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Abstract: In order to better meet the practical application needs of mobile robots, this study inno-
vatively designs an autonomous obstacle avoidance and trajectory planning control strategy with
low computational complexity, high cost-effectiveness, and the ability to quickly plan a collision-free
smooth trajectory curve. This article constructs the kinematic model of the mobile robot, designs
a dual-loop trajectory tracking control strategy for position control law and attitude control law
algorithms, and improves the traditional artificial potential field method to achieve a good obstacle
avoidance strategy for mobile robots. Based on the dual-loop trajectory tracking control and the
improved artificial potential field method, the autonomous obstacle avoidance and trajectory plan-
ning scheme of the mobile robot is designed, and closed-loop stability verification and analysis are
conducted on the overall control system. And through the detailed simulation and experiments, the
advantages of the proposed method in trajectory tracking accuracy and motion stability compared
to the existing methods are verified, showing good effectiveness and feasibility and laying a good
foundation for the application of mobile robots in practical complex scenes.

Keywords: mobile robot; autonomous obstacle avoidance; trajectory planning; dual-loop trajectory
tracking control; improved artificial potential field method

1. Introduction

The working environment of mobile robots is more complex and diverse than that of
fixed robots [1–3], and the requirement of intelligent autonomy for mobile robots is higher.
The excellence of a trajectory planning algorithms is one of the important indicators for the
intelligent autonomy of mobile robots [4–10]. A good trajectory planning algorithm can
effectively improve the autonomous obstacle avoidance ability of mobile robots, which has
a profound impact on their motion efficiency, trajectory tracking accuracy, motion stability,
and service life [11].

Existing trajectory planning algorithms often perform well in specific map environ-
ments, but there are certain limitations in certain environments. For example, the A-star
algorithm is a commonly used and classic trajectory search algorithm [12–15] which can
meet specific needs through customized methods based on the different types of networks
and data structures. The A-star algorithm has high flexibility and supports dynamic envi-
ronments. The A-star algorithm can perform trajectory planning in dynamic environments;
when obstacles in the environment change, the A-star algorithm can quickly adapt to new
obstacles and plan the shortest trajectory. However, the A-star algorithm has drawbacks
such as slow computation speed and large computational load in situations where the grid
map size is too large and the distribution of obstacles is complex. Based on the A-star
algorithm, Li et al. [13] proposed a three-dimensional-space unmanned aerial vehicle tra-
jectory planning model that could solve the problems of high computational complexity
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and long computational time to some extent; however, their algorithm cannot be applied to
complex dynamic scenes, and further research is needed on trajectory selection in obstacle
avoidance. Liu et al. [12] optimized the traditional A-star algorithm and designed new tra-
jectory finding rules and algorithm structures, which can effectively improve the trajectory
planning ability of mobile robots in complex scenarios; however, its running speed still
needs to be improved.

The Dijkstra algorithm has high flexibility and can be modified according to specific
needs in practical applications to achieve the expected results [16–19]. However, this
algorithm has high memory consumption, and due to the need to maintain two sets, it
requires a lot of additional memory space. In addition, this algorithm is only applicable to
the single-source shortest path, which can only calculate the shortest path from one starting
point to each node, and cannot handle the problem of multiple-source shortest paths.

The dynamic programming method is a commonly used method for solving optimal
problems, which decomposes originally complex problems into multiple subproblems that
are relatively easy to solve. By solving subproblems and gradually recursively obtaining
the global optimal solution, complex problems such as graphic search and network flow
can be effectively solved, avoiding repetitive calculations, saving time and memory space,
and reducing time complexity when solving certain problems [20–23]. However, due to the
need to save and update the optimal solution of the subproblem, this algorithm requires
additional space for storage, which can occupy a considerable amount of storage space
when the problem is relatively complex. On the other hand, the increase in states when
solving complex problems makes it very difficult to determine the state transition equation.
In addition, the conditions under which this algorithm is used are quite stringent, and it
needs to meet the optimal substructure and non-aftereffect property.

The trajectory planning algorithm using deep learning is limited by the training sample
set, and if the number of samples is too small or not comprehensive, it cannot guarantee the
optimality of the trajectory when facing new map environments [24–28]. Additionally, for
biomimetic intelligent algorithms such as the ant colony algorithm [29,30] and the genetic
algorithm [31,32], due to their complex algorithm principles, they are prone to defects such
as improper selection of trajectory finding parameters, and are prone to the problems such
as high iteration times and an inability to converge, causing an unsatisfactory trajectory
finding effect.

