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Abstract: The obstacle avoidance control of mobile robots has been widely investigated for numerous
practical applications. In this study, a control scheme is presented to deal with the problem of trajectory
tracking while considering obstacle avoidance. The control scheme is simplified into two controllers.
First, an existing trajectory tracking controller is used to track. Next, to avoid the possible obstacles in
the environment, an obstacle avoidance controller, which is used to determine the fastest collision
avoidance direction to follow the boundary of the obstacle at a constant distance, is proposed based
on vector relationships between the robot and an obstacle. Two controllers combined via a switch
strategy are switched to perform the task of trajectory tracking or obstacle avoidance. The stability
of each controller in the control scheme is guaranteed by a Lyapunov function. Finally, several
simulations are conducted to evaluate the proposed control scheme. The simulation results indicate
that the proposed scheme can be applied to the mobile robot to ensure its safe movement in unknown
obstacle environments.

Keywords: trajectory tracking; obstacle avoidance; switch strategy; mobile robots

1. Introduction

In recent years, the wheeled mobile robot (WMR) has received much attention due to its many
practical applications, which is widely used in various aspects, such as search and rescue [1],
multi-robotic formation [2,3], industrial applications [4,5], military operations [6,7], and so on.
These applications require the mobile robot to move autonomously and carry out a variety of
automated tasks which include trajectory tracking, obstacle avoidance, formation control, etc. For the
control of mobile robots, the major challenge is to develop effective controllers to deal with various tasks.
Among those tasks, the problems of obstacle avoidance and trajectory tracking are especially important
for autonomous movement.

Obstacle avoidance is a necessary function in robotics technology. It aims to ensure the robot
would not collide with obstacles in unknown environments. The obstacle avoidance problem has
been investigated by many researchers. In [8], a path planning algorithm was designed using the
sensor fusion of a camera and a laser radar to generate a collision-free path. In addition, artificial
potential field (APF) [9,10] methods were presented for obstacle avoidance. They use a potential
field function to generate an obstacle-free trajectory by creating an attractive force for the goal and a
repulsive force around the obstacle to avoid collision. In [11,12], The genetic algorithms (GA) inspired
by evolutionary theory were devised to generate optimal paths from one start point to the target
location within given resented to find a feasible path for the multi-objective path planning problem.
In [14,15], some common optimization technologies like particle swarm optimization (PSO) and ant
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colony optimization (ACO) were also presented to resolve the obstacle avoidance problem in terms
of multi-objective optimization. However, the main drawbacks of those heuristic or evolutionary
methods based on optimization techniques are that they have possible local minimum problem in
computation, and their computations are complicated. In order to solve those limitations, researchers
studied the obstacle avoidance problem based on control theory, and obstacle avoidance methods
using the geometric relationship between the robot and an obstacle were proposed to avoid possible
obstacle [16–19]. Whereas the above-mentioned works only consider obstacle avoidance for mobile
robots without taking trajectory tracking into account.

Robots follow a desired trajectory generated by a virtual mobile robot based on its kinematic
model and initial posture, which can navigate the mobile robot to the desired position. This tracking
problem has been studied by many researchers, and there are a lot of control strategies are proposed
for mobile robots, such as model predict control (MPC) [20–22], sliding mode control (SMC) [23–26],
fuzzy control [27–29], adaptive control [30–32], and intelligent control [33,34], etc. However, most of
them studied the trajectory tracking problem under the assumption that the movement of the robot
is in an obstacle-free environment. Hence, the design of the controller lacks the consideration of the
possible collisions in the environment.

In the above discussion, the obstacle avoidance problem is addressed by pathing planning
algorithm or obstacle avoidance controller. Besides those mentioned literatures, some studies presented
some unified controllers by considering the obstacle avoidance function in trajectory tracking controller
to handle the problems of tracking and obstacle avoidance over the past few years [35–38], few studies
have focused on the combination of multiple controllers [39]. Furthermore, it is extremely hard to
address the problem of trajectory tracking with obstacles utilizing only one controller for the difficulties
in design and the high computational cost. Therefore, the combination of practical, low-computational
cost, and effective controllers is important to ensure the movement of the mobile robot.

