking control errors for Condition 1. 
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Fig. 5. Tracking control result for Condition 2. 

 

 

Fig. 6. Tracking control errors for Condition 2 with the 

reaching law (18). 

 

 

Fig. 7. Tracking control errors for Condition 2 with the 

reaching law (20). 

 

reaching law (18) takes about 6.8 seconds to make a 

mobile robot follow a given reference trajectory, and 

there exist the severe chattering phenomenon. And as 

shown in Fig. 7, the tracking controller with the reaching 

law (20) has the small reaching time, about 1.0 seconds, 

but there exist errors in the heading angle even after 

converged.  

Then, Fig. 8 depicts the tracking control result for the 

proposed controller with the control input signal as 

shown in Fig. 9. As shown in Fig. 8, the proposed 

controller takes 1.0 seconds to make the posture errors 

converge to zero, and there does not exist the large 

chattering and errors in the heading angle. From the 

simulation results, we verify that the proposed tracking 

controller make a mobile robot follow the arbitrary 

trajectories exactly with the decreased reaching time, 

chattering phenomenon and the unrestricted movement. 

 

5. CONCLUSION 

 

In this paper, we proposed a method for designing the 

sliding mode based tracking controller of a mobile robot 

in Cartesian coordinates with an approach angle and an 

improved reaching law. In the proposed method, in order 

to solve the singular point problem of the kinematics in 

polar coordinates, we considered the kinematics in Car-

tesian coordinates. Also, we considered the bounded 

disturbance of the dynamics. In order to use SMC to the 

kinematics and dynamics equations, we derived the new 

matrix. Then, to solve the sliding surface constraint prob-

lem, we designed a new sliding surface by using an ap-

proach angle. In addition, we proposed an improved 

reaching law which reduces the chattering phenomenon 

and the reaching time. By using the proposed control 

 

Fig. 8. Tracking control errors for Condition 2 with the 

reaching law (21). 
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Fig. 9. Control input signal U for Condition 2 with the 

proposed controller. 
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system, we derived the control input for the given arbi-
trary trajectories. We proved that the position tracking 
error asymptotically converges to zero by using the 
Lyapunov stability theory. Finally, we demonstrated the 
effectiveness of the proposed control system through 
computer simulations. 

 
REFERENCES 

[1] I. Kolmanovsky and N. H. McClamroch, “Devel-
opments in non-holonomic control problems,” 
IEEE Control Systems, vol. 15, no. 6, pp. 20-36, 
1995. 

[2] N. M. Dung, B. H. Duy, N. T. Phuong, S. B. Kim, 
and M. S. Oh, “Two-wheeled welding mobile robot 
for tracking a smooth curved welding path using 
adaptive sliding-mode control technique,” Interna-
tional Journal of Control, Automation, and Systems, 
vol. 5, no. 3, pp. 283-294, 2007. 

[3] Y. Kanayanma, “A stable tracking control method 
for an autonomous mobile robot,” Proc. of IEEE 
Conf. on Robotics and Automation, vol. 1, pp. 384-
389, 1990. 

[4] T. Fukao, H. Nakagawa, and N. Adachi, “Adaptive 
tracking control of a nonholonomic mobile robot,” 
IEEE Trans. on Robotics and Automation, vol. 16, 
no. 5, pp. 609-615, 2000. 

[5] V. Sankaranarayanan and A. D. Mahindrakar, 
“Switched control of a nonholonomic mobile ro-
bot,” Commun Nonlinear Science Numerical Simu-
lation, vol. 14, no. 5, pp. 2319-2327, 2009. 

[6] W. G. Wu, H. T. Chen, and Y. J. Wang, “Global 
trajectory tracking control of mobile robot,” Acta 
Automatica Sinica, vol. 27, no. 3, pp. 326-331, 
2001. 

[7] N. R. Gans and S. A. Hutchinson, “Stable visual 
serving through hybrid switched-system control,” 
IEEE Trans. on Robotics and Automation, vol. 23, 
no. 3, pp. 530-540, 2007. 

[8] J. M. Yang and J. H. Kim, “Sliding mode control 
for trajectory tracking of nonholonomic wheeled 
mobile robots,” IEEE Trans. on Robotics and 
Automation, vol. 15, no. 3, pp. 578-587, 1999. 