The artificial potential field method is a widely used algorithm in path planning,
which can be applied to various scenarios, especially in obstacle avoidance and navigation
problems involving robots and unmanned vehicles. The following are some specific
application scenarios: Robot path planning: The artificial potential field method was
originally designed for robot path planning. In robot navigation, the target point generates
attraction forces, while obstacles generate repulsive forces, and the robot plans its path
based on the synthesis of these forces to safely and efficiently reach the target position.
Autonomous vehicles: Similar to robots, autonomous vehicles can also use the artificial
potential field method for path planning and obstacle avoidance. The vehicles perceive
obstacles in the surrounding environment through sensors and plan their driving path
based on the combination of attraction forces and repulsive forces. Air traffic control: In air
traffic control, the artificial potential field method can be used for aircraft trajectory planning
and conflict avoidance. Each aircraft is viewed as a dynamic obstacle, while other aircraft
and destinations generate corresponding attraction forces and repulsive forces, thereby
helping the aircraft plan its trajectory safely and efficiently. Group behavior simulation:
The artificial potential field method can also be used to simulate group behavior, such as
schools of bird and fish. In this case, each individual is influenced by other individuals
and environmental factors, and the dynamic behavior of the group is simulated through
the combination of attraction forces and repulsive forces. It should be noted that although
the artificial potential field method can achieve good results in many situations, it also has
some limitations, such as being prone to getting stuck in local optimal solutions and being
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sensitive to the shape of obstacles. Therefore, in practical applications, algorithm selection
and adjustment need to be based on specific scenarios and requirements.

The principle of the artificial potential field algorithm is simple, easy to program and
implement, and the trajectory planning speed is fast, which can be adjusted reasonably
according to the actual constraints on velocity and acceleration [33–35]. However, the artifi-
cial potential field method is prone to local optimal solutions and unreachable problems,
leading to the mobile robot falling into a deadlock and being unable to reach the target
point. It is difficult to handle the boundaries of infeasible areas, which may cause the mobile
robot to oscillate back and forth between obstacles and target points, making it impossible
to complete trajectory planning. Tian et al. [35] applied the artificial potential field method
to Continuous Hyper-Redundant Manipulators and achieved good results in trajectory
planning and obstacle avoidance, but the current method is still limited, and the success
rate depends on changes to the initial configuration. Based on the artificial potential field
method, He et al. [34] studied a motion planning method for ships. The simulation shown
that feasible motion obstacle avoidance paths can be generated in complex environments;
however, the non-linear optimization of this method consumed too much time.

In conclusion, the defects of the above existing algorithms make them appear inade-
quate for practical application in mobile robots [36]. To better meet the practical application
needs of mobile robots, this study innovatively designs an autonomous obstacle avoid-
ance and trajectory planning control strategy with low computational complexity, high
cost-effectiveness, and the ability to quickly plan a collision-free smooth trajectory curve.
This article constructs the kinematic model of the mobile robot, designs a dual-loop trajec-
tory tracking control strategy for position control law and attitude control law algorithms,
and improves the traditional artificial potential field method to achieve a good obstacle
avoidance strategy for a mobile robot. Based on the dual-loop trajectory tracking control
and the improved artificial potential field method, the autonomous obstacle avoidance and
trajectory planning scheme of the mobile robot is designed, and the closed-loop stability
verification and analysis are conducted on the overall control system. And through detailed
simulation and experiments, the advantages of the proposed method in trajectory tracking
accuracy and motion stability compared to the existing methods are verified, showing that
it has good effectiveness and feasibility and laying a good foundation for the application of
mobile robots in practical complex scenes.

The remainder of this paper is organized in the following way: Section 2 describes
the kinematic model of the mobile robot. The details of the control system are designed in
Section 3. The system’s closed-loop stability is verified in Section 4. Section 5 analyzes the
results of the simulation, experiment, and real-world application. Finally, the conclusion
and future work are given by Section 6.

2. Kinematic Model of Mobile Robot

The motion state of the mobile robot is represented by the position of the geometric
center point M in the coordinate system and the heading angle θ, and P =

[
x y θ

]T,

q =
[
v ω

]T, where x and y are the actual positions of the mobile robot, θ is the actual
angle between the forward direction of the mobile robot and the X-axis, and v and ω are,
respectively, the linear velocity and angular velocity of mobile robot; they are the control
inputs in the kinematic model. The motion of the mobile robot is shown in Figure 1.

