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Abstract: Most current research on motion control and obstacle avoidance for mobile robot (MR) is
primarily focused on static obstacle avoidance, with limited attention to detecting as well as avoiding
moving obstacle. As a result, significant research is still needed to address the problems associated
with movable obstacle avoidance. The difficulty of movable obstacle avoidance is influenced by
several factors related to obstacle, including its size, geometric dimensions, velocity, direction of
movement, and acceleration. Other parameters related to the kinematics of MR also play a significant
role. Therefore, this research aimed to develop a new method of intelligent detection as well as
avoidance of movable and static obstacle. To achieve this purpose, wheeled mobile robot (WMR) was
equipped with six ultrasonic sensors to detect the distance between the robot and obstacle. Moreover,
a new algorithm was developed based on WMR center position (CP), provided by the control system
or distances between the obstacle and WMR detected by sensors. This algorithm determined the
position and velocity of movable obstacle. According to the outputs related to movable obstacle,
WMR avoided collision by altering its path to follow a feasible alternative path, which was planned
based on individual priority. This method was simulated in avoidance of static and movable obstacle
using MATLAB Simulink program. The results obtained during the analysis showed that the
percentage of maximum additional time to avoid the fixed obstacle was 1.15% while movable obstacle
was 0.7% of the total time. In addition, the percentage of maximum additional length to avoid the
fixed obstacle was 5.52% while movable obstacle was 3.58% of the total desired length. The results
were satisfactory compared to previous research, showing that WMR avoided movable obstacle and
returned to the desired path faster than in other investigations.
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1. Imtroduction

The use of wheeled mobile robot (WMR) is gradually increasing in daily life, industry, and space
applications. However, as mobile robot (MR) become more incorporated into various areas of
everyday life, challenges are also experienced during the implementation of tasks assigned to the
robot, particularly in the aspect of motion control, as well as fixed and movable obstacle avoidance.

