Bulletin of Electrical Engineering and Informatics
Vol. 13, No. 4, August 2024, pp. 2348~2357
ISSN: 2302-9285, DOI: 10.11591/eei.v13i4.7847 O 2348

Trajectory tracking control based on genetic algorithm and
proportional integral derivative controller for two-wheel mobile

robot

Vo Thanh Ha!, Than Thi Thuong? Le Ngoc Truc®

!Department of Cybernetics, Faculty of Electrical and Electronic Engineering, University of Transport and Communications, Hanoi,

Vietnam

2Department of Control and Automation, Faculty of Electrical-Automation, University of Economics-Technology for Industries, Hanoi,

Vietnam

3Department of Electromechanics-Refrigeration and Air-Conditioning Technology, Faculty of Automobile Engineering, Hung Yen
University of Technology and Education, Hung Yen, Vietnam

Article Info

ABSTRACT

Article history:

Received Sep 7, 2023
Revised Jan 10, 2024
Accepted Feb 24, 2024

Keywords:

Genetic algorithm

Genetic algorithm proportional
integral derivative

Mobile robot

Proportional integral derivative
Two-wheel mobile robot

This paper uses the genetic algorithm (GA) to optimize the proportional
integral derivative (PID) controller parameters to present the motion control
design for a two-wheeled mobile robot autonomous system. The GA
algorithm determines a collision-free travel curve for a robot with a
tangential velocity restriction constraint. A trajectory-tracking controller
based on the PID control structure is developed to monitor the calculated
route curves for the mobile robot. Simulation results show the effectiveness
of the GA-PID controller compared to the PID controller. The GA-PID
controller demonstrates improved performance in trajectory tracking and
collision avoidance, making it suitable for controlling the motion of two-
wheeled mobile robots. The GA's optimization process allows for better
tuning of the PID controller parameters, resulting in more efficient and
accurate robot motion control. The results suggest that the proposed GA-PID
controller is a promising approach for enhancing mobile robots' autonomous
navigation capabilities.
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1. INTRODUCTION

Nowadays, Robots play a vital role in Industry 4.0 and smart factories. Autonomous robots have
improved automation and addressed production continuity issues [1]-[3]. Self-propelled robots operate in
open environments, necessitating path planning and trajectory monitoring. This challenge has sparked
interest among many scientists and manufacturing companies [4], [5]. The trajectory and navigation setup for
self-propelled robots involves using linear, intelligent, and hybrid control methods. A common approach
includes employing two control loop structures, such as an external kinematic loop using the Lyapunov
function to synthesize the position and speed controller [6]. Furthermore, various dynamic loop control
techniques like proportional integral derivative (PID) control [7], slip control [8]-[10], and backstepping
command [11] have been applied. However, these control strategies effectively handle self-propelled robots
in ideal working conditions without external disturbances. Some studies [12]-[15] have introduced
uncertainty parameters into the dynamic equations of autonomous robots, leading to the utilization of hybrid
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adaptive control methods that merge adaptive control with neural network approximation of unknown
components [16]. Another research direction combines adaptive management with fuzzy logic control [17].
These hybrid control approaches demonstrate strong performance, compensating for model deviations and
system input noise. Despite the ongoing research and development of advanced controllers, traditional PID
controllers remain a favored choice for controlling orbital self-propelled robots due to their effectiveness in
ensuring stability and traction, albeit with slightly lower accuracy [18]-[20]. An additional factor impacting
the precision of traction control in autonomous robots is the robot's parameters, such as weight, cargo mass,
wheel movement, and environmental friction. These variables can cause the PID controller to struggle to
adjust or maintain control along the robot's path. To enhance the PID controller's effectiveness in this
scenario, this study suggests utilizing a genetic algorithm (GA) to optimize three PID controller parameters
[21]-[23]. A GA is a metaheuristic inspired by natural selection and falls under the evolutionary algorithms
category. Using biologically inspired operators like mutation, crossover, and choice, GA are commonly
uOsed to find high-quality optimization and search problem solutions [24]-[26]. The accuracy of the control
solution is verified through simulation in matrix laboratory MATLAB/Simulink software, comparing the
GA-PID controller with the PID controller. The simulation results indicate that the GA-PID controller offers
improved control accuracy and convergence speed.

The article is divided into five main sections. The first part introduces the research aim of
autonomous robot navigation. Section 2 then outlines the dynamic and control models of the self-propelled
robot, providing the foundation for the control design in section 3. Section 3 uses an algorithm to enhance the
PID controller solution. The optimal parameter genetics of the PID controller are discussed. Section 4
compares the correctness and feasibility of the GA-PID controller with the PID controller using MATLAB
simulation software. The concluding section will present the findings, assessment, and future research
directions for autonomous robot motion control.

