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Abstract
The Pure Pursuit Algorithm (PPA) is used in this paper to explain how a car with four wheels moves. The MATLAB environment has extensive simulation capabilities that can accurately represent complex robotic behaviors. It was these that were deployed for an extended analysis of the robot’s operational dynamics. In the MATLAB/Simulink framework, waypoints obtained from different algorithms define robot trajectory. An odometer sensor helped to localize the robot thus giving accurate real-time information on its position. After critically evaluating several performance indices, it became clear just how well this control algorithm worked because it smoothly moved the robot from its initial state to its target with almost no oscillations at all. The findings of the simulation confirmed that if an appropriate lookahead distance is selected then the robot can effectively track waypoints and maintain optimal path along a trajectory up until reaching the target point at last
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1. Introduction
An increasing attention over the last few years amongst researchers towards mobile robots that are wheeled. In general, there is a rapid scientific growth in the field of mobile robots ranging from legged to wheeled, underwater or aerial [1]. In addition, these mobile platforms are used in various industries such as medicine, customer care, agriculture, warehousing and logistics industry for parcel delivery [2], [3], [4]. Mobile robots find use both outside industrial environments and within them. There are several advantages to using wheeled mobile robots for some applications like speed, precision, ease of performing repetitive and hard tasks among others. The two primary classes of the wheeled mobile robots are holonomic and non-holonomic types. The non-holonomic robots on wheels have only two degrees of freedom (2DOF). One of them allows linear motion along the x-axis while another enables rotation around the z-axis on a plane surface. On the other hand, holonomic wheeled robot have three degrees of freedom which makes it more flexible than its nonholonomic counterpart. In fact, Holonomic wheeled robots can only move linearly on x axis, linearly on y axis and rotate about z axis [5]. However, despite the advantages of Omni-wheels, there are a limitations like high cost, weight, reduced speed and increased friction [6]. Therefore, in mobile robot applications non-holonomic wheels are preferred to holonomic wheels. Currently there is growing interest in differential drive wheeled mobile robots (DDWMRs) and their use across a wide range of application areas. DDWMRs have many benefits including flexible movement capabilities; simple but sturdy design; and low costs [7]. The configuration can be  two wheels (2W) [8], three wheels (3W) [9], or 4-wheel [10] where two motorized wheels are present for each with additional passive castor wheels which allow free rotation around their own axis to provide stability and balance. Among these three-wheel DDWMRs, the most widely used in many industrial processes is due to its fine control and great maneuverability [11], [12]. They can work autonomously or follow point-to-point trajectories manually by introducing suitable control mechanisms into mobile robots [13]. Path tracking is done using Pure Pursuit Algorithm (PPA) [14]which is simpler to implement with better tracking results than other algorithms on this matter like [15], [16]. PPA implementation could take different forms such as proportional-integral-derivative (PID) control law whereby PID feedback controller is used as the main actuator in closed loop systems involving the dynamic model of robotic which has two driving wheels rotating about a fixed point on the ground [17]. There are a number of feedback control methods that can be applied in the case of manipulators such as linear quadratic regulator controller (LQR) [18] or model predictive controller (MPC) [19]. In direct feedback control, the wheel is mainly rotated based on system feedback while it does not consider the parameters of robot, models or other available facts. For instance, in this category are PID control [20] and Fuzzy control [21]. This was further proposed to improve sensitivity of tracking by using genetic algorithm (GA), integrated with PID in [22], which eventually controlled disturbances from outside. Similarly, in reference [23], FLC was employed alongside predictive control (PDC) to enhance the resilience and resistance of the controller to time delays induced by sensors. The combination of FLC and Adaptive Neuro-Fuzzy in a hybrid algorithm provides insights with value among others in [24], [25]. The robot dynamics model is an established one that examines primarily how forces acting on the robot relate to dynamic parameters like velocity described by dynamics model-based-control. Methods including MPC control [26] and LQR control [27] belong to such control. Lately, in [28] it was done a model predictive controller-based interval path tracking control method for higher speed and better stability of AGV motion inside a working area beyond the yaw angle limit; while still not violating any given constraint. Moreover, [29] introduced an accelerated rolling optimization technique that built upon LQR controller for the mobile robot tracker. Both optimization of weight coefficient Q and R can enhance tracking the precision and effectiveness of the controller. Geometric tracking control (GTR) is responsible for calculating wheel rotation angles through measuring the geometric located between the reference path and the robot. For example, there are well-known PP control method [30], Stanley’s control method. The paper [31] described an improved PP control which adjusted the distance of pre-sight dynamically by selecting temporary pre-sight point to result in more accurate robot tracking.
The primary contribution of this study is how can we follow the generated waypoints by 4WD mobile robot with small oscillation and chose the accurate speed and lookahead angle for the controller in each position of movement. we next discuss the mobile robot system desertion, pure pursuit controller and results. 
2. Mobile Robot System Description
Because of constraints related to available model parameters and computational for real-time applications, a simplified 3-degree-of-freedom (3DOF) vehicle body model is employed for the state estimation of the 4-wheel drive (4WD) vehicle. The vehicle body model depicted in Figure 1 encompasses three degrees of freedom: (longitudinal, lateral, , yaw angle) displacement, and features four wheels.
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Figure.1 The 3DoF vehicle body model with four wheels.
Where:
x: The vehicle's lateral position within a global coordinate system, expressed in meters.
y: The vehicle's lateral position within a global coordinate system, expressed in meters.
θ: The orientation of the vehicle with respect to the global reference frame, expressed in radians.
: The angle of steering for the vehicle, measured in radians.
L: The line between the front and rear axles of the vehicle, known as the wheelbase, measured in meters.
v: The velocity or speed of the vehicle, measured in meters per second.
The kinematic equation for the above model is:
		 		(1)