Research has devoted significant attention to addressing these challenges over the past decades.
These efforts have successfully resolved many problems, especially those related to fixed obstacle.
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Research on avoiding movable obstacle has not achieved the same level of progress because of its
complexity but several significant contributions in this field can be observed. Following the
discussion, various findings have implemented several methods for WMR motion control including
obstacle avoidance, to ensure smooth task execution along the designated path. (Abed et al., 2024)
aimed to review various path planning strategies for MR using different optimization methods
obtained from recently published papers in the last five years. In (Al-Mallah et al., 2022) finding, a
Type-2 fuzzy logic controller built from human experience was used to guide WMR to reach its
predefined destination by controlling linear and angular velocity of the robot, preventing obstacle
collision. Moreover, research by (Zghair et al., 2023) focused on finding short and smooth path in a
static environment based on hybrid algorithms to avoid collision. In their paper (Abdelwahab et al.,
2020) present the Z-number based Fuzzy Logic control for trajectory tracking of differential wheeled
mobile robots. The unique point of their approach lies in the ability to encode constraint and
reliability in multi-input and multi-output rules. The investigation of (Kuo et al., 2018) allocated a
method of obstacle avoidance and focused on curvature constraint for a non-holomonic MR using
curvature—constrained streamlines changing via pure pursuit. A new dynamic algorithm was
proposed in (Wang et al., 2022) to set the initial direction angle and then improve its evaluation
function during implementation of the task to increase the efficiency as well as the flexibility of the
algorithm. Rusdinar et al. (2021) developed MR using fuzzy inference system algorithm for its
movement with a magnetic line sensor. Following this discussion, the research by (Dang and Bui,
2023) used a binary semantic segmentation (FCN — VGG - 16) to extract features from image
captured by monocular camera. This model estimated the position and distance of obstacle in the
robot environment. Based on the improved algorithm, the optimized path planning increased the
performance of the path of MR. (Feng et al., 2021) paper set out to investigate the usefulness of
solving collision avoidance problems with the help of deep reinforcement learning in an unknown
environment, especially in compact spaces, such as a narrow corridor. Their research aims to
determine whether a deep reinforcement learning-based collision avoidance method is superior to
the traditional methods, such as potential field-based methods and dynamic window approach.
Finding by (Wang et al., 2021b) was aimed at developing a review of research progress about local obstacle
avoidance method for WMR under complex unknown environment in the last 20 years. A review finding by
(Pandey etal., 2017) also focused on the investigation of intelligent navigation methods of WMR that had been
developed. This finding included artificial potential field method, grids, Dijikstra algorithm, Voronoi graph,
vision sensors, fuzzy logic, neural network, genetic algorithm, and simulated annealing algorithm. The
method in (Song et al., 2023) was concerned with the path of MR in a dynamic environment by incorporating
the improved ant colony optimization ACO and dynamic window method DWA algorithm. Moreover, an
optimization algorithm was used by (Chai et al., 2024) to achieve online tuning of kinematic and dynamic
controllers, ensuring fast and accurate convergence of the trajectory tracking error. Work of (Ajeil et al., 2020)
deals with the design of intelligent path planning algorithms for a mobile robot in static and dynamic
environments based on swarm intelligence optimization. A modification based on the age of the ant is
introduced to standard ant colony optimization, called aging-based ant colony optimization (ABACO). Paper
(Sun et al., 2020) proposes a robust nonsingular terminal sliding mode (NTSM) control scheme for the path-
following problem of an MWOMR. First, a plant model is identified as a second-order state-space equation
with four inputs and three outputs to describe the MWOMR'’s path-tracking kinematics and dynamics.
Afterwards, a multi-input-multi—output NTSM controller is designed for the MWOMR, and the stability of
the NTSM control system is verified by means of Lyapunov function. (Yuan et al., 2019) proposed an extended
state observer-based sliding mode control (ESO-SMC) strategy for trajectory tracking of a four mecanum
wheeled mobile platform (FMWMP) with unknown disturbances and model uncertainties (UDMU)
considered. Especially, the extended state observer (ESO) is designed to estimate not only the UDMU but also
the unmeasured velocities of FMWMP. Based on the designed ESO, a sliding mode control (SMC) scheme is
utilised to ensure the tracking performance as expected. The target of (Tuan et al., 2024) research is to develop
a control method for mobile robots operating in dynamic and unknown environments with both static and
moving obstacles. The method utilizes a fuzzy logic approach based on a Lidar sensor to gather information
about the environment and make decisions for navigation. Approach (Sun et al., 2023) proposes a trajectory-
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planning scheme and a trajectory-tracking control strategy for a Mecanum-wheeled omnidirectional mobile
robot by using artificial potential field and discrete integral terminal sliding mode, respectively. According to
the positions of the robot, target, and obstacles, a reference an obstacle-avoidance trajectory is planned and
updated iteratively by utilizing artificial potential field functions. Afterward, a discrete integral terminal
sliding mode control algorithm is designed for the omnidirectional mobile robot such that the robot can track
the planned trajectory accurately (Husain et al., 2024) proposed and designed a strong control scheme for
vehicle steer by wire using an integral sliding mode control based on barrier function. This control scheme
improved the strength of the controllers better than that of conventional SMC or integral SMC. For the
problem of mobile robot’s path planning under the known environment, a path planning method of mixed
artificial potential field (APF) and ant colony optimization (ACO) based on grid map has been proposed by
(Chen and Liu 2019). (Bernardo et al., 2023) implemented hierarchical control structure using behavior tree
(BT) to improve the flexibility and adaptability of an omni-directional MR. This method improved point
stabilization and guided the robot to any configuration in the workspace while satisfying state constraints
(obstacle avoidance) as well as input constraints (motor limits). A novel adaptive fuzzy prescribed
performance control strategy is proposed in (Ding et al., 2024) to deal with the problem of fast accurate
trajectory tracking. Instead of the approach angle or the azimuth angle, a pair of heading- and orientation-
related auxiliary variables is adopted to deal with the underactuation of the WMR. In place of the transverse
function, the barrier function is combined with the adaptive fuzzy logic system to cope with the unknown
WMR dynamics.