2. KINEMATICS AND DYNAMICS FOR DIFFERENTIAL MOBILE ROBOTS

In research, a mobile robot with two-wheel rolls without slip and no side slip, the passive wheel has
a negligible impact on the dynamics. Attach a fixed frame of reference in the plane of the moving medium
[0,x,y, z] as depicted in Figure 1 where: A is the midpoint of two-wheels, C is the coordinates of the center
of gravity of the robot, a is the distance between the coordinates of the center of gravity to the wheel axle, Ra
is the radius of the active wheel, 2L is the distance between the two wheels. wheel, m is the mass of the
robot, m,, is the mass of the wheel and engine, mc is the mass of chassis, | moment of inertia, v, w is velocity
and angular velocity, q is funding the robot's set direction, ¢,, ¢, are angular velocity, 6 is the orientation
angle.

Figure 1. Kinetic relationship of differential mobile robot

2.1. Forward kinematics model

The forward kinematics of the differential autonomous robot is written by (1), to determine the
robot's position and orientation based on the motion of its wheels. These equations allow us to calculate the
robot's new position and orientation as it moves. By updating these values based on the wheel velocities, we
can track the robot's trajectory accurately. These equations allow us to calculate the robot's new position and
orientation as it moves. By updating these values based on the wheel velocities, we can track the robot's
trajectory accurately.
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In inverse kinematics, the constraint equation in the form of a matrix as (2):
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2.2. Dynamics model

The kinetic energy of the robot is 3 components (kinetic energy of the vehicleK,, kinetic energy of
the right bandK g, and kinetic energy of the left wheel K,,;). The forces along the axes are as Figure 2. The
forces acting along the axes, as shown in Figure 2, play a crucial role in determining the motion and energy
distribution within the system. By considering these components and forces, we can analyze the robot's
dynamics and understand how energy is transferred and utilized during its operation.

F,=(Fy+F,)sin@
A

0 . e

Figure 2. Force diagram acting on the robot's directions

The dynamic model can also be written in the form (3):
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2.3. Kinetic error model

Determine the deviation of the kinematic model between the real position (R coordinate frame), and
the set position (C coordinate frame) as shown in Figure 3. The kinetic error function is written by (4). The
goal of optimization is to minimize this error function by adjusting the parameters of the model.
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Figure 3. The error between real trajectory (R coordinate system) and set trajectory (C coordinate system)

3. DESIGN A GA-PID CONTROLLER

The parameter optimization of the PI controller using the GA algorithm is performed as Figure 4.
The proposed GA algorithm in building a GA-PID controller to track the trajectory of an object is a self-
propelled robot with a kinematic model as suggested in part 2 above. The proposed GA-PID controller to
suppress the velocity error e(t) is determined by (5):

v D,
e®=v-v,=|]- [w‘:] )
where v = [Z] is the velocity according to the robot's set trajectory and v, = [Za] is the real speed of the robot.
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Figure 4. The flowchart of GA algorithm

The proposed controller controls the speed of the self-propelled robot with the input of the orbital
deviation e(t) and the speed set as (4). The speed deviation gradually reaches zero by the PID controller
according to (6):

Tar = Kpe(t) + K; [ e(t)dt + Ky =2 ()

where K, K;, K4 are the positive coefficients of determination matrices. Tests with GA algorithm and error or
trial and error on the values of Kp, K|, and Kp were performed to determine the comparison of the obtained
PID parameters. The objective function of the controller tuning process, in this problem, is defined as integral
of time and absolute error (IATE) (7):

J2 = [, tle(®)ldt (6)
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4.  SIMULATION RESULTS

The block diagram to simulate the motion control system for robots on MATLAB/SIMULINK as
Figure 5. The simulation the robot to move with 2 types of trajectories: Case 1 is a circular orbit and case 2 is
a square orbit to evaluate the effectiveness of the proposed controller. Robot model parameters is
m = 12kg;J = 0.5 kgm?; a = 0.2 m; L=0.25 m; r=0.05 m

The GA algorithm is supported by MATLAB software and is detailed in. In this context, the GA
tool in MATLAB is introduced. It only solves the optimization problem to obtain the values {Kp_opt,
Kd_opt, Ki_opt} with the search space limited by (8):

ak, < K, opt < BK,
aKy < Kg opt < BKy @)
(XKi < Ki_opt < ﬁKl

Tr Ir Omega |—s E’
W

=

PID Mabtle robot theta

1o
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Reference trajectory Tranformation

Figure 5. Structure diagram to simulate the motion control system for mobile robot

The parameters of the GA algorithm in this study are selected with evolution over is 100
generations, population size is 100, crossover frequency is 0,8, and mutation probability is adjusted in the
range from 0.001 to 0.01, upper bound #=[0 0 0], lower bound u;=[50 50 50]. The optimal time of three PID
parameters with chromosome max is 100.

