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Abstract—This study discusses the implementation of
trajectory tracking on a differential drive mobile robot
using the odometry method. The system was designed by
utilizing rotary encoders to estimate the robot's position
and a proportional controller to regulate movement
toward the target point. The research employs an
Arduino microcontroller as the processing unit,
integrated with L298N motor drivers and DC motors to
achieve autonomous navigation capabilities. Experiments
were carried out on multi-point trajectories, namely
three-way and four-way paths, under two different
surface conditions: flat and textured fields. Each
trajectory was  analyzed through  systematic
measurement of Mean Absolute Trajectory Error
(MATE) to quantify the accuracy of the tracking system.
The proportional control constant (Kp) was determined
through iterative testing, with Kp=4 identified as the
optimal value that enables the robot to reach target
coordinates while maintaining velocity stability. The
results showed that the robot was able to follow the
predetermined path with a relatively high level of
accuracy, especially on flat surfaces, achieving a MATE
0f 0.0661 for three-point trajectories and 0.0561 for four-
point trajectories. However, on textured paths, the
accuracy decreased significantly, with MATE values
increasing to 0.2065 and 0.2778 respectively, due to wheel
slip and disturbances in encoder readings. PWM analysis
revealed that textured surfaces required 15-23% higher
power consumption and resulted in substantial signal
fluctuations (£25-35 PWM units) compared to flat
surfaces (£10-15 PWM units). The comparison between
both conditions emphasizes that surface characteristics
have a significant influence on the performance of
odometry-based trajectory tracking. This research
contributes to the understanding of environmental
factors affecting autonomous mobile robot navigation
and provides practical insights for implementing
trajectory tracking systems in real-world applications
where surface conditions may vary.

Index Terms — Mobile robot, differential drive, odometry,
trajectory tracking, proportional control

I. INTRODUCTION

Mobile robots are a type of autonomous system
designed to move independently across floors or
specific pathways through the use of wheel actuators
and motion control algorithms [1]. Among various

types of wheeled robots, the differential drive mobile
robot is one of the most widely adopted configurations
due to its simple mechanical structure, high
maneuverability, and ease of control. This robot
operates using two independently driven wheels located
on the right and left sides, allowing it to move forward,
backward, turn, and even rotate in place through
variations in the rotational speed of each wheel. Such
flexibility makes differential drive robots suitable for
numerous applications in industry, logistics,
exploration, and service robotics, where precise
movement and adaptability are crucial requirements
[21(3]74].

The capability of a mobile robot to follow a
predetermined path with high precision is a
fundamental aspect of autonomous navigation systems
[5]. This ability, known as trajectory tracking, involves
guiding the robot’s movement along a defined route or
toward a sequence of target coordinates while
continuously minimizing position and orientation
errors. Trajectory tracking plays a key role in many
robotic applications, including automated material
transport, warehouse management, and mapping or
surveillance tasks, where accuracy and reliability of
motion strongly influence overall performance [6][7].

To achieve accurate trajectory tracking, one
essential element is the robot’s position estimation
method. A widely used technique for this purpose is
odometry, which estimates the robot’s relative position
by calculating the displacement of its wheels using
rotary encoder data [8]. Odometry provides a simple yet
effective way to track motion in real time without
relying on external sensors. The distance traveled by
each wheel is calculated based on encoder pulses,
which are then converted into translational and
rotational movements of the robot through differential
kinematic equations [9]. However, despite its
practicality, odometry is sensitive to cumulative errors,
particularly when wheel slip, surface irregularities, or
mechanical misalignments occur during motion.

In order to compensate for these errors and maintain
accurate motion toward the target trajectory, a suitable
control strategy must be implemented. One of the most
fundamental and widely used approaches is the
Proportional (P) control method, which adjusts the
robot’s motor speed proportionally to the detected error
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between the desired trajectory and the actual position
[10]. Although relatively simple, proportional control
can produce a stable and responsive movement when
properly tuned, especially for low-speed navigation
tasks and short-range path following [11][12]. The
tuning of the proportional gain directly affects the
system’s responsiveness and stability—values that are
too small cause sluggish motion, while excessively high
values can induce oscillations and instability [13].