(Tilahun et al., 2023) proposed trajectory tracking control system using a dual-loop method. In this method,
inner loop controlled the dynamics through Adaptive Fuzzy Sliding Mode Control (AFSMC), while outer
loop handled kinematics using Adaptive Neuro-Fuzzy Inference System (ANFIS). Generally, the result
showed that AFSMC with ANFIS was superior in trajectory tracking for the examined system compared to
other controllers. (Yan et al., 2024) designed a local tracking controller that ensured the linear velocity input
remained positive, and confirmed the position tracking error was convergent to zero. (Azar et al., 2023)
comprehensively examined and analyzed a proposed sliding mode higher—order extended state observer
(SMHOESQO) convergence using Lyapunov method. According to this analysis, SMHOESO was
asymptotically stable, and estimation error was significantly reduced under real-world conditions. The
method proposed by (Abukhalil et al., 2020) used pattern recognition of two laser pointers in the view of a
single camera to detect objects around the robot. Additionally, distance and angle to the objects were
measured using Lagrange interpolation formula applied separately to each laser projection in the framed
image. By reviewing the methods used in previous research on movable obstacle avoidance, including those
discussed here, this topic still presents many challenges that require further investigation. There is a
significant research gap in the field of movable obstacle avoidance, providing more opportunities for further
exploration and experiments in this area. Therefore, this research is considered a step in the direction of
innovation in the field.

2. Mobile Robot Kinematic and Dynamic Modeling

In this section, kinematic and dynamic model of WMR were obtained. The movement of the
proposed WMR (Figure 1) was only in XoYo plane. Following the discussion, two different
coordinate frames were evident during the research. The first was local coordinate frame (OXY) of
the robot where X-axis represented direction of forward movement and Y-axis signified lateral
movement as shown in Figure 1. This frame was dynamic and changed as the robot moved, which
was related to the second or global coordinate frame (0XoYo). The velocity of WMR in its local
coordinate frame consisted of linear velocity in X and Y direction and a rotation around the center.
This velocity was writtenas, V, = (x v ).


https://www.sciencedirect.com/topics/engineering/linear-velocity
https://www.sciencedirect.com/topics/engineering/tracking-position
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Figure 1 WMR configuration

Due to the rotation between WMR local and global coordinate frame with a rotation angle 6 and
rotation matrix¢R, velocity ;. was transferred to global coordinate frame as V;; = (X, ¥, 8)".In

addition, the transformation of the velocity was written as Equation 1 (Alwan et al., 2024).
Vg = SRV, 1)

MR velocity expressed in local coordinates system was used to develop kinematic and dynamic
mathematical model concerning angular velocity as well as torques of the wheels. The velocity
acting on each helm of the mobile wheels consisted of four components including linear velocity (
X,Y) due to WMR movement. Other components included tangential velocity (w r) caused by
angular velocity of the wheel, roller tangential velocity (w r) from angular velocity of the roller
which was perpendicular to roller axis (45°) with the robot X-axis. Finally, linear velocity was caused
by the rotation of WMR around its center point. WMR inverse kinematic model was obtained by
summing up this velocity and was written as Equation 2(Alwan et al., 2024):

() =]V @)

1 -1 —(a+b)
. : .,_11]1 1 (a+bh)
Where ] was the inverse Jacobian matrix; | = il 1 =@+
1 -1 (a+b)
wheel angular velocity matrix w = (w; @, @3 ©)T,

and w represented the

The forward kinematics equation in the robot local coordinates system was written as Equation 3
(Alwan, 2020a),

Vo=J" (o) ©)
The forward kinematics equation for WMR in global coordinate system was expressed in Equation
4.
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Vg = SRJ () (4)

Dynamic modeling of WMR was obtained using Lagrange formulation. Significantly, the velocity
of mass center of WMR in the robot local coordinate system was evaluated according to the theory
of (Alwan, 2020b) as written in Equation 5.

