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Abstract:

This paper presents a fuzzy logic control strategy for trajectory tracking of a differential-
drive mobile robot operating in uncertain environments. A Mamdani-type fuzzy inference
system is designed with three independent fuzzy controllers to regulate the tracking errors in
position and orientation. The controller uses triangular membership functions and a compact
set of inference rules to ensure simplicity and computational efficiency. The performance of
the proposed method is evaluated through simulation in both disturbance-free and
disturbance-rich conditions. In the nominal case, the robot closely follows a predefined
sinusoidal trajectory with minimal steady-state error. When subjected to external
disturbances, the fuzzy controller maintains accurate tracking and bounded control signals,
demonstrating strong robustness and adaptability. The approach does not rely on an exact
model of the robot's dynamics, making it practical for real-world deployment. These results
confirm the potential of fuzzy logic as an effective solution for mobile robot navigation under
uncertainty.
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Tém tat:

Bai bdo nay trinh bay mét chién lwoc diéu khién mo nham muc tiéu bam quy dao cho
robot di dong dan dong vi sai hoat dong trong moi truong co nhiéu bat dinh. Mot hé suy lugn
mo kiéu Mamdani dwoc thiét ké véi ba bo diéu khién mo doc lap dé hiéu chinh sai sé6 bam
theo vé vi tri va phuwong hwéng. Bé diéu khién sit dung cdc ham thanh vién dang tam gidc
cung voi mét tap ludt suy ludn gon nhe nham dam bdo tinh don gian va hiéu qua tinh todn.
Hiéu sudt cia phwong phap dé xudt dwoc danh gid théng qua mé phong trong cd hai diéu
kién: khong c6 nhiéu va c6 nhiéu nhiéu. Trong truong hop danh dinh, robot bam sat quy dao
hinh sin da dwoc dinh trude véi sai s6 xdac ldp nhé. Khi chiu tac dong ciia cdc nhiéu bén
ngodi, bg diéu khién mo van duy tri khd ndng bam quy dao chinh xdc va tin hiéu diéu khién
bi giGi han, thé hién d¢ bén viing va kha néng thich nghi cao. Phirong phdp nay khéng phu
thuéc vao mo hinh dong luc hoc chinh xdc cua robot, tir do tang tinh kha thi khi trién khai
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trong thye té. Céc két qua thu dwoc khang dinh tiém nang cua diéu khién mo nhw mot gidi
phap hiéu qua cho bai toan dan dwong robot di dong trong diéu kién bat dinh.

T khoa:

Diéu khién mo, Suy luAin Mamdani, Robot di dong, Bam quy dao, Kha ning chong nhiéu.

1. INTRODUCTION

Mobile robots have become a
cornerstone of modern automation systems
due to their flexibility, adaptability, and
ability to navigate dynamic environments
[1], [2], [3], [4]. Unlike stationary industrial
manipulators, mobile robots can move
within a workspace, making them ideal for a
wide range of applications such as
warehouse logistics, service robotics,
environmental monitoring, and autonomous
vehicles. The increasing demand for
intelligent systems capable of interacting
with their surroundings in real-time has
accelerated research into the control and
navigation of mobile robots.

One of the fundamental challenges in
mobile robotics is achieving precise and
robust trajectory tracking under real-world
conditions. Mobile robots often operate in
environments with disturbances [5], [6], [7]
and modeling uncertainties [8], [9]. These
factors pose significant difficulties for the
control system, which must ensure stability,
accuracy, and responsiveness. To address
these challenges, various control approaches
have been developed, including
proportional—integral—-derivative (PID)
controllers [10], [11], sliding mode control
(SMC) [12], [13], [14], backstepping [15],
[16], and model predictive control (MPC)
[17], [18]. For handling uncertainties, many
methods using adaptive approaches have
addressed issues related to tracking control
for mobile robots, such as in [19], or
approaches based on adaptive dynamic

programming [20]. These approaches can
efficiently handle model variations due to
environmental changes, providing advanced
strategies for tracking control in mobile
robot systems. While these methods can
achieve satisfactory results in many
scenarios, they often require accurate
modeling and may struggle in the presence
of unstructured uncertainties.