This paper presents a control scheme for a mobile robot to navigate it from a start position to a
desired destination. The mobile robot tracks a pre-planned trajectory by using the reference posture
and reference velocities as input signals for its control system. Owing to unknown obstacles in the
environment, an obstacle avoidance controller is presented to escape the obstacle. In this paper,
the problem of trajectory tracking in unknown obstacle environments is simplified by dividing the
objective of control scheme into two controllers, trajectory tracking and obstacle avoidance controllers.
Both controllers are designed separately based on their own error dynamic model to execute the
corresponding task. In this control scheme, a switch strategy is introduced to combine two controllers,
and the current controller executed by the control system of mobile robot is switched between the
trajectory tracking controller and the obstacle avoidance controller, which means that only one controller
works at specific condition to guarantee the performance of each task In this paper, an existing trajectory
tracking controller is used to track the pre-planned trajectory. Once an obstacle is detected by the
mobile robot, the safe boundary and risk area of the obstacle are generated by the obstacle controller.
When the obstacle avoidance condition is satisfied, a blending vector used to determine the fastest
obstacle avoidance direction and follow the boundary of the obstacle to avoid the obstacle. After the
completion of the obstacle avoidance, the trajectory tracking controller is activated to track the
pre-planned trajectory. The advantage of this control scheme is to divide the complex tracking problem
into two simple and low-computational controllers combined via a switch strategy. The stability of
the proposed control scheme is proved by a Lyapunov function. In addition, the effectiveness of the
proposed control scheme is evaluated by the simulation results.

The rest of this paper is organized as follows. In Section 2, the problem statement related to
control scheme is stated. In Section 3, an obstacle avoidance control method is presented to avoid the
possible collision. In Section 4, a switch strategy used to combine the tracking and obstacle avoidance
controllers is introduced. In Section 5, several simulations are given to validate the effectiveness of the
proposed control scheme. In Section 6, brief conclusions and future studies are discussed.
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2. Problem Statement

The robot discussed in this paper is a two-wheeled mobile robot. The kinematic model of the
robot is described in detailed in [40,41]. The environment where the mobile robot works is always filled
with unknown obstacles. That is, static obstacles or dynamic obstacles, and their position information
is prior or measured by the sensors attached to the mobile robot during its movement. In this paper,
the obstacle avoidance problem can be defined as designing a feasible path from the perspective of
control theory, meaning that will not collide with the obstacles. In the control domain of the mobile
robot, the task of the mobile robot requires navigating the robot from a start point to a desired position.
Trajectory tracking typically plays an important role in the navigation task. In order to implement the
trajectory tracking, we use a classic nonlinear control rule to track the trajectory, and then combined
with our proposed obstacle avoidance method. In this paper, to deal with the problem that the mobile
robot encounters an obstacle when tracking, an obstacle avoidance controller is presented. The basic
idea of the controller is to drive the mobile robot to a direction determined by a blending vector
to follow the boundary of the obstacle at a constant distance, and then escape the obstacle to track
the trajectory.

3. Methodology

3.1. Trajectory Tracking Control

In this section, an existing trajectory tracking controller is introduced, which aims to find
appropriate control inputs of the mobile robot and then make tracking errors to zero when the tracking
time goes to infinite.