__ ( cosB  sinf X,
ve = (—sine cosQ) [Yo] ©®)
WMR moved in a horizontal plane and not in z-axis direction, leading to no potential energy.
Kinetic energy of the robot mechanism was caused by linear and rotational velocity of MR as well

as four Mecanum wheels(v,, 6, rw, ). Moreover, kinetic energy equation was obtained as follows
(Equation 6) (Alwan, 2020b).

T = %[mpvgvc + Ip(é)z + 4[m,, (rw)? + Iwa)z]] (6)

Where (mp, m,,, I, and Iw) were the robot platform mass, wheel mass, robot platform moment of
inertia around its mass center, and wheel moment of inertia, respectively.

The dynamic of WMR presented the derivation of Lagrange equation, which was written as
Equation 7.

w6 - Go)=F =234 )

Where q; g; represented the inputs or angular displacement and angular velocity of i wheel.

WMR general form dynamic equation was expressed as Equation 8 (Hasan and Alwan, 2021).

M(@)§+ C(q.9)q+BTSf=2BTt ®)

Whereg= (X, Y, )7, §=F, Y, 6)" M wasthe massand inertia matrix, C signified matrix
of coriolis as well as centripetal effect, and B was the input transformation matrix. The elements of
each matrix were represented as Equations 9, 10, and 11 (Alwan et al., 2024).

0 0 m,8(hicosd + h, sind)
C=10 0 m.0(hysind + h, cosH) )
0 0 0
(cos@ + sinf) (sinf —cosf) —(a +b)
__|(cosB —sinB) (sinB + cosf) (a+b)

"~ |(cos@ —sin®) (sin@ + cosf) —(a+b) (10)
(cos@ + sinf) (sinf —cosf) (a+b)
sgn(@1) 0 0 0
0 sgn(g,) 0 0
S = . 11
0 0 sgn(@s) 0 )
0 0 0 sgn(¢,)

3.  Motion Control Design for Trajectory Tracking
Backstepping method was adopted to execute the controller during the analysis. The state vector
of the generalized coordinate was written as follows (Equation 12).

. . . . T
CI=[CI£ qg]Tz(Xo Yo 6, X, Y, 90) (12)
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Based on backstepping controller g,was a subsystem which was equal to virtual input (u1).
Trajectory tracking error equation of WMR movement represented the error between desired and
actual trajectories as written in Equation 13.

XOd - XOac
e1 =qq —qac = (6x €y 69)T =\ Yoa — Yoac (13)
9d - Bac

Where q; = [Xoa Yoa 6,4]" was desired robot trajectory and g4 = [Xoac  Yoac 001" represented
actual robot trajectory. The derivative of trajectory tracking error equation (13) led to Equation 14.

€1 =qqa —qa = U1 —qa (14)

For WMR stability testing, Lyapunov expression was considered as Equation 15:

1
Vi = 591T ky eq (15)

3x3 . e . . . .
Where K 1€ R™ was symmetrical and positive. During this analysis, Equation 15 was
differentiated concerning time as 16.
g 1.1 17 . 1 T . 1 T .
Vi=-é  kieg+5ei kiéy=5eq kiéy=5eq ky (U1 = qa) (16)

For stable system, Equation 17 was expressed as,

Uy =qq — e (17)

Equation 18 was written as,
Vi=—Zelkié; <0 (18)

Equation 18 showed that the system was asymptotically stable.

4. Obstacle Avoidance Process

MR obstacle avoidance decisions were typically based on real-time data concerning the position
and velocity of obstacle. This critical information was obtained through sensors during the detection
process. In this research, six HC-SR04 ultrasonic sound sensors were used to detect obstacle position
and velocity. Two sensors were placed in the front direction of the robot, while the remaining ones
were positioned at angles of +45°, +90°, -45°, and -90°. The sensors which were placed in the front
direction determined how the obstacle moved. Figure 2 showed the locations of the devices on the
robot body and field of view. Moreover, the field of view of these sensors was 15°, and the sensing
range was from 2 cm to 400 cm.