Here, td is the time at which the mobile robot reaches the location point (xd, yd).
The kinematic equation of the mobile robot can be defined as follows:

.
x = v cos θ
.
y = v sin θ
.
θ = ω

(1)
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where
.
P =

cos θ 0
sin θ 0

0 1
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Figure 1. The motion of mobile robot.

3. Design of Control System
3.1. Design of Position Control Law

The error tracking equation is defined as follows:{ .
xe = v cos θ − .

xd.
ye = v sin θ − .

yd
(2)

where xe = x − xd and ye = y − yd. The subscripts “e” and “d” are defined as “error”
and “desired”.

Making v cos θ = u1, v sin θ = u2, u2
u1

= tan θ, if −π
2 < θ < π

2 , assuming the desired

angle θd = arctan u2
u1

, satisfies the desired trajectory tracking. And
{ .

xe = u1 −
.
xd.

ye = u2 −
.
yd

.

The position control law is defined as follows:{
u1 =

.
xd − atanh(p1xe)

u2 =
.
yd − btanh(p2ye)

(3)

where a > 0, p1 > 0, b > 0, p2 > 0.
u1 and u2 are bounded, and |u1| ≤

∣∣ .
xd
∣∣
max + a and |u2| ≤

∣∣ .
yd
∣∣
max + b. Because of

v2 = u2
1 +u2

2, therefore, v is bounded, and |v| =
√

u2
1 + u2

2 ≤
√
(
∣∣ .
xd
∣∣
max + a)2

+ (
∣∣ .
yd
∣∣
max + b)2.

That is
vmax =

√
(
∣∣ .
xd
∣∣
max + a)2

+ (
∣∣ .
yd
∣∣
max + b)2 (4)

We can obtain the following equations:{ .
xe = −atanh(p1xe).
ye = −btanh(p2ye)

(5)

and xe → 0 and ye → 0 .
The actual position control law can be defined as follows:

v =
u1

cos θd
(6)
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3.2. Design of Attitude Control Law

The following task is to achieve angle θ tracking, θd, by designing an attitude control
law, ω.

Making θe = θ − θd, the sliding mode function s3 = θe, and
.
s3 =

.
θe = ω −

.
θd.

The attitude control law is defined as follows:

ω =
.
θe − k3s3 − η3 sgn s3 (7)

where k3 > 0 and η3 > 0.
Therefore,

.
s3 = −k3s3 −η3sgns3, making Vθ =

1
2s2

3, and
.

Vθ = s3
.
s3 = −k3s2

3 −η3|s3| ≤ −k3s2
3,

that is
.

Vθ ≤ −2k3Vθ, thus achieving exponential convergence of angle θ to θd.

3.3. Autonomous Obstacle Avoidance Trajectory Planning

When the trajectory is not given and there are multiple obstacles, carrying out au-
tonomous trajectory planning based on the control system designed above is the problem
that needs to be solved in this section.

For the traditional artificial potential field method [37], a single obstacle only generates
repulsive force in one direction towards the mobile robot. And the repulsive force generated
by the obstacle on mobile robots increases as the distance between the obstacle and mobile
robot decreases, ensuring that the mobile robot does not directly collide with obstacle when
the mobile robot approaches the obstacle. On the other hand, the target point generates
attraction force on the mobile robot, and only generates attraction force in one direction,
and the direction of the attraction force is directed by the mobile robot towards the target
point. And the attraction force generated by the target point on the mobile robot will
weaken as the distance between the target point and the mobile robot decreases, resulting
in zero attraction force on the mobile robot when it reaches the target point. The mobile
robot moves under the combined action of attraction force and repulsion force, and the
force acting on the mobile robot is shown in Figure 2.
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Figure 2. The force acting on the mobile robot, where Fatt is the attraction force, Freq1 and Freq2 are the
components of the repulsion force Freq, and F is the summation of forces acting on the mobile robot.