The trajectory tracking problem that the mobile robot tracks the reference trajectory generated by

a moving virtual mobile robot is depicted in Figure 1. Let qr =
[

xr yr θr
]T

denote the posture of

the virtual mobile robot, and the current posture of the mobile robot is expressed as q =
[

x y θ
]T

.
The tracking errors e1, e2, and e3 between the mobile robot and the virtual mobile robot denoted in the
body coordinate system {O1} are given by

e1

e2

e3

 =


cosθ sinθ 0
− sinθ

0
cosθ

0
0
1




xr − x
yr − y
θr − θ

 (1)

A classic control rule for the trajectory tracking is given [42]

v = vr cos e3 + k1e1 (2)

ω = ωr + k2vre2 + k3vr sin e3 (3)

where k1, k2, and k3 are positive constants. the control inputs described in Equations (2) and (3) are
used, the tracking errors e1, e2, and e3 will converge to zero.
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3.2. Obstacle Avoidance Control

3.2.1. Analysis of Obstacle Avoidance Problem

In this section, a mobile robot is considered with the mission of avoiding collision between the
robot and circular obstacles in a two-dimensional plane. Let M(x, y) and O(x0, y0) be the positions of
the robot and the obstacle, respectively. In order to facilitate the design and analysis of the obstacle
avoidance controller, several definitions are introduced in the following.

Definition 1. An obstacle can be considered be detected by the mobile robot if the following expression is satisfied:

Dr ≤ Ddet (4)

where Ddet represents the maximum measurement distance of the range sensor attached to the mobile robot. Dr

denotes the relative distance between the robot and an obstacle, and the Dr is calculated by the expression

Dr = ‖umo‖ =
√
(x0 − x) + (y0 − y) (5)

where

umo =

[
x0 − x
y0 − y

]
represents a vector pointing from the position of the mobile robot to the position of the obstacle, and ‖·‖ represents
the Euclidean norm of a vector.

Definition 2. In practical situations, to avoid the possible collision occurred when the mobile robot tracks the
trajectory, a safe distance relative to the obstacle surface is required to be defined to form the safe boundary of the
obstacle, which can be denoted as

Ds ≥ Rm (6)

where Ds denotes a constant safe distance from the obstacle, and Rm represents the radius of the mobile robot.

Definition 3. The collision occurs if the relative distance and the safe distance satisfy the following relationship

Dr < Rm (7)

Definition 4. The robot would collide an obstacle if it is going on tracking the reference trajectory, in this
case, the robot needs to perform an obstacle avoidance controller to avoid collision when the relative distance Dr

satisfies the condition
Ds < Dr ≤ Dact (8)

where Dact denotes a distance value to activate the obstacle avoidance controller under the condition that the obstacle
avoidance is not completed. The value of Dact is a little larger than Ds, it gives a chance for the robot to activate the
obstacle avoidance controller instead of activating the obstacle avoidance controller at the distance Ds rapidly.

To drive the mobile robot to keep a constant distance from the obstacle, a vector is defined to steer
the robot in the direction of the vector, which can be described as

up = umo −Ds
1

‖umo‖
umo

=

[
x0 − x
y0 − y

]
−Ds

1√
(x0−x)2+(y0−y)2

[
x0 − x
y0 − y

]
(9)



Electronics 2020, 9, 42 5 of 15

The vector up is used to maintain a constant distance to the obstacle when the robot is following
the boundary of the obstacle. It is a vector pointing towards the obstacle when the relative distance
Dr > Ds. The vector up will be zero vector when the robot follows the boundary of the obstacle at a
constant distance Ds. It is a vector pointing away from the obstacle when Dr < Ds.

At the same time, we also expect the robot to drive in the direction that is parallel to the boundary
of the obstacle, another vector uf is determined by the expression

uf = Rumo (10)

where

R =

[
cosα − sinα
sinα cosα

]
Notice that the rotation matrix R is used to transform the vector umo to the vector uf, where the

value of α is π/2 or −π/2, which can be determined by the following equations

ϕ = atan2(y0 − y, x0 − x) (11)

α =

{
π/2, θ ≥ ϕ
−π/2, θ < ϕ

(12)

where ϕ denotes the angle between the robot and the obstacle. θ is the current heading orientation of
the mobile robot.