Environmental and surface conditions also play a
critical role in determining the performance of
odometry-based trajectory tracking [14]. When
operating on flat, untextured surfaces, wheel movement
tends to be uniform, resulting in precise encoder
readings and accurate position estimation. Conversely,
on rough or textured surfaces, wheel slip and vibration
introduce disturbances that cause deviations in encoder
feedback, leading to cumulative position and
orientation errors [15][16]. These factors highlight the
importance of evaluating robot performance under
different physical conditions to understand how terrain
characteristics influence tracking accuracy and control
response.

Based on these considerations, this study aims to
implement and evaluate an odometry-based trajectory
tracking system on a differential drive mobile robot
using proportional control. The research focuses on
comparing the robot’s movement accuracy across two
surface conditions—flat (untextured) and rough
(textured)—to analyze how terrain characteristics affect
odometry readings and trajectory stability. Experiments
were conducted using multi-point paths, specifically
three-point and four-point trajectories, to observe
variations in tracking accuracy and system response.
Through these analyses, this study seeks to provide
insights into the practical limitations of odometry in
real-world environments and offer references for
improving trajectory tracking performance in future
mobile robot applications.

II. METHODOLOGY

In this study, a differential drive mobile robot was
designed using an Arduino microcontroller as the main
processing unit to implement an odometry-based
trajectory tracking system. Figure 1 illustrates the
overall research flowchart, presenting the systematic
workflow starting from literature review, system
design, component integration, and experimental
testing. This flowchart provides a clear visualization of
how the trajectory tracking system is developed,
implemented, and validated throughout the study.

To evaluate the influence of environmental
conditions on tracking performance, the experiments
were conducted under two different surface conditions,
namely untextured and textured surfaces. The
untextured surface consists of a flat and smoothly
sanded wooden board, providing uniform wheel—
ground contact and minimal friction disturbance. In
contrast, the textured surface is constructed from
textured concrete wall material with irregular
roughness, resulting in non-uniform friction and
increased wheel-ground interaction variability. This

textured condition introduces intermittent wheel slip
and mechanical vibrations during robot motion, which
directly affect encoder readings and odometry
accuracy. The selection of these two surface types
enables a controlled comparison of trajectory tracking
performance under ideal and non-ideal traction
conditions.

i
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Fig. 1. System workflow

A. Literature Review

The research began with a literature study, system
design, component collection, system assembly, and
system testing. If the system testing met the desired
targets, it proceeded to analysis, conclusion, and
completion. However, if the system testing did not meet
the expected targets, the process returned to system
planning and retesting. This process was repeated until
the target objectives were achieved, and then it was
completed.

B. System Design

The wiring diagram in this study shows the
integration of the main components of an Arduino-
based mobile robot system. The hardware integration
of the differential-drive mobile robot is shown in
Figure 2, which presents the complete circuit diagram
of the system. The diagram illustrates the connection
between the Arduino microcontroller, motor driver,
DC motors, and rotary encoders, forming a closed-loop
feedback structure.

Fig. 2. Circuit diagram system

The Arduino microcontroller (1) functions as a
control center that processes input data and regulates
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control signal output. The L298N motor driver (2) is
used to control the direction and speed of two DC
motors, namely the right motor (3) and the left motor
(4). To obtain real-time information on wheel position
and speed, a right encoder sensor (5) and a left encoder
sensor (6) are used, which are connected directly to the
Arduino as closed-loop control system feedback. The
entire circuit is powered by an 18650 battery (7) that
serves as the main power source. With this
configuration, the system is able to control the robot's
movements more accurately by utilizing speed
feedback from the encoder sensors. The relationship
between the main components of the robot system is
visualized in Figure 3, which provides the system
block diagram. This figure highlights the data flow
from the encoder sensors to the Arduino controller and
the control signals sent to the motor driver for
regulating the robot’s movement.
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Fig. 3. Diagram system