[9] D. Chwa, “Sliding-mode control of nonholonomic 
wheeled mobile robots in polar coordinates,” IEEE 
Trans. on Control System Technology, vol. 12, no. 
4, pp. 637-644, July 2004. 

[10] B. S. Park, S. J. Yoo, Y. H. Choi, and J. B. Park, 
“A new sliding surface based tracking control of 
nonholonomic mobile robots,” Journal of Institute 
of Control, Robotics and Systems (in Korean), vol. 
14, no. 8, pp. 842-847, 2008. 

[11] S. O. Lee, Y. J. Cho, M. Hwang-Bo, B. J. You, and 
S. R. Oh, “A stable target-tracking control for uni-
cycle mobile robots,” Proc. of IEEE/RSJ Conf. on 
Intelligent Robots and Systems, pp. 1822-1827, 
2000. 

[12] J. H. Lee, C. Lin, H. Lim, and J. M. Lee, “Sliding 
mode control for trajectory tracking of mobile robot 
in the RFID sensor space,” International Journal of 
Control, Automation, and Systems, vol. 7, no. 3, pp. 

429-435, 2009. 
[13] W. Gao and J. C. Hung, “Variable structure control 

of nonlinear systems: a new approach,” IEEE Trans. 
Ind. Electron., vol. 40, no. 1, pp. 45-55, 1993. 

[14] C. J. Fallaha, M. Saad, H. Y. Kanaan, and K. A. 
Haddad, “Sliding mode robot control with expo-
nential reaching law,” IEEE Trans. Ind. Electron., 
vol. 58, no. 2, pp. 600-610, 2011. 

[15] H. S. Cheon and B. K. Kim, “Circle list based ob-
stacle avoidance for omni-directional mobile robots 
in dynamic environments,” Journal of Institute of 
Control, Robotics and Systems (in Korean), vol. 17, 
no. 12, pp. 1227-1233, 2011. 

[16] H. K. Kim, H. B. Shim, and J. H. Back, “Formation 
control algorithm for coupled unicycle type mobile 
robots through switching interconnection topol-
ogy,” Journal of Institute of Control, Robotics and 
Systems (in Korean), vol. 18, no. 5, pp. 439-444, 
2012. 

 
 

Jun Ku Lee received his B.S. degree in 
Electrical and Electronic Engineering 
from Yonsei University in 2012, Seoul, 
Korea. His current research interests 
include nonlinear control, robust control, 
sliding mode control, switching law, 
mobile robot, and autonomous underwa-
ter vehicle. 
 

 
Yoon Ho Choi received his B.S., M.S., 
and Ph.D. degrees in Electrical Engineer-
ing from Yonsei University, Seoul, Ko-
rea, in 1980, 1982, and 1991, respec-
tively. Since 1993, he has been with 
Department of Electronic Engineering, 
Kyonggi University, Suwon, Korea, 
where he is currently a Professor. He was 
with Department of Electrical Engineer-

ing, The Ohio State University, where he was a Visiting 
Scholar (2000-2002, 2009-2010). His research interests include 
nonlinear control, intelligent control, multi-legged and mobile 
robots, networked control systems, and ADP based control. 
Prof. Choi was the Director (2003-2004, 2007-2008) of the 
Institute of Control, Robotics and Systems (ICROS). He is 
serving as the Vice-President for the ICROS (2012-present). 
 

Jin Bae Park received his B.S. degree in 
Electrical Engineering from Yonsei Uni-
versity, Seoul, Korea, and his M.S. and 
Ph.D. degrees in Electrical Engineering 
from Kansas State University, Manhattan, 
KS, USA, in 1977, 1985, and 1990, re-
spectively. Since 1992, he has been with 
the Department of Electrical and Elec-
tronic Engineering, Yonsei University, 

where he is currently a Professor. His major research interests 
include robust control and filtering, nonlinear control, intelli-
gent mobile robot, fuzzy logic control, neural networks, chaos 
theory, and genetic algorithms. He served as the Editor-in-
Chief (2006-2010) for the International Journal of Control, 
Automation, and Systems, the Vice-President (2009-2011) for 
Institute of Control, Robot, and Systems Engineers (ICROS), 
and the President for the ICROS (2013). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