The Equations (11) and (12) are used to determine the fastest direction of obstacle avoidance to
follow the boundary of the obstacle when the mobile robot activates the obstacle avoidance controller.
As shown in Figure 2b, when θ > ϕ, α = π/2, the vector uf can be obtained by rotating the vector umo

by α radians counterclockwise. The value of α remains constant in the stage of obstacle avoidance,
and the robot moves towards its left side to follow the boundary of obstacle.
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Figure 2. Geometrical relations between the robot and the obstacle: (a) The detection of an obstacle; (b)
The completion of obstacle avoidance.

Combining the two vectors up and uf, a blending vector used to maintain the constant distance
and follow the boundary of the obstacle is defined as

u = up + uf (13)

Therefore, the desired direction of the motion of the robot can be calculated based on the vector
u as

β = atan2
(
uy, ux

)
(14)
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where β represents the angle of the vector u and the positive direction of the x-axis. The uy and ux

represent the vector components on the x and y axes, respectively.
During the process of obstacle avoidance, the vectors up and uf are varying with time. The time

derivative of the up can be represented as

.
up = −

[ .
x
.
y

]
+ Ds

.
x(x0−x)+

.
y(y0−y)√

(x0−x)2+(y0−y)2

[
x0 − x
y0 − y

]
+ Ds
‖umo‖

[ .
x
.
y

]
=

(
Ds
‖umo‖

− 1
)[ .

x
.
y

]
+ Ds

( .
x cosϕ+

.
y sinϕ

)[ x0 − x
y0 − y

]
=

(
Ds
‖umo‖

− 1
)[ .

x
.
y

]
+ Ds

( .
x cosϕ+

.
y sinϕ

)
umo

(15)

The time derivative of the vector uf is represented by the equation

.
uf = −R

[ .
x
.
y

]
(16)

The time derivative of the blending vector u can be expressed as

.
u =

.
up +

.
uf (17)

Combining Equations (15) and (16), Equation (17) can be rewritten as

.
u =

[ .
ux
.
uy

]
=

[
−R + (

Ds

‖umo‖
− 1)I

][ .
x
.
y

]
+ Ds

( .
x cosϕ+

.
y sinϕ

)
umo (18)

where I represents an identity matrix.
In order to analysis the completion of the obstacle avoidance, two vectors are defined as

u1 =

[
x− x0

y− y0

]

u2 =

[
xr − x0

yr − y0

]
where vectors u1 and u2 are the vectors pointing from the obstacle to the mobile robot and the virtual
mobile robot, respectively.

Definition 5. If the virtual mobile robot is outside of the region formed by the value of Dact, and the projection
of vector u1 onto the vector u2 has the same direction of the vector u2, obstacle avoidance can be considered
be completed. The completion of obstacle avoidance can be represented by the expressions

‖u2‖ > Dact (19)

u1·u2 = ‖u1‖‖u2‖cosψ > 0 (20)

where ψ is the angle of the vector u1 and the vector u2. From Equations (19) and (20), the mobile robot can be
viewed as having a clear shot to the virtual mobile robot, and then starts the trajectory tracking.
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3.2.2. Obstacle Avoidance Control Design

The obstacle avoidance controller is designed to drive the robot to track the desired direction
β, which means that the error e between the desired angle β and the current heading orientation θ
converges to zero. The angle e is described as

e = β− θ (21)

By differentiating e, the error dynamic model can be expressed as

.
e =

.
β−

.
θ =

.
uycosβ−

.
uxsinβ

‖ u ‖
−ω (22)

A control law for the obstacle avoidance controller is proposed as

v = vr cos e3 + k1e1 (23)

ω =

.
uycosβ−

.
uxsinβ

‖ u ‖
+ k2e (24)

where k1 and k2 are positive control gains.
Notice that the linear velocity of the mobile robot is the same as Equation (2). Combining

Equations (14), (18) and (21), the angular velocity of the mobile robot for obstacle avoidance controller
can be calculated. Equation (24) can be ultimately converted into a formula without derivative terms,
meaning that will not produce possible noise in the obstacle avoidance control.