The obstacle avoidance system of the robot focused on detecting and evading obstructions in a
circle less than 0.5 meters radius around the robot center point. In this research, the obstacle
avoidance algorithm showed that all obstacle were circular in shape and moved at a constant
velocity perpendicular to the path of the robot.
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A

Mobile robot

Figure 2 The field of view and sensors locations of the robot

The Major points in the obstacle avoidance algorithm were as follows:

e The robot often moved forward following the desired path since there were no obstacles.

e When an obstacle was detected on front side of the robot, position, and velocity of the obstruction
were determined using the sensors located in that area.

e The optimal alternative path in which the robot moved was determined based on the direction
of how obstacle moved and the signals received from other sensors to identify obstacle-free path.

e The robot avoided obstacle by changing its original desired path to feasible alternative route,
which was possible due to the use of Mecanum wheels.

e The feasible alternative paths of the robot were arranged according to proposed priority. For
example, when the detected obstacle was coming from right to left, the first priority of the robot
was to continue its movement until the obstacle passed. Once collision was unavoidable, the
robot followed the second priority, which was changing its desired route to feasible alternative
path at direction of an angle of -45°. However, when collision could not be avoided, the robot
followed the third priority, which was changing its desired path to an alternative route at
direction of an angle of -90°. The robot sequentially moved to its fourth and fifth priority and then
stopped completely at the final designated position, waiting for obstacle to pass.

e The feasible alternative path directions in which the robot moved to avoid collision were
arranged in the following directions including +45°, +90°, -45°, and -90°. When none of these paths
were suitable, the robot stopped moving. Table 1 showed the priority of the feasible alternative
path directions.

e Figure 3 also showed the alternative WMR direction priority in different cases of obstacle
avoidance.

e After avoiding obstacle, the robot returned to tracking the desired path.

e Obstacle avoidance algorithm methodology was shown in Figure 4
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Table 1 Alternative robot paths directions priority in obstacle avoidance process

Obstacle Alternative Robot Path Directions

Direction +90° +45° 0° -45° -90° stop

From right  priority priority priority priority priority priority

to left 4 5 1 2 3 6

From left to priority priority priority priority priority priority

right 3 2 1 5 4 6
Obstacle Direction of movement Obstacle

" of the obstacle

Movement direction priority

3 6) 4

Stop Stop
Mobile robot Mobile robot

Figure 3 The alternative WMR directions priority in different cases of obstacle avoidance
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Figure 4 The obstacle avoidance algorithm methodology

For detecting a movable obstacle and determining its velocity as well as direction, WMR needed
to sense the obstruction at two different positions in a known time interval (Figure 5). At each point
obstacle center position (CP) in global coordinate frame was determined based on WMR CP and the
distance between obstacle and the robot measured by the sensor. When the obstacle positions at the
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two points were known, the period required to move the obstruction from the first to second point,
its velocity and direction, was evaluated as Equation 19.

Vop = ZJ([xob(i+1)—xob(i))::(yob(i+1)—yob(i)])2 (19)
Ayop
00y = artan (22 )
op = artan Ax,,

The distance between MR and obstacle was more than 500 mm to avoid collision. Relating to the
process, this distance was obtained as follows (Equation 20).

d = [Xo(®) — Xop (2 + [Yo (&) — Y, (]2 (20)
.

g ~ Obstacle

Robot

Y d
-------- ”K: / Position
~1 position
: AX
-
X Ky Kob iy Xob ‘E

Figure 5 Detection of movable obstacle

5. Motion Control and Simulation Results

The aim of the control method was finding an optimal trajectory for MR considering the three
main criteria, including short trajectory, smooth trajectory and obstacle—free path, respectively.
Moreover, the cost functions used to represent short trajectory f; as well as its smoothness f,cost
functions was written as Equations 21 and 22 (Hasan and Alwan, 2022).

f; (Xo, Yo) = 2 VIXo(t+ 1) — X (D12 + [Yo (t + 1) — Yo (D)]? (21)

Y(t+1)-Y(t)

_ vN-1
f;(Xo, Yo) = Xj=; arctan Xo(t+1)—Xo ()

(22)

During the analysis, Artificial Bee Colony (ABC) optimization algorithm was adopted. By
initializing the parameters as well as proposing a random number of populations (SN), the process
was repeated to reach the maximum cycle number, and the solution was written as Equation 23
(Hasan and Alwan, 2022).