The block diagram in this study shows the
relationship between the main components used in the
Arduino-based mobile robot system. Arduino functions
as a control center that receives input data from the left
and right rotary encoders, which are used to read the
speed and number of wheel revolutions. The data is then
processed by Arduino to regulate the control signals
sent to the motor driver, which then controls the left DC
motor and right DC motor as needed. In addition, the
Arduino is also connected to an LCD to display
important information such as speed or robot status in
real-time, and receives power from a battery as its main
energy source. This structure allows the robot system to
work with a closed-loop control mechanism through the
use of feedback from the encoder sensor to improve the
accuracy of the robot's movements. The closed-loop
control mechanism used in this study is illustrated in
Figure 4. This diagram demonstrates how the setpoint,
motor commands, encoder feedback, and position
estimation interact continuously to ensure the robot
follows the desired trajectory accurately using
odometry-based feedback.
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Fig. 4. Closed-loop system
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Figure 4 illustrates the block diagram of a closed-
loop control system for an odometry-based differential
drive mobile robot. The system begins with a setpoint
defined as the desired destination coordinates, which
are compared with the estimated position and
orientation of the robot obtained through odometry to
generate a position error. This error is processed by a
proportional controller to produce a control signal in the
form of PWM commands, which are then sent to the
motor driver. In this system, the speed control of the DC
motors at the actuator level is implemented in an open-
loop manner, where the PWM signals directly regulate
the speed and direction of motor rotation without motor
speed feedback. The motor driver controls the speed
and rotation direction of the left and right DC motors.
Motor motion is monitored using encoder sensors that
generate pulse data to estimate the robot’s position and
orientation through odometry calculations. This
estimated information is fed back into the control
system at the position level, enabling real-time
correction of position and orientation errors. Through
this control mechanism, the system is able to improve
the accuracy of the robot’s movement toward the
specified target coordinates, despite the use of open-
loop motor speed control.

C. Kinematics of Differential Drive Mobile Robot

The differential drive mobile robot operates using
two independently controlled wheels positioned on
opposite sides of the robot chassis. The kinematic
model describes the relationship between wheel
velocities and the robot's overall motion in the global
coordinate frame.

The robot's configuration can be represented by the
state vector q = [xq, yq, ¢]", where (xq, yo) denotes the
position of point Q the midpoint of the wheel axis and
0 represents the robot's orientation (heading angle) with
respect to the global reference frame. The kinematic
model of the differential-drive mobile robot is
supported by the illustration shown in Figure 5. This
figure provides a geometric representation of the
robot’s coordinate frame, wheel configuration, and
orientation angle, which form the foundation for the
differential-drive kinematic equations.
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Fig. 5. Kinematic model of a differential drive mobile robot

The fundamental kinematic equations relating the
robot's linear velocity (v) and angular velocity (o) to its
positional and angular changes are expressed as:.

%o = vcos(6) )
Yo = vsin(6) 2)
6= w 3)

Where the linear and angular velocities are

determined by the individual wheel velocities
according to:
v = r((uR2+ wl) (4)
_r(wR-wl)
0=y %)

In these equations, r represents the wheel radius,
® Rand o L are the angular velocities of the right and
left wheels respectively, and 2b is the wheelbase—the
distance between the two drive wheels measured along
the axle.

By substituting equations (4) and (5) into the
kinematic model, the complete differential drive
kinematics can be expressed as:

%o = Q)(wg + w,) cos(8) ©)

Vo = G)(wg + w,)sin(6) @)
r(w_R—-w_.l)

0 =—’:2b) L ()

These equations demonstrate that the robot's motion
is controlled through differential wheel velocities: equal
velocities produce straight-line motion, while velocity
differences generate rotation. This under-actuated
system has three degrees of freedom (X, y, 6) controlled
by only two independent inputs (wr, ®r), which
necessitates  sophisticated control strategies for
trajectory tracking.

D. Odometry-Based Position Estimation

Odometry is a technique for estimating the robot's
position and orientation by measuring the displacement
of its wheels over time. This method utilizes rotary
encoder sensors mounted on each wheel to count
discrete pulses corresponding to incremental wheel
rotation. The accumulated pulse data is then converted
into distance traveled and orientation changes relative
to an initial reference position.

The foundation of odometry lies in converting
encoder pulses into physical distances. The wheel
circumference is first calculated using equation (9),
where r is the wheel radius. The encoder resolution
defines the relationship between pulses and distance as
shown in equation (10). This conversion factor enables
the calculation of distance traveled by each wheel based
on the number of pulses detected, as expressed in
equations (11) and (12).

wheel_circumference = 2nr 9

ulse per mm = encoder _resolution (10)
p -per- wheel_circumference

; . ! derRight
distance_right = P2CR0TTTIT (11)

pulse_per_mm

pulse_encL (12)

distance_left =
pulse_per_mm

Once the individual wheel distances are obtained,
the robot's forward displacement and change in
orientation can be computed. Equation (13) calculates
the average distance traveled by taking the mean of both
wheel displacements, providing the linear displacement
along the robot's heading direction. Meanwhile,
equation (14) determines the angular displacement (A6)
based on the difference between wheel movements
divided by the wheelbase distance L. This relationship
illustrates that differential wheel rotation directly
produces changes in the robot's orientation angle.