Substituting Equation (24) into (22), the
.
e can be rewritten as

.
e = −k2e (25)

Theorem 1. The error e will converge to zero if the control law proposed for obstacle avoidance is chosen as the
control inputs of the mobile robot.

Poof of Theorem 1. Considering a scalar-valued Lyapunov function candidate as

V1 =
1
2

e2 (26)

Combining Equation (25), the time derivative of the Lyapunov function candidate V1 can be
expressed as

.
V1 =

.
ee

= −k2e2
≤ 0

Then, V1 becomes a Lyapunov function, and the controller is asymptotically stable around e = 0.
�

4. Switch Strategy

In this control system, two kinds of dynamics—tracking error dynamics and obstacle avoidance
dynamics—are utilized. The previous section has utilized a classic trajectory tracking controller and
designed an obstacle avoidance controller. Considering the switch between two controllers, a switch
strategy is introduced to combine two controllers.

A transition between two controllers is shown in Figure 3, where uTT and uAO represent the
proposed control laws for the trajectory tracking and obstacle avoidance, respectively. The control
system of the mobile robot switches different controllers according to the conditions mentioned in the
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previous section. Considering the practical situation, we define the conditions that represented in the
Figure 3 as

p1 :
{
‖u2‖ > Dact

u1·u2 > 0

where p1 represents the condition that the completion of obstacle avoidance, and it is also used to
switch the obstacle avoidance controller to trajectory tracking controller.

p2 :
{

‖u1‖ < Dact

p1 is not satis f ied

where p2 represents the switch condition for control system to activate the obstacle avoidance controller.

p3 :
{

vr = 0
ωr = 0

where p3 represents a condition that the control inputs of the mobile are zero, meaning that the robot
will stop moving if the reference velocities of the virtual mobile robot are zero.Electronics 2020, 9, x FOR PEER REVIEW 8 of 14 

 

 
Figure 3. Switch strategy of the proposed control system. 

The above-mentioned three conditions are used to generate the appropriate control inputs to 
switch the controllers. At every time epoch, there is only one controller is activated. we can use 𝑞  
and 𝑞  to represent the activated state of the trajectory tracking controller and obstacle avoidance 
controller, respectively. The determination of values of two variables 𝑞  and 𝑞  is the same, which 
depends on the state of the current controller executed by the control system. As an example, the 
value of the 𝑞  is 0 or 1, where 1 represents the controller is under activated state, otherwise, the 
value of 𝑞  is 0. 

The control scheme is composed of the two controllers, in order to analysis the stability of this 
hybrid control system. A total Lyapunov function is defined as 𝑉 = 𝑞 𝑉 + 𝑞 𝑉   

where 𝑉  is the Lyapunov function in [42], and 𝑉  is the Lyapunov function of the obstacle 
avoidance controller. 

The time derivative of the total Lyapunov function is expressed as 𝑉 = 𝑞 𝑉 + 𝑞 𝑉  (27) 

From Equation (27), it can be derived that the derivative of 𝑉 is 𝑉  or 𝑉 . Thus, the stability of 
control system is guaranteed. 

5. Simulation Results and Discussion 

Simulations based on the proposed control scheme illustrated in Figure 4 are performed for 
trajectory tracking in obstacle environments. The simulations are composed of two examples, and 
two kinds of reference trajectories are utilized. The reference trajectory of the first example is a 
straight line. The reference trajectory of the second example is circular. 

 

Figure 4. Structure of the proposed control scheme for the mobile robot. 

Table 1 shows the parameters used in two simulations. 

Table 1. Parameters used in two simulations 

Parameter Description Value 𝑅  Radius of the mobile robot  0.2 m 𝑅  Radius of the obstacle 0.1 m 

Figure 3. Switch strategy of the proposed control system.