Prior to establishing the estimation system, certain assumptions and simplifications are made in MATLAB to facilitate the process.
· Vehicle track: Dual.
· Ale forces: External longitudinal forces.
· In terms of longitudinal dynamics, the vehicle has two wheels on its front axle and two wheels on its rear axle. Its mass is about 2000 kg, and the longitudinal distance between the center-point of the mass and the front axle is (1.4m), while the distance between the center-point of the mass and the rear axle is (1.6m). Besides, the vertical distance between the center of mass and the axle plane stands at (0.35m).
· Moving to lateral dynamics, we find that the corner stiffness for front tires equals 12e3, while for rear ones, it amounts to 11e3; the relaxation length for a front tire measures 0.1 m, whereas the relaxation length for a rear tire is again 0.1 m.
· In terms of the aerodynamics of the vehicle, we have values such as Longitudinal drag area 2 m^2, relative wind angle vector [0:0.01:0.3] rad, and Side force vector [0:0.01:0.3].
· For the environmental factors, we consider absolute pressure at 101325 Pa, air temperature at 273 K, and The gravitational acceleration is set at (9.8m/s2), accompanied by a nominal friction scaling factor of 1.
The above explanation illustrates the detailed indicators utilized in the MATLAB program for the purpose of designing a mobile robot, aiming to apply control over it in a more realistic manner.

3. PURE PURSUIT Controller

The Pure Pursuit Algorithm (PPA) stands out as a widely-used path tracking algorithm for different types of mobile robots [32]. This algorithm computes both the linear velocity on x-axis (v) and angular velocity (ω) of the mobile robot based on its actual position and a set of waypoints. Illustrated in Figure 2 below.
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Figure 2. Pure pursuit block in MATLAB Simulink 
The geometric interpretation to explain the PPA algorithms was inserted in figure 3 below:
[image: ]
Figure 3. The geometric interpretation.
To calculate the required look ahead distance, some calculation should be made as below.
				(2)
				(3)
		(4)
	(5)
			(6)
 				(7)
 				(8)
As it’s clear from the calculation above steering angle should be proportional to the curvature of are. The PPA involves two inputs and three outputs. The robot's pose comprises its position on the x and y plane, representing the robot x and y coordinates, denoting its position and orientation comparative to the coordinate frame. This includes its distance from the origin along the x axis and angle with esteem to the x axis. The L.D is a critical factor in the algorithm's functioning. The look-ahead distance plays a significant role in influencing the algorithm's performance. Opting for a smaller look-ahead distance can enhance the robot's path tracking capabilities. However, inadequate tuning of this parameter may lead to system instability, necessitating careful adjustment. Hence, it's crucial to determine this value appropriately. Figure 4 illustrates the analysis of the look-ahead effect for various values. 
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Figure 4. Different value for look ahead (L.D).
Increasing the look-ahead (L.D) distance typically results in smoother path tracking. However, it may lead to a deviation from the intended course before reaching the next waypoints. Conversely, reducing the L.D distance causes the robot to alter its course only after reaching the waypoints. This condition leads to undesired oscillations in the robot's trajectory, as depicted in Figure 4 above. The study exclusively relied on kinematic equations, neglecting dynamic conditions. Consequently, when the lookahead value is set to (L. D=1m), the robot's path exhibits increased oscillations and covers a longer distance, as highlighted by the blue line. Thus, it becomes imperative to determine the most suitable value for the Pure Pursuit Algorithm (PPA). However, when the lookahead is large (L. D=3m) as shown in Figure 4 above, the path generated by moving the robot tends to be somewhat further from the actual path, yet without oscillations. The controller's scenario can be condensed into the following points:
1. Identify the nearest waypoint to the vehicle.
2. Ascend toward that waypoint while computing the steering angle.
3. Utilize localization to determine the updated position.
Figure 5 illustrates the system's block diagram, where waypoints have been pre-selected on the map. The robot's actual position is determined by its odometer. Both the waypoints and the actual position feed into the pure pursuit controller to guide the robot towards its goal. 
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Figure 5. Overall system block diagram.
All robot movements adhere to its specifications, with linear velocity capped at 0.15 m/s and angular velocity within ±3 rad/s.