The attraction force potential field function is

Uatt(P) =
1
2

ηρ2(P, Pd) (8)

where η is a positive proportional gain coefficient, and ρ(P, Pd) is a vector, which represents
the Euclidean distance |P − Pd| between the mobile robot and the target point. The vector
direction is from the mobile robot to the target point. Pd =

[
xd yd θd

]T.
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Correspondingly, the attraction force Fatt(X) is the negative gradient of the attraction
force field, which can be obtained as follows:

Fatt(X) = −∇Uatt(X) = ηρ(P, Pd) (9)

The repulsive potential field function is

Ureq(X) =

{
1
2 k
(

1
ρ(P, Po)

− 1
ρo

)2
0 ≤ ρ(P, Po) ≤ ρo

0 ρ(P, Po) ≥ ρo
(10)

where k is a positive proportional gain coefficient, and ρ(P, Po) is a vector, which represents
the Euclidean distance |P − Po| between the mobile robot and the obstacle. The vector
direction is from the obstacle to the mobile robot. ρo represents the maximum distance at
which the obstacle can affect the mobile robot.

Correspondingly, the repulsion force Freq(X) is the negative gradient of the attraction
force field, which can be obtained as follows:

Freq(X) =

{
k
(

1
ρ(P, Po)

− 1
ρo

)
1

ρ2(P, Po)
∇ρ(P, Po) 0 ≤ ρ(P, Po) ≤ ρo

0 ρ(P, Po) ≥ ρo
(11)

Based on Equations (1) and (2), it can be inferred that the following abnormal situations
will occur during the movement of the mobile robot: The first scenario is the local optimal
problem, where the repulsive force of the obstacle on the mobile robot is equal to the
attraction force of the target on the mobile robot, but in the opposite direction, causing the
mobile robot to oscillate back and forth at a certain position and be unable to reach the
target point. The second scenario is the problem of a non-reachable goal with an obstacle
nearby, the problem of a non-reachable goal with an obstacle nearby is due to the strong
repulsive force of obstacles near the target, which causes the mobile robot to be unable to
approach the target object. The schematic diagrams are shown in Figures 3 and 4.
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Therefore, the artificial potential field method is improved as follows: Obstacles
generate two different repulsive forces on the mobile robot in two directions, one of which
has the same direction as before, and a repulsive force from the mobile robot to the target
point is added to the original foundation. After adding this repulsive force, the mobile robot
moves under the combined action of two repulsive forces and one attraction force. The two
abnormal situations mentioned above have been effectively resolved. The expression for
the force generated by the improved artificial potential field method on mobile robots is
as follows:

Freq1 = k
(

1
ρ(P, Po)

− 1
ρo

)
ρn(P, Pd)

ρ2(P, Po)
(12)

Freq2 =
n
2

k
(

1
ρ(P, Po)

− 1
ρo

)2
ρn−1(P, Pd) (13)

where n is the regulatory factor greater than 0.
Based on the improved artificial potential field method, the force acting on the mobile

robot is shown in Figure 5.
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4. System Closed-Loop Stability Analysis

Assuming that there is a desired angle θd that satisfies trajectory tracking control, the
kinematic model can be written as follows:

.
x = v cos θd + v(cos θ − cos θd).
y = v sin θd + v(sin θ − sin θd).
θ = ω

(14)

It can be seen that if θ and θd are inconsistent, they will inevitably affect the stability of
the position closed-loop system. If the influence of the angle tracking error is considered
and ideal control laws v1 and v2 are adopted, and u1 = v cos θd and u2 = v sin θd are taken
at this time, the design can be carried out according to control law Equations (3) and (14),
which can be rewritten as follows:{ .

xe = v(cos θ − cos θd)− atanh(p1xe).
ye = v(sin θ − sin θd)− btanh(p2ye)

(15)

Since u1 and u2 are bounded, v is thus bounded, Equation (15) of the closed-loop
system satisfies the global Lipschitz condition, and then xe and ye are bounded at any finite
time for any initial state.

To prove that the closed-loop system is stable when t → ∞ , the Lyapunov function of
the entire closed-loop system is taken as follows:

V = a1 ln(cosh p1xe) + a1 ln(cosh p2ye) +
1
2

s2
3 (16)

where a1 > 0, a2 > 0, p1 > 0, p2 > 0.
Therefore, satisfying V(0) = 0, V(t) ≥ 0, then

.
V = a1

sinhp1xe
cosh p1xe

p1
.
xe + a2

sinhp2ye
cosh p2ye

p2
.
ye + s3

.
s3

= a1 p1
.
xetanh(p1xe) + a2 p2

.
yetanh(p2ye) + s3

.
s3

(17)

Considering
.
xe = −atanh(p1xe) + v(cos θ − cos θd), making t1 = atanh(p1xe), t2 =

v(cos θ − cos θd), then
.
xe = t2 − t1.