The above-mentioned three conditions are used to generate the appropriate control inputs to
switch the controllers. At every time epoch, there is only one controller is activated. we can use q0 and
q1 to represent the activated state of the trajectory tracking controller and obstacle avoidance controller,
respectively. The determination of values of two variables q0 and q1 is the same, which depends on the
state of the current controller executed by the control system. As an example, the value of the q0 is 0 or
1, where 1 represents the controller is under activated state, otherwise, the value of q0 is 0.

The control scheme is composed of the two controllers, in order to analysis the stability of this
hybrid control system. A total Lyapunov function is defined as

V = q0V0 + q1V1

where V0 is the Lyapunov function in [42], and V1 is the Lyapunov function of the obstacle
avoidance controller. The time derivative of the total Lyapunov function is expressed as

.
V = q0

.
V0 + q1

.
V1 (27)

From Equation (27), it can be derived that the derivative of V is
.

V0 or
.

V1. Thus, the stability of
control system is guaranteed.

5. Simulation Results and Discussion

Simulations based on the proposed control scheme illustrated in Figure 4 are performed for
trajectory tracking in obstacle environments. The simulations are composed of two examples, and two
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kinds of reference trajectories are utilized. The reference trajectory of the first example is a straight line.
The reference trajectory of the second example is circular.
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Table 1 shows the parameters used in two simulations.

Table 1. Parameters used in two simulations.

Parameter Description Value

Rm Radius of the mobile robot 0.2 m
Rob Radius of the obstacle 0.1 m
Ddet Detected distance of the sensor 3.5 m

Dact
Distance of activating the obstacle

avoidance controller 0.5 m

Ds Safe distance from the obstacle 0.35 m
k1, k2, k3 Trajectory tracking control gains 3, 12, 6

k1, k2 Obstacle avoidance control gains 3, 6

The first example is simulated with a straight line. The initial posture of virtual mobile robot

is
[

0.1 2.6 0.7
]T

, and the reference trajectory is generated by vr = 0.5 m/s and wr = 0 rad/s.

The mobile robot starts to track the virtual mobile robot at the posture
[

0 2.5 0.5
]T

. The positions
of the obstacles are O1 (3, 5.2) and O2 (4, 5.8), respectively.

Figure 5 shows the simulation results of the first example. At t1 = 0.82 s, the mobile robot was
tracking trajectory and the obstacle O1 was detected in its working place. The tracking errors e1, e2

and e3 gradually converged to zero, as shown in Figure 5b,c. At t2 = 3.10 s, the obstacle O2 was
detected. In this case, two obstacles were under the range of the sensors. At t3 = 6.82 s, the mobile
robot moved into the region formed by the Dact, and the obstacle avoidance controller was activated to
drive the robot to its right side to follow the boundary of the obstacle at a constant distance (Figure 5a).
The relative distance Dr1 between the robot and the obstacle O1 kept constant during time period
t3 < t ≤ t4 shown in Figure 5f. At t4 = 8.76 s, the reference posture of the virtual mobile robot was
outside the region formed by Dact, and the projection of two vectors u1 and u2 have same direction in
x-axis. Obstacle avoidance can be considered as being completed, and the controller was switched
from the obstacle avoidance controller to the trajectory tracking controller. The mobile robot gone on
tracking the reference trajectory. After this moment, the relative distance Dr2 between the mobile robot
and the obstacle O2 gradually decreased. At t5 = 9.36 s, Dr2 ≤ Ds, the trajectory tracking controller
was stopped and the obstacle avoidance controller was activated. As shown in Figure 5a,f, the robot
moved towards its left side to follow the boundary of the obstacle and kept a constant distance Ds to
the obstacle O2 during time period t5 < t ≤ t6. At t6 = 11.10 s, the condition of completion of obstacle
avoidance was satisfied, the trajectory tracking controller was performed, the relative distance Dr2

gradually increased, and the tracking errors gradually decreased to zero (Figure 5b,c), which meant
that the robot had escaped the obstacle and started the tracking. During the whole moving process,
the relative distances Dr1 and Dr2 always satisfied the conditions Dr1 ≥ Ds and Dr2 ≥ Ds. Therefore,
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there is no collision occurred between the robot and the obstacles. The control inputs of the mobile
robot in whole simulation are shown in Figure 5d,e.
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To further validate the effectiveness of the proposed control strategy, the second example is

performed with a circular trajectory. The initial posture of the reference trajectory is
[