0 distance_right + distance_left
distancesrapetea = s L > L) (13)

__ (distance_left — distance_right)
- L

40

(14)

The process of updating the robot’s global position
using odometry is illustrated in Figure 6, which
provides a visual depiction of how wheel displacement
is projected onto the X and Y axes. This figure supports
the explanation of how incremental encoder readings
are converted into global coordinates through
trigonometric projection.

b

Fig. 6. Odometry-based position estimation

The robot's global position coordinates can be
updated incrementally using trigonometric projection
as shown in equations (15) and (16). These equations
project the distance traveled onto the X and Y axes of
the global coordinate frame based on the current
heading angle 0. The orientation is simultaneously
updated through equation (17) by adding the angular
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displacement to the previous heading angle. Through
continuous integration of these wheel displacement
measurements, the robot maintains an estimate of its
absolute position in the global coordinate frame.

Xposition = Xprevious + (diStancetrzweled) X Sin(e) (15)

Y,

position

= Ypreviaus + (diStancetraveled) X 505(9) (16)
eposition = gpreviaus + 46 (17)

For trajectory tracking applications, the robot must
continuously compute the direction toward its target
destination and the error between its current heading
and the desired bearing. As illustrated in Figure 7, this
process involves calculating the bearing angle (B),
which represents the direction from the robot’s current
position to the target coordinates. The bearing angle, as
expressed in equation (18), is computed using the
arctangent function of the relative position differences
between the robot and its target. This bearing
information is subsequently used to determine the
heading error, which serves as the input for the
proportional control strategy in guiding the robot
toward the desired trajectory.

Y
4

(Xposition, Yposition)

'X
Fig. 7. Geometric relationship mobile robot

The heading error (o), calculated in equation (19),
quantifies the angular deviation between the robot's
current orientation and the target bearing. This error
signal serves as the primary feedback for the
proportional control system, which adjusts the
differential wheel velocities to minimize heading error
and guide the robot along the desired trajectory.
Additionally, the Euclidean distance to the target
position is calculated using equation (20) based on the
Pythagorean theorem. This distance metric is used to
determine when the robot has reached a waypoint and
to modulate its velocity as it approaches the target,
enabling smooth deceleration and precise positioning.

B = arCtanz(Ytarget - Ypositiun: Xturget - pasition) (18)

a=p-0 (19)

targEtdismnce = \/(erget - position)z + (ymrget - yposition)z (20)

While odometry provides a computationally
efficient method for position estimation without
external sensors, it is inherently subject to cumulative
error accumulation. The primary sources of odometry
error include wheel slip, where loss of traction causes

encoder readings to misrepresent actual displacement,
unequal wheel diameters due to manufacturing
tolerances or uneven wear that create systematic bias,
wheelbase uncertainty arising from imprecise
measurement of the distance between wheels, and
surface irregularities in which textured or uneven
terrain introduces unpredictable wheel behavior. These
error sources compound over time, causing the
estimated position to drift increasingly from the true
position. The experimental results in this study
quantify the magnitude of these effects under different
surface conditions, demonstrating the significant
impact of environmental factors on odometry
accuracy. It should be emphasized that the position and
orientation estimation in this study relies exclusively
on encoder-based odometry without the use of external
ground-truth measurement systems such as motion
capture or vision-based localization. Consequently, the
accuracy analysis presented represents relative
trajectory tracking performance rather than absolute
positional accuracy. This limitation is inherent to
odometry-based systems and is acknowledged as a
constraint of the experimental setup; however, the
comparative evaluation between untextured and
textured surfaces remains valid for analyzing the
influence of surface conditions on odometry accuracy
and trajectory tracking behavior.

E. Robot Design

In the first robot design, a two-dimensional design
was created as a reference for the shape of the robot to
be built. Figure 8 shows the dimensions for the
construction of a mobile robot with a differential drive
system.