Case 1: the orbit is set as a circle with the equation x = 5 * cos(%); y=5% sin(%). The result of

the GA of PID_ITAE to optimize the three parameters of PID is shown in Figure 6. The robot's trajectory
moves in a circle, trajectory and trajectory deviation in X, y for robot is shown Figures 7 to 9.
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Figure 6. The result of the GA of PID_ITAE to optimize the three parameters of PID
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Figure 7. The robot's trajectory moves in a circle by the PID and GA-PID controllers
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Figure 9. Trajectory deviation in X, y, and 6 for PID and GA-PID controllers

Based on the results of Figures 8 and 9, it is evident that both the PID and GA-PID controller enable
the robot to track the reference trajectory at 5 s. However, the PID controller initially exhibits a 10%
overshoot and a slow setup time of 5 s. In contrast, the GA-PID controller shows minimal adjustments and a
rapid setup time of 0.1 s. Integrating GA optimization notably enhances the PID controller's performance.
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The GA-PID controller swiftly adapts and stabilizes the robot's trajectory, effectively reducing overshoot and
setup time. These findings underscore the efficacy of GA-based optimization techniques in improving

autonomous system control, especially in scenarios requiring precision, speed, and stability.

Case 2: simulation for a mobile robot moving along a square reference trajectory from the starting
point with coordinates (10,0,0). The result of the GA of PID_ITAE to optimize the three parameters of PID is
shown in Figure 10. The robot's trajectory moves in a circle, trajectory and trajectory deviation in x, y for

robot is shown Figures 11 to 13.
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Figure 10. The result of the GA of PID_ITAE to optimize the three parameters of PID
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Figure 12. Trajectory in X, y, and 6 for PID and GA-PID controllers
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Figure 13. Trajectory deviation in X, y, and 8 for PID and GA-PID controllers

Based on the results of figure, in Figures 12 and 13, it is seen that the robot motion trajectory of the
GA-PID controller follows the reference trajectory better than the PID controller. Meanwhile, PID has the
robot's motion trajectory with correction at transient times. The tracking performance of the robot with two
PID and GA-PID controllers are shown in the Figure 14.
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Figure 14. Comparison of orbital deviation between PID and GA-PID controllers

A Dbetter comparison between the tracking performance of the controller can be obtained by
calculating the trajectory error based on (9):

e = \/ex2 + eyz = \/(x %)+ —w)? (8)

From (9) and simulation response as above, the error table of monitoring of two PID and GA-PID
controllers for each trajectory as Table 1.

Table 1. Orbital tracking performance
Cases  Motion trajectory type Trajectory error PID  Trajectory error GA-PID Percentage of error improvement

controller (m) controller (m) between 2 controllers (%)
1 Circle line 0.0976 0.0468 52.04
2 Square line 0.1243 0.0521 58.08
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The tracking performance of the GA-PID controller compared to the PID controller is clearly
improved (52% for circular orbit and 58% for square orbit), which means false orbital deviation will also
decrease by this percentage results. The GA-PID controller achieves better tracking accuracy by optimizing
the PID parameters through GAs, resulting in smoother and more precise control of the orbital path. This
improvement in tracking performance directly translates to a reduction in false orbital deviation, leading to
more accurate and reliable orbit control for various mission requirements.

5. CONCLUSION

The article presents the successful design of a GA-PID controller for trajectory tracking in a two-
wheel mobile robot. This controller offers advantages such as zero-to-zero tracking error, quick achievement,
and low bias. The GA-PID generates a smooth motion trajectory suitable for practical applications without
requiring exact system dynamics model parameters. Its adaptive nature allows it to handle changes in robot
kinematics, dynamics, reference trajectories, and external disturbances. Testing on a real self-propelled robot
confirmed the controller's effectiveness in improving motion control for autonomous robots. Experimental
results revealed superior trajectory tracking accuracy and robustness compared to traditional PID controllers,
enabling precise tracking of complex trajectories with minimal error. The study highlights the potential of the
GA-PID controller to enhance autonomous mobile robot performance in real-world scenarios, with ongoing
research planned to explore its capabilities further in various environments and situations
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