Considering
.
ye = −btanh(p2xe) + v(sin θ − sin θd), making t3 = btanh(p2ye), t4 =

v(sin θ − sin θd), then
.
ye = t4 − t3.

Therefore,
.

V = p1(t2 − t1)t1 + p2(t4 − t3)t3 + s3
.
s3

= −p1(t2
1 − t1t2 +

1
4 t2

2) +
1
4 p1t2

2 − p2(t2
3 − t3t4 +

1
4 t2

4) +
1
4 p2t2

4 − k3s2
3 − η3|s3|

≤ −p1(t1 − 1
2 t2)

2 − p2(t3 − 1
2 t4)

2
+ 1

4 p1t2
2 +

1
4 p2t2

4 − k3θ̃2
(18)

Considering the properties of trigonometric functions,
|cos θ − cos θd| =

∣∣∣2 sin θd+θ
2 sin θd−θ

2

∣∣∣ ≤ 2
∣∣∣sin θd−θ

2

∣∣∣
|sin θ − sin θd| =

∣∣∣2 cos θd+θ
2 sin θd−θ

2

∣∣∣ ≤ 2
∣∣∣sin θd−θ

2

∣∣∣ (19)

Considering the properties of sine functions, then |cos θ − cos θd| ≤ |θ − θd|, |sin θ − sin θd| ≤
|θ − θd|.

Because of the exponential convergence of θ − θd, then |cos θ − cos θd| and |sin θ − sin θd|
are therefore exponentially convergent, and t2 and t4 are exponentially convergent, and

|t2| ≤ vmax

∣∣∣θ̃∣∣∣, |t4| ≤ vmax

∣∣∣θ̃∣∣∣.
Moreover,
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1
4

p1t2
2 +

1
4

p2t2
4 − k3θ̃2 ≤ 1

4
p1v2

maxθ̃2 +
1
4

p2v2
maxθ̃2 − k3θ̃2 = (

1
4

p1v2
max +

1
4

p2v2
max − k3)θ̃

2 ≤ 0,

where 1
4 p1v2

max +
1
4 p2v2

max − k3 ≤ 0.
Therefore,

.
V ≤ −p1(t1 −

1
2

t2)
2
− p2(t3 −

1
2

t4)
2
≤ 0 (20)

For any δ2 > 0, there exists a finite time, tδ2 , when
∣∣∣t1 − 1

2 t2

∣∣∣ > δ2 and
∣∣∣t3 − 1

2 t4

∣∣∣ > δ2,

making
.

V ≤ 0; therefore, t1 − 1
2 t2 and t3 − 1

2 t4 converge to a compact set with radius δ2
in finite time, and remain within that compact set. Because when t → ∞ , θ − θd → 0 ,
which is exponentially convergent, then t2 → 0 and t4 → 0 are exponentially convergent.
Therefore, when t → ∞ , t2 → 0 , t4 → 0 , and xe → 0 and ye → 0 .

5. Experiment and Result Analysis

To verify the effectiveness and feasibility of the proposed method, experimental
verification will be conducted in this section, taking the initial pose as [−2 3 0]. Taking the
position command [xd yd] as xd = t, yd = sin( 1

2 x) + 1
2 x + 1. Moreover, a = 3.0, b = 3.0, p1 = 10.0,

p2 = 10.0, k3 = 3.0, and η3 = 0.5. For the switching term of attitude control law Equation (7),
the saturation function is applied, and the boundary layer thickness is taken as 0.10.

Based on the aforementioned theoretical research, the input and output of the dif-
ferentiator and the control input signals v and ω can be obtained, which are shown in
Figures 7–9.
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To further verify the effectiveness and feasibility of the proposed method compared to
the existing methods, we introduce the A-star method and artificial potential field method.
The trajectory tracking results obtained are shown in Figures 10–13.
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From Figures 10–13, it can be seen that during the operation of the A-star method and
the artificial potential field method, the trajectories of the mobile robot exhibit repeated
vibrations and cannot fit the desired trajectory well, which results in low pose accuracy
and unstable motion of the mobile robot. The reasons for this are as follows: For the A-star
method, it has slow computational speed and large computational load, which lead to
the mobile robot not being able to adjust its pose in a timely manner. And there is the
problem of a mismatch between the desired pose and the current actual pose, resulting
in the frequent adjustment of control commands and vibration during robot movement.
In addition, the artificial potential field method is prone to local optimal solutions and
the problem of a non-reachable goal with an obstacle nearby, leading to the mobile robot
falling into the deadlock and being unable to reach the target point. And it is difficult for
this model to handle the boundaries of infeasible areas, which may cause the mobile robot
to oscillate back and forth between obstacles and target points. Compared to the A-star
method and the artificial potential field method, the method proposed in this study is closer
to the desired trajectory and has smoother trajectories, which can better meet the actual
operational needs of mobile robots. To further verify the effectiveness and feasibility of the
proposed method in practical applications, specific experiments will be conducted next.