Xij = Xminj + TaNd [0,1](xmaxj — xmin) (23)

Where i= 1,2..SN, j= 1,2..D, D, represented the number of the optimized parameters, rand (0,1) is a
real number in interval [0,1], X4, represented upper bounds of x;;, and x,,;, was lower bounds of
x;j. Following this discussion, a new solution was evaluated as Equation 24 (Hasan and Alwan,
2022):

v = x5+ @55(xi — X (24)
Where k € [1, 2...SN]. When the nectar amount of (v;;) was better than (x;;), (x;;) was changed by
(vij) and (v;;) became the new population number.
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The controller algorithm generated suitable improvements to control MR wheel angular velocity
and the robot movement along original or alternative trajectories. During the algorithm testing,
simulations were performed to show the motion of the robot along a question-sign-shaped
trajectory. Moreover, simulation results of equation (17) were performed in MATLAB Simulink
program. The following geometric dimensions were adopted to perform numerical simulation
movement of the robot including Mecanum wheel angle § = w/4[rad], WMR represented as a
cylinder of R = 0.25[m] and the obstacle was as a colander of a radius Rop = 0.15[m]. Figure 6 showed
WMR control architecture diagram used to simulate the results of motion control and obstacle
avoidance.

=\l Multi-Robot
ulti-Robo ;
—»{clock yd [y_d] Environment
betad -+ [beta_d]| World ul_x
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8 X
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port1 ES
e_" >
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sensors

Figure 6 Control architecture diagram

Simulation and validation of two examples of obstacle avoidance were presented in this section.
Example-1: Avoidance of movable obstacle was implemented in this example, where WMR
operated in unknown environment containing two movable obstacle, and each of the obstacle
intersected the desired path in two points. When one or more of the sensors detected an obstacle,
signal was sent to the controller to determine the position of obstacle center. After a period, this
procedure was repeated to determine the position of the center. Based on the two records, obstacle
velocity and angle of its direction were determined. When the distance between WMR and obstacle
was detected to be less than 500 mm, MATLAB initiated avoidance algorithm. This algorithm sent
the information to the controller, adjusting MR wheels angular velocity and enabling it to follow an
alternative path. The selected path was determined based on the obstacle velocity, movement
direction, and priority of feasible alternative paths. Results of this analysis showed that the path
length travelled by WMR without obstacle was 1026.7 cm in 37.17 seconds, while length travelled
with movable obstacle was 1162.5 cm in 38 seconds, respectively. Table 2 showed the added path
length and time as a result of avoiding each of the four obstacle. Additionally, trajectory tracing
error between WMR desired and its actual path to avoid the collision was shown in Figure 7.
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Simulated result of movable obstacle avoidance process which included WMR desired and actual
path to avoid the collision, as well as movable obstacle paths was shown in Figure 8. The results of
this analysis showed that the percentage of maximum additional time to avoid movable obstacle
was 0.7% of the total time. In addition, the percentage of maximum additional length to avoid this
obstacle was 3.58% of the total desired length.

Table 2 Path length and time increase from movable obstacle avoidance

Obstacle Distance increase Percentage of Time Percentage of
number [m] distance increase increase [s] time increase
1 0.368 3.58% 0.26 0.7%

2 0.146 1.42% 0.103 0.28%

3 0.337 3.28% 0.239 0.64%

4 0.279 2.72% 0.197 0.53%

1 . . . :
0 — AT

4 —Error X [m]
=Error ¥ [m]
Error Beta [rad]
1 1 1 1
0 5 10 15 20 25 30 35 40
Time[s)

Figure 7 Trajectory tracking error and avoidance of movable obstacle

@ ——Reference path
g -@-Obstacle1 path
8 0 -©-Obstacle2 path

Actual path

Y-axis[m]

X-axis[m]