@
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Fa\ f il
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Fig. 8. 2D robot design

The robot was built after the two-dimensional
design was completed. Acrylic was used as the main
material for the mobile robot chassis. Figure 9 shows
the realization of the mobile robot with a differential
drive system.
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Fig. 9. Robot design

III. RESULT AND DISCUSSION

A. Determining the Proportional Constant for
Trajectory Tracking

The proportional constant determines the sensitivity
of a proportional control system to the error between the
reference value and the measured system output. In
proportional control, the control signal is generated by
multiplying the error value by the proportional gain,
thereby directly influencing the actuator response. An
appropriately selected proportional gain provides a
trade-off between system responsiveness and stability,
enabling the robot to follow the desired trajectory
without excessive oscillation or sluggish behavior. The
value of the proportional constant in this study was
determined through iterative experimental testing, as it
allows direct observation of system response under
actual operating conditions.

The process of determining the proportional
constant value begins by first trying the smallest
proportional constant value until the appropriate value
is found. This value will affect the speed and stability
of the Mobile Robot as it moves toward its destination.
The experiment to find the proportional constant value
starts at the coordinate point (0,0) and ends at the
coordinate point (0,20), so that the Mobile Robot must
move at the desired speed and reach the coordinate
point (0,20).
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Fig. 10. Response PWM Robot with a kp value of 2

Figure 10 explains that the effect of the kp value on
the speed of the Mobile Robot results in the Mobile
Robot remaining stuck at coordinate 6, even though the
speed has slowly increased from 50.5 to 70. Kp =2 is

not satisfactory because it is unable to deliver the
Mobile Robot to the desired setpoint, which is
coordinate 20.
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Fig. 11. Response PWM Robot with a kp value of 3

Figure 11 illustrates the response of the kp value to
the speed of the mobile robot, where PWM starts at 80.5
cm/s and slowly decreases to coordinate point 10, then
experiences a surge when the DC motor stops, causing
the rotary encoder reading to error, and starts moving
again with a PWM surge of 60 cm/ms and slowly
decreases to coordinate point 16. Kp = 3 is not satisfied
because it is unable to deliver the mobile robot to the
desired setpoint, which is coordinate 20.
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Fig. 12. Response PWM Robot with a kp value of 4

Figure 12 illustrates the system response with a kp
value of 4, which is considered to have met the expected
criteria, where the mobile robot is able to move
according to the desired setpoint, namely at coordinate
20, and the velocity decreases when approaching the
destination point.

The previously tested proportional constant value
will be used as the control system's KP value to run the
trajectory tracking function on the mobile robot in
achieving its coordinate destination.

B. Three-Point Coordinates Trajectory Tracking
Testing

Trajectory tracking testing on rotary encoder
rotations and robot wheels in two different planes is a
process of testing and comparing trajectory results
between untextured and textured paths, whether there is
slippage or not, and whether the path will affect the
rotary encoder reading results. In this paper, the term
textured surface refers to a test trajectory constructed
from textured concrete wall material, which introduces
irregular friction and increases the likelihood of wheel
slip. Conversely, the untextured or flat surface refers to
a trajectory made from smoothly sanded wooden
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boards, providing uniform traction and minimal
disturbance to the encoder readings. The first test was
conducted with a two-point, three-direction route.

Fig. 13. PWM response of the robot on 3-point coordinates of the
untextured path

Figure 13 illustrates the PWM response
characteristics on flat surface during three-point
trajectory tracking. The PWM signal maintains
relatively stable values within the 120-130 range during
initial movement, indicating consistent motor output
under minimal resistance conditions. Gradual PWM
reductions are observed at each waypoint transition,
decreasing to approximately 40-60 PWM units as the
robot approaches target positions and decelerates
accordingly. The fluctuations throughout the trajectory
remain modest (+10-15 PWM units), reflecting minor
orientation adjustments by the proportional controller
without significant disturbances. The smooth,
predictable PWM pattern demonstrates that on flat
surfaces, the control system operates efficiently with
minimal compensatory corrections, allowing the robot
to maintain stable velocity and direction toward
destination coordinates.