4.5 6.5 0.8
]T

,
and the reference trajectory is generated by vr = 0.48 m/s and wr = −0.3 rad/s. The initial

posture of the mobile robot is
[

4.3 6.4 0.7
]T

. The positions of the obstacles are O1(6.9, 6.2)
and O2(4.9, 3.8), respectively.
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Figure 6 shows the results of the second example. Before t1 = 4.94 s, the mobile tracked the
desired trajectory and detected the obstacles O1 and O2. At t1 = 4.94 s, the relative distance Dr1

between the robot and the obstacle O1 satisfied the condition Dr1 ≤ Dact. The control system activated
the obstacle avoidance controller to drive the robot to its left side to follow the boundary of the obstacle
O1, and the mobile robot kept a constant distance Ds to the obstacle O1 before the completion of
obstacle avoidance (Figure 6a,f). After t2 = 7.06 s, the controller executed by the control system was
switched to the trajectory tracking controller. As shown in Figure 6b,c, the tracking errors gradually
converged to zero during t2 < t ≤ t3. At t3 = 13.68 s, the obstacle avoidance controller was activated.
The mobile robot moved towards its right side to follow the boundary of the obstacle O2 during
t3 < t ≤ t4. At t4 = 15.58 s, the obstacle avoidance with the obstacle O2 was completed, and the
trajectory tracking controller was activated to track the reference trajectory. As shown in Figure 6f,
the relative distances between the robot and two obstacles represented by Dr1 and Dr2 always satisfied
the conditions Dr1 ≥ Ds and Dr2 ≥ Ds. This shows that no collision occurred in unknown obstacle
environments. The control inputs of the mobile robot are given in Figure 6d,e, and tracking errors are
shown in Figure 6b,c.
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From the results of two simulation scenarios, it can be concluded that the mobile robot can track the
trajectory before encountering obstacles in the environment. Once an obstacle is detected by the sensors
attached to the mobile robot, the safe boundary and risk area of an obstacle are generated by the obstacle
avoidance controller. When the robot moves into the region form by an activated distance, the obstacle
avoidance controller is activated to determine the fastest obstacle avoidance direction to follow the
obstacle boundary at a constant safe distance, and then after the completion of the obstacle avoidance,
a transition between trajectory tracking and obstacle avoidance is triggered. The mobile robot goes on
to track, and the tracking errors gradually decrease to zero. This combination of two controllers can
well address the problem of trajectory tracking in obstacle environments. Therefore, the proposed
scheme can be applied to the mobile robot to track the trajectory while considering obstacles.
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6. Conclusions

In this paper, a control scheme consisting of the trajectory tracking and obstacle avoidance
controllers is proposed to address the trajectory tracking problem in unknown obstacle environments.
The trajectory tracking controller is employed to track pre-planned trajectory based on its tracking
error dynamics. To deal with the problem of the possible obstacles in the environment, a blending
vector is introduced to control the mobile robot toward the fastest obstacle avoidance direction to
follow the boundary of an obstacle at a constant distance to escape the obstacle. Finally, two controllers
combined by a switch strategy are switched to calculate the control inputs to track the trajectory or
avoid the obstacle.

The results obtained from simulations indicate that the proposed control scheme can effectively
ensure the safe movement of the mobile robot. In brief, the proposed control scheme provides
a new simple method with application values for solving the tracking problem in unknown
obstacle environments. However, this article does not consider dynamic obstacles and external
disturbances existing in the environment. For future work, we will focus on the extension of the
proposed control scheme to dynamical environments filled with disturbances.
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