Figure 8 Simulated results of movable obstacle avoidance trajectory

Example-2: This example was allocated to static obstacle avoidance during the analysis. WMR
worked in an unknown environment containing four static obstacle, located in various positions.
When one or more of the sensors detected an obstacle, signal was sent to the controller in
determining the position of obstacle center. Moreover, when the detected distance between WMR
and obstacle was less than 500 mm, MATLAB initiated the avoidance algorithm and sent
information to the controller, adjusting MR wheels angular velocity to follow an alternative path
based on obstacle position and priority of feasible alternative paths. The results of this process
showed that path length travelled by WMR without obstacle was 1098cm in 38.88 seconds, while
with static obstacle was 1244.5 cm in 40 seconds, respectively. Table 3 showed the added path length
and time as a result of avoiding each of the four obstacles. Trajectory tracing error between WMR
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desired and its actual path to avoid the collision was shown in Figure 9. Additionally, simulated
result of static obstacle avoidance process which included WMR desired and actual WMR path to
avoid the collision, as well as fixed obstacle poisons was shown in Figure (10). Results of the analysis
showed that the percentage of maximum additional time to avoid fixed obstacle was 1.15% of the
total time. In addition, the percentage of maximum additional length to avoid this obstacle was
5.52% of the total desired length. In comparison with previous research under the same conditions,
this investigation found that in (Hasan and Alwan, 2022) and (Hasana and Alwan, 2021), MR
traveled a path of 516.15cm in 25.989 seconds, and 1451.06cm in 73.5 seconds, respectively.
Meanwhile, MR traveled 1098cm in 38.88 seconds in this research, signifying that WMR avoided the

obstacle faster than in other methods.

Table 3 Path length and time increase from static obstacle avoidance

Obstacle Distance increase Percentage of Time Percentage of
number [m] distance increase increase [s] time increase
1 0.189 1.72% 0.139 .036%

2 0.203 1.85% 0.149 .038%

3 0.505 4.6% 0.371 .095%

4 0.626 5.52% 0.46 1.18 %

2 .

W‘\/,/"

21

3t

[—Error X [m]
[|==Error Y [m]

Error Beta [rad]
I |

0 5 10 15 20 25 30 b
Timel[s]

-5

Figure 9 Trajectory tracking error while avoidance of static obstacle

m]
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0 | 1 | 1 | 1
15 2 25 3 35 4 45 5 55 6
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Figure 10 Simulated results of static obstacle avoidance trajectory
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The analysis signified that the tracking error in the previous two examples increased when
avoiding obstacle. This process was normal, but a relatively large error occurred when crossing 90°
angles in the track. The error was the result of basic error represented by displacement from the
intended aimed point, which was approximately 0.36m, and the fault was rectified at the end of
track. Following the discussion, displacement occurred because the aimed point kept changing at
every moment, but response movement of the robot was slower than the speed of change, leading
to displacement.

6. Conclusions

In conclusion, this research developed MR equipped with four Mecanum wheels and formulated
its kinematic as well as dynamic models. Trajectory tracking control system was also designed using
obstacle avoidance algorithm for both stationary and movable obstacle. The performance of the
robot was thoroughly evaluated, and results showed that the machine successfully achieved its
main objectives of avoiding all encountered stationary or movable obstacle. Additionally, the
outcome showed that the avoidance of the four static obstacle increased path length by 13% and
2.87% for the time to reach target. As for the four movable obstacle, path length increased by 11%
and 2.15% for the time to reach target. Trajectory tracking error during the analysis was significant
only during obstacle avoidance maneuvers, showing the effectiveness of the control system in
normal conditions. However, a lateral displacement error of 0.36 meters was observed, attributed
to slow response of the robot to dynamically changing target points. The error occurred only at
inflection points because the running of obstacle avoidance algorithm slowed down the response at
these points. This outcome signified that, although the control and avoidance algorithms were
strong, further optimization would be needed to improve responsiveness of the robot to rapidly
changing target points. Future research should focus on improving the responsiveness and accuracy
of trajectory tracking system to mitigate lateral displacement errors. The investigations should also
focus on achieving more precise navigation and testing the improved methods with MR as well a
movable obstacle under more complex conditions.
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