4. Results

After configuring the control settings and the mobile robot's settings, the control was tested by tracking some points on the map. Random points were selected on a specific map, and these points were then inputted into the control system. Afterwards, the control system began calculating the current location of the robot and the desired location, then started moving towards the goal. Each time, the control system considered the nearest point as the next goal. Upon reaching it, it compared the current location obtained from the odometry with the intended point. Once reached, it continued moving towards the next point, and so on until reaching the final destination.  Figure 6 shows an image of a random map, but specific maps for particular buildings can also be obtained via the camera. Afterwards, the image is processed and analyzed in MATLAB. The circular points in blue color represent the randomly selected waypoints on the map, which can be generated using any algorithm to find the path between two points. The yellow color indicates the shortest line between two points, representing the ideal path for the robot to follow. Finally, the red color illustrates the robot's movement from start to finish.
It is evident that at the beginning of the motion, the robot rotates to achieve the required angle to reach the second waypoint after rotation. Then, it starts moving according to the input points until reaching the goal. It is observed that the path does not contain many oscillations except at consecutive points with sharp angles. Overall, the control seems to have successfully guided the robot from start to finish with high accuracy and minimal oscillations, particularly between waypoints with sharp angles.

[image: ]
Figure 6. Maze map.
Figure 7 illustrates the data read from the odometry sensor, showing the actual movement of the robot from start to the end. The blue line represents the robot's movement on the y-axis, while the red line indicates the robot's movement on the x-axis. Therefore, according to the diagram, the starting point would be (36, 319), and the ending point would be (387, 43). 

[image: ]
Figure 7. Odometry data on x and y axis.
To verify the settings and capabilities of the controller for moving the robot and placing it on the optimal path, the controller was tested again using a new map and random points on the map as well. Once again, the robot starts by rotating at the starting point, then begins moving towards the goal, with the controller almost aligning the robot on the ideal path along the route. Once again, the results confirm the controller's ability to achieve rotation angles and reach the goal with high efficiency. The second map shown clearly in figure 8 below.
[image: ]
Figure 8. Map with different shape of obstacles.
To verify the settings and capabilities of the controller for moving the robot and placing it on the optimal path, the controller was tested again using a new map and random points on the map as well. Once again, the robot starts by rotating at the starting point, then begins moving towards the goal, with the controller almost aligning the robot on the ideal path along the route. Once again, the results confirm the controller's ability to achieve rotation angles and reach the goal with high efficiency.
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Figure 9. Odometry data on x and y axis.

6. Conclusion 

This research demonstrated the implementation of PPA (Pure Pursuit Algorithm) control for a Differential Drive Wheeled Mobile Robot (DDWMR). Initially, the robot model was utilized to illustrate the impact of varying lookahead L.D distances on PPA performance. The findings revealed that small look-ahead values led to undesirable oscillations in the robot's trajectory. Subsequently, a comprehensive robot model was employed using MATLAB Simulink within the simulation environment. The robot's control was executed through PPA developed in the MATLAB environment. The outcomes from the comprehensive study indicated that adjusting the values of look-ahead affected the robot's approach to reference points, with no observed oscillations in motion. It can be inferred that higher L.D distances certain influenced the robot's travel duration, enabling the mobile robot to alter its trajectory without directly approaching the goal.
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