Fig. 14. PWM response of the robot on 3-point coordinates of the
textured path

Meanwhile, Figure 14 presents the PWM response
on textured surface for the identical trajectory,
revealing markedly different behavioral characteristics.
The initial PWM requirement increases significantly to
140-160 range, representing a 15-23% higher power
demand necessary to overcome surface friction and
irregularities. Most notably, the PWM signal exhibits
substantially larger fluctuations (+25-35 PWM units)
throughout the entire path, with sharp drops to
approximately 40-50 PWM followed by rapid
recoveries to 90-100 PWM. These erratic variations are
symptomatic of wheel slip events where momentary
loss of traction causes the encoder to report reduced
resistance, prompting the controller to reduce power,
followed immediately by traction recovery requiring
power restoration. The volatile PWM pattern correlates

directly with the increased position errors observed in
trajectory data, as each slip event introduces odometry
estimation errors. Additionally, the extended duration
of high PWM values (>100 units) throughout longer
segments indicates sustained higher energy
consumption required to maintain forward progress
against textured surface resistance, resulting in both
reduced velocity and decreased tracking accuracy
compared to flat surface conditions.

Trajectory Robot
25

-25 -20 -15 -10 5 o 5 10 15 20 25

Fig. 15. Trajectory robot on 3-point coordinates untextured path

Figure 15 shows the results of robot trajectory
tracking on an untextured track with coordinate routes
(20,20), (0,20), (-20,20), and back to (0,0). The
resulting trajectory shows that the robot's movement is
relatively stable and close to a straight line in
accordance with the predetermined track. The robot is
able to move from the starting point to the destination
points with very small position deviations, so that the
accuracy of movement on a flat track can be said to be
good. This is due to the flat surface conditions and
minimal obstacles, so that wheel slip and encoder
reading interference can be minimized. Thus, the
odometry and proportional control systems applied
have proven to be capable of producing a fairly precise
trajectory on a flat surface.

Trajectory Robot

-25 25

Fig. 16. Trajectory robot on 3-point coordinates textured path

Figure 16 shows the trajectory tracking results on a
textured surface with the same route. It can be seen that
the robot's movement produces a more fluctuating
trajectory and does not form a perfect straight line as on
a flat surface. Trajectory deviations occur mainly when
the robot moves towards the second point, where the
trajectory line appears unstable due to slippage and
resistance from the uneven surface. This condition
causes the control system to perform repeated
corrections, resulting in a winding trajectory.
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Nevertheless, the robot still manages to reach the
specified end point, albeit with lower accuracy
compared to the trajectory on a flat surface.

TABLE I. THREE-COORDINATE TRAJECTORY ACCURACY ANALYSIS

Total Number Average
Path Type Traj ect.ory Absolut of I_)ata Trajectory
(Setpoint) Points
Error Error
™)
(0,0) — (20,20) 0,707 10 0,071
(20,20) — (0,20) 0,7 10 0,07
Untextured
(0,20) — (-20,20) 0,6 10 0,06
Track
(-20,20) — (0,0) 0,637 10 0,064
MATE Total 2,644 40 0,0661
(0,0) — (20,20) 3,324 10 0,332
(20,20) — (0,20) 1 10 0,1
Textured
(0,20) — (-20,20) 1,7 10 0,17
Track
(-20,20) — (0,0) 2,236 10 0,224
MATE Total 8,26 40 0,2065

Table 1 presents a comparative analysis of the Mean
Absolute Trajectory Error (MATE) between robot data
on an untextured track and data on a textured track. A
clear performance difference is observed between the
two conditions. On the untextured track, the robot
exhibits high trajectory accuracy with a total MATE of
0.0661 and consistently low average errors per
segment, ranging from 0.06 to 0.071. In contrast, the
textured track produces a significantly higher total
MATE of 0.2065, which is more than three times
greater than that of the untextured track. Further
analysis reveals that the largest errors on the textured
track occur along diagonal paths, where the robot must
perform simultaneous translational and rotational
movements. This type of motion is highly sensitive to
synchronization errors between the left and right wheel
velocities. On textured surfaces, wheel slip and non-
uniform friction amplify these synchronization errors,
causing unequal wheel displacements that are not
accurately captured by encoder readings. Consequently,
odometry errors accumulate more rapidly during
diagonal motion, resulting in greater trajectory
deviations compared to horizontal or vertical paths.

C. Four-Point Coordinates Trajectory Tracking
Testing

The second test was conducted using a four-point
route. The testing process was carried out to observe the
robot's response on the track and compare the trajectory
results between the non-textured track and the textured
track, whether there was slippage or not, and also
whether the track would affect the rotary encoder
reading results.

180
160
140

Fig. 17. PWM response of the robot on 4-point coordinates of the
untextured path

Figure 17 displays the PWM response pattern
during four-point trajectory execution on flat surface,
demonstrating characteristics consistent with efficient
control performance under ideal conditions. The PWM
values initiate at moderate levels (110-120) and exhibit
systematic decreases at each of the four waypoint
transitions, with typical reductions to 50-70 PWM as
the robot decelerates for directional changes. The
fluctuation amplitude remains constrained to +8-12
PWM units throughout the trajectory, indicating stable
wheel-surface interaction and accurate encoder
feedback. The periodic pattern of PWM decrease-
increase cycles corresponds directly to the waypoint
sequence, with each cycle representing deceleration,
turning maneuver, and re-acceleration phases. Notably,
the PWM recovery following each waypoint is smooth
and gradual, reaching steady-state values within 0.3-0.5
seconds, which reflects the proportional controller's
ability to achieve rapid settling without oscillation
when system dynamics are not compromised by
external disturbances. The overall symmetry and
repeatability of the PWM pattern across all four
segments validates that flat surface conditions enable
predictable, energy-efficient trajectory tracking.

Fig. 18. PWM response of the robot on 4-point coordinates of the
untextured path

Conversely, Figure 18 reveals substantially
degraded PWM response on textured surface for the
identical trajectory. Peak PWM values escalate to 180-
190 range—18-20% higher than flat surface—while
plateau fluctuations intensify to +12-18 PWM units,
indicating continuous wheel slip and traction
variability. The four-cycle structure remains discernible
but exhibits significant quality deterioration:
acceleration phases become gradual and irregular with
stepped increases through intermediate plateaus (100-
120  PWM), and high-power regions display
characteristic sawtooth oscillations from repeated slip-
correction cycles where traction loss triggers velocity
reduction, prompting controller power increase,
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potentially causing further slip. Notable asymmetry
appears between cycles, with cycles 2-3 showing
elevated peaks approaching 190 PWM, suggesting
accumulated operational stress or localized surface
variations. The temporal axis reveals 40% longer
completion time (12.7 vs 8.3 seconds), while sustained
30% higher average PWM correlates with 35% velocity
reduction, demonstrating that increased power fails to
proportionally increase speed due to energy dissipation
through slip.

Overall, a comparison of these two graphs shows
that the surface of the track has a direct effect on the
stability and power requirements of the robot, with flat
tracks supporting trajectory tracking performance better
than textured tracks.

Trajectory Robot

Fig. 19. Trajectory robot on 4-point coordinates untextured path

Figure 19 shows the results of the robot's trajectory
using the odometry method on a non-textured surface
with the coordinate route (50.0), (50.50), (0.50), and
back to (0.0). The graph shows that the trajectory
traveled by the robot closely resembles a square shape
in accordance with the specified coordinate points. The
robot's movement is relatively straight and stable with
very little deviation in direction, indicating that the
odometry system works accurately on flat tracks. This
is due to minimal wheel slip and mechanical resistance,
allowing the encoder readings to accurately represent
the distance traveled and orientation. Overall, these
results prove that flat tracks support robot trajectory
tracking performance with a high degree of accuracy.

Trajectory Robot

10

Fig. 20. Trajectory robot on 4-point coordinates textured path

Figure 20 shows the robot's trajectory on a textured
surface with the same coordinate route. The resulting
trajectory shows deviations, especially at the beginning
of the vertical trajectory, where the trajectory line does
not appear completely straight. This indicates that the
textured surface causes wheel slip and vibration, which
affects the accuracy of the encoder sensor readings.
However, in general, the robot is still able to complete

the trajectory and return to the starting point, albeit with
lower precision than on a flat trajectory. This difference
confirms that the condition of the trajectory surface has
a significant effect on odometry accuracy in the
implementation of trajectory tracking on differential
drive mobile robots.