5.1. Experiment of the Certain Trajectory without Obstacle

The certain trajectory used in this experiment was made by pasting black tape on the
floor. The certain trajectory is specially crafted into an S-shaped shape with multiple bends,
which is shown in Figure 14.



Actuators 2024, 13, 37 12 of 15

Actuators 2024, 13, x FOR PEER REVIEW  13  of  17 
 

 

in the frequent adjustment of control commands and vibration during robot movement. 

In addition, the artificial potential field method is prone to local optimal solutions and the 

problem of a non-reachable goal with an obstacle nearby, leading to the mobile robot fall-

ing into the deadlock and being unable to reach the target point. And it is difficult for this 

model to handle the boundaries of infeasible areas, which may cause the mobile robot to 

oscillate  back  and  forth  between  obstacles  and  target points. Compared  to  the A-star 

method and  the artificial potential field method,  the method proposed  in  this study  is 

closer to the desired trajectory and has smoother trajectories, which can better meet the 

actual operational needs of mobile robots. To further verify the effectiveness and feasibil-

ity of  the proposed method  in practical applications, specific experiments will be con-

ducted next. 

5.1. Experiment of the Certain Trajectory without Obstacle 

The certain trajectory used in this experiment was made by pasting black tape on the 

floor. The  certain  trajectory  is  specially  crafted  into  an  S-shaped  shape with multiple 

bends, which is shown in Figure 14. 

Trajectory

Trajectory 
detection

Camera

 

Figure 14. Experiment of the certain trajectory without obstacle. 

This study purposefully designed the trajectory as an S-shaped shape, which can not 

only examine the movement condition of the mobile robot in a straight line, but can also 

examine the turning of the mobile robot in two opposite directions of the curve. This can 

verify the good application performance of the control method proposed  in this study, 

and the mobile robot can smoothly transition at turns without unstable motion situations 

in which the velocity and acceleration fluctuate intermittently. 

From  the final  experimental  results,  it  can  be  seen  that  after  applying  the A-star 

method and the artificial potential field method, the trajectory of the mobile robot exhibits 

repeated vibration and cannot fit the desired trajectory well. After applying the control 

method proposed  in  this study,  the mobile robot not only moves very smoothly  in  the 

straight trajectory section, but also performs very smoothly in the turning trajectory sec-

tion. The characteristic of motion is that when entering the turning trajectory section, the 

inner wheel slows down and the outer wheel speeds up. If the trajectory error increases 

during the turning process, the speed of the inner wheel will become slower under the 

influence of the trajectory error; on the contrary, the outer wheel will increase its speed as 

the trajectory error increases. When the error decreases, the change is also the opposite. In 

summary, with the application of the proposed control method, the mobile robot is able 

to intelligently and dynamically adjust the turn velocity and turn angle when changing 

trajectory. Compared to the A-star method and the artificial potential field method, the 

Figure 14. Experiment of the certain trajectory without obstacle.

This study purposefully designed the trajectory as an S-shaped shape, which can not
only examine the movement condition of the mobile robot in a straight line, but can also
examine the turning of the mobile robot in two opposite directions of the curve. This can
verify the good application performance of the control method proposed in this study, and
the mobile robot can smoothly transition at turns without unstable motion situations in
which the velocity and acceleration fluctuate intermittently.