Fuzzy logic control (FLC), inspired by
human reasoning, has emerged as an
effective  alternative to  model-based
techniques. Unlike classical controllers that
rely on precise mathematical models, FLC
utilizes linguistic rules and membership
functions to map input errors to control
actions [21], [22], [23]. This feature makes
fuzzy controllers particularly suitable for
systems with imprecise or poorly defined
dynamics. In the context of mobile robots,
fuzzy logic control offers robustness,
interpretability, and ease of implementation,
especially when dealing with uncertain or
nonlinear conditions. Additionally, some
advanced model-free approaches, such as
reinforcement learning [24] or data-driven
methods [25], have proven effective in
designing tracking control for mobile robots,
even under environmental uncertainties and
disturbances.

In this study, we propose a trajectory
tracking strategy for a mobile robot using a
Mamdani fuzzy logic controller. The control
framework is composed of three
independent  fuzzy  controllers, each
responsible for minimizing the tracking error
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in one of the pose dimensions (position and
orientation). The proposed controller is
designed with a minimal yet effective rule
base and triangular membership functions to
maintain both simplicity and real-time
feasibility.  Through  simulation, we
demonstrate that the fuzzy controller can
accurately track a predefined trajectory
while maintaining bounded control signals
and compensating for initial disturbances.

The main contributions of this paper are
summarized as follows :

e A fuzzy control scheme is developed
to handle the nonlinear kinematics
and trajectory tracking of a mobile
robot.

e A systematic design of the fuzzy
logic controller using triangular

membership functions and
interpretable inference rules is
provided.

e The effectiveness of the proposed
controller is validated through
simulation results with and without
disturbances, demonstrating high
tracking accuracy and control
smoothness.

The remainder of this paper is organized
as follows: Section 2 presents the
kinematics of the mobile robot. Section 3
introduces the fuzzy logic controller design,
including error transformation, membership
functions, and inference rules. Section 4
provides simulation results to evaluate the
control performance under a predefined
trajectory. Finally, Section 5 concludes the
paper and outlines potential future research
directions.

2. MODELING
This section presents the kinematic

model of the mobile robot used in this study,
shown in Figure 1. The robot is assumed to
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move on a flat two-dimensional plane with
non-slipping wheels. The model describes
the robot’s pose, which includes its position
and orientation in the global coordinate
system. The relationship between the robot’s
velocity and wheel angular velocities is also
derived to support the design of the control
algorithm.

Yo

Figure 1. Mobile robot.

Assuming the robot operates in a planar
environment, its pose P,, consists of the
two-dimensional position (x,,,y,,) and the
orientation angle 6,,. Accordingly, the
position of the mobile robot in the global
coordinate system (0xy) can be represented
as:

By = Xw  Yw
(1)

Given that the linear velocity v and
angular velocity w serve as control inputs,
the corresponding equation is expressed as

follows:

_ J'fw cos@, O v
B, = |Jw =[sin0w 0] ]
0, 0 1
()

6.]"
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where P, denotes the instantaneous
velocity of the robot's pose in the global
frame.

Furthermore, by incorporating the
angular velocities of each powered wheel,
the control inputs can be defined in terms of
wheel angular velocities as follows:

v = 2R 3)

— @R (4)
2v+wlL

, = )
2v—wL

=2 ©)

Where w, and w; are the angular
velocities of the right and left wheels,
respectively. The parameters R and L
represent the wheel radius and half the
distance between the two wheels.

The coordinate system (x,Gy,) is
attached to the mobile robot and rotates with
it. The center point G(x,,y,,) denotes the
geometric center of the robot, and 6,
indicates the robot’s orientation relative to
the global x-axis.

3. CONTROL DESIGN

d, d, d.

= = +®_.G» Transform | %
g ®, ;
clo . %
Figure 2. Control structure.
This section presents the control

strategy used to drive the mobile robot along
a predefined trajectory. A fuzzy logic-based
controller is implemented, where the control
signals are generated based on pose errors
calculated in the robot’s local frame. The
control structure is shown in Figure 2.

Let x,., y,-, 0, represent the desired position
and orientation, while x,,, y,,, 6,, denote the
current pose of the robot. The global pose
errors are:

€x = Xy — Xy
€y =Yr—Yw
€g = 01- - BW
These errors are transformed into the

robot’s local coordinate frame using the
following transformation'

cosB,, sinb,,
[eyt] [—cos@w sin6,,
ot
A fuzzy logic controller is used to