TABLE II. FOUR-COORDINATE TRAJECTORY ACCURACY

ANALYSIS
Number
. Total Average
Path Type Tra]ect.ory Absolut of ]?ata Trajectory
(Setpoint) E Points
rror Error
™)
(0,0) — (50,0) 0,6 11 0,055
(50,0) — (50,50) 0,5 10 0,05
Untextured
(50,50) — (0,50) 0,5 10 0,05
Track
(0,50) — (0,0) 0,7 10 0,07
MATE Total 2,3 41 0,0561
(0,0) — (50,0) 4,69 11 0,426
(50,0) — (50,50) 1,2 10 0,12
Textured
(50,50) — (0,50) 4,6 10 0,46
Track
(0,50) — (0,0) 0,9 10 0,09
MATE Total 11,39 41 0,2778

Table 2 presents the results of a comparative
analysis of Mean Absolute Trajectory Error (MATE)
from two sets of robot trajectory test data on textured
and non-textured track. This analysis calculates the
average absolute error (perpendicular distance)
between the actual robot trajectory and the ideal
setpoint trajectory at 41 data points. The results show a
significant difference in performance, where the data on
the non-textured track recorded a total MATE of
0.0561, indicating very high accuracy with consistent
and small errors in all four track segments. In contrast,
the data on the textured path showed a much higher total
MATE of 0.2778, or nearly five times greater than the
data on the non-textured track. The largest errors in the
textured track data were detected on the (0.0) - (50.0)
path (average 0.426) and the (50.50) - (0.50) path
(average 0.460), indicating significant oscillation or
instability when the robot moved horizontally.

IV. CONCLUSION

Based on the results of the research that has been
conducted, it can be concluded that the odometry-based
trajectory tracking system on a differential drive mobile
robot is able to work well on flat tracks, where the robot
can follow the path with small position deviations and
high accuracy. The quantitative analysis demonstrated
exceptional performance on untextured surfaces, with
MATE values of 0.0661 for three-point trajectories and
0.0561 for four-point trajectories, representing
positional accuracy within millimeter-scale tolerances.
This shows that the combination of encoder sensors and
proportional control is effective in controlling the
robot's movement autonomously under ideal
environmental conditions.

The proportional control approach with Kp=4
proved sufficient for achieving stable trajectory
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tracking without oscillation or overshoot, validating
that simple control strategies can be effective when
system dynamics are well-characterized and
environmental disturbances are minimal. The PWM
response patterns on flat surfaces exhibited consistent,
predictable characteristics with fluctuations limited to
+10-15 wunits, indicating that the motor-encoder
feedback loop operated with minimal noise and
disturbance throughout the trajectory execution.

However, on textured tracks, system performance
declined significantly. Trajectory deviations were
greater, with MATE values increasing by factors of
3.1x and 5.0x for the three-point and four-point
trajectories respectively. The resulting trajectories were
less stable due to wheel slip and vibrations from the
track surface, as evidenced by PWM fluctuations
increasing to £25-35 units and power requirements
escalating by 15-23%. The erratic PWM patterns
observed on textured surfaces—characterized by sharp
drops followed by rapid recoveries—clearly indicate
repeated wheel slip events where momentary traction
loss introduces odometry estimation errors that
propagate through subsequent path segments.

Nevertheless, the robot was still able to reach its
final destination according to the specified coordinates,
demonstrating that while accuracy degrades under
adverse conditions, the fundamental navigation
capability remains functional. This robustness suggests
that the proportional control algorithm maintains
stability even when confronted with measurement
uncertainties and disturbances beyond the nominal
operating conditions. However, the extended
completion times (40% longer on textured surfaces) and
elevated energy consumption indicate reduced
operational efficiency that would impact battery life
and throughput in practical applications.

Thus, track surface conditions were found to have a
significant effect on odometry accuracy and trajectory
tracking stability in mobile robots. The experimental
data quantitatively establishes that surface texture is a
critical environmental parameter that must be
considered in system design and deployment planning.
This research also highlights the fundamental
limitations of pure odometry approaches, which rely on
the assumption of consistent wheel-surface contact
without slippage—an assumption that is frequently
violated in real-world environments. Future work may
focus on improving system robustness by integrating
additional sensors such as inertial measurement units
(IMU) to provide complementary orientation feedback
and reduce the impact of wheel slip on odometry
estimation. Furthermore, sensor fusion techniques
combining encoder and IMU data, as well as visual
odometry approaches, may be explored to mitigate
cumulative position drift and enhance trajectory
tracking accuracy on textured or uneven surfaces.
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