From the final experimental results, it can be seen that after applying the A-star method
and the artificial potential field method, the trajectory of the mobile robot exhibits repeated
vibration and cannot fit the desired trajectory well. After applying the control method
proposed in this study, the mobile robot not only moves very smoothly in the straight
trajectory section, but also performs very smoothly in the turning trajectory section. The
characteristic of motion is that when entering the turning trajectory section, the inner wheel
slows down and the outer wheel speeds up. If the trajectory error increases during the
turning process, the speed of the inner wheel will become slower under the influence of
the trajectory error; on the contrary, the outer wheel will increase its speed as the trajectory
error increases. When the error decreases, the change is also the opposite. In summary, with
the application of the proposed control method, the mobile robot is able to intelligently and
dynamically adjust the turn velocity and turn angle when changing trajectory. Compared
to the A-star method and the artificial potential field method, the proposed control method
can greatly improve the motion accuracy and stability of the mobile robot.

Moreover, in practical work, the motion trajectory is generally uncertain and there
are usually multiple obstacles. To verify the effectiveness and feasibility of the proposed
control method in scenarios with uncertain trajectories and multiple obstacles, the next
experiment was conducted.

5.2. Experiment with Uncertain Trajectories and Multiple Obstacles

Firstly, five obstacle points and one target point were set, and simulation verification
was conducted in MATLAB based on the proposed control method to verify the ability of
trajectory planning and autonomous obstacle avoidance in the scenarios without certain
trajectories and with multiple obstacles. The simulation result is shown in Figure 15.

From the simulation results, it can be seen that the mobile robot has planned a trajectory
from the starting point to the endpoint in the scenarios without certain trajectories and
with multiple obstacles. And from the path of the mobile robot, it can be seen that the
trajectory is smooth and without sudden changes. In theory, the mobile robot can smoothly
avoid all obstacles and reach the target point. This theoretically verifies the effectiveness
and feasibility of the proposed autonomous obstacle avoidance navigation scheme.
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Figure 15. Trajectory planning and autonomous obstacle avoidance in MATLAB.

Next, experimental verification was conducted in actual scenarios. Figure 16 shows
the experimental motion state diagram of the mobile robot in the scenarios without certain
trajectories and with multiple obstacles. The mobile robot starts from the starting point and
travels through multiple obstacles to reach the target point. The process runs accurately
and smoothly, verifying the good trajectory planning and autonomous obstacle avoidance
performance, which can reflect well the effectiveness and feasibility of the method proposed
in this study.
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Figure 16. Trajectory planning and autonomous obstacle avoidance in actual scenarios.

Specifically, when the mobile robot approaches the first obstacle in the left image of
Figure 16, the repulsive force exerted by the obstacle on the mobile robot is much greater
than the attraction force exerted by the target point on the mobile robot, and it begins
to turn under the combined action of repulsive force, attraction force, position control
law, and attitude control law. The mobile robot in the right image of Figure 16 is mainly
subjected to the repulsive force of the second obstacle (as the first obstacle no longer affects
the movement of the mobile robot, the influence of the obstacle behind the mobile robot is
ignored) and the attraction force of the target point. Under the combined action of repulsive
force, attraction force, position control law, and attitude control law, the mobile robot drives
towards the target point.

6. Conclusions and Future Work

The aim of this study was to achieve stability and precision control and reduce the
control cost for mobile robots. Based on the dual-loop trajectory tracking control and the
improved artificial potential field method, an autonomous obstacle avoidance and trajectory
planning control strategy with low computational complexity, high cost-effectiveness, and
the ability to quickly plan a collision-free smooth trajectory curve is proposed in this
article. The main superiority of the proposed method is that it not only has high trajectory
tracking accuracy and good autonomous obstacle avoidance ability, but also has strong
stability and real-time performance, which can be programmed within control cards and
other small portable computational devices, and the proposed method is suitable for
control engineering and robot applications in an actual scene. Moreover, to prove the
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effectiveness and feasibility of the proposed method, a simulation, experiment, and real-
world application have been carried out. The results show that the proposed control
method is capable of outperforming the existing control methods, i.e., the A-star method
and the artificial potential field method. In the future, these techniques could be applied
to the areas of autonomous vehicles, air traffic control, and group behavior simulation.
Moreover, in practical applications, algorithm selection and adjustment need to be based
on specific scenarios and requirements.

Optimizing the proposed control method under the premise of ensuring that it has
high trajectory tracking accuracy, good autonomous obstacle avoidance ability, strong
stability and real-time performance, a more concise algorithm structure, and is easy to
transplant will be the key focus of future work. In addition, the influencing factors in actual
applications and the laboratory are different. To further expand the practical application
value, it is necessary to focus on how to connect the method proposed in this study with
practical engineering in an actual working environment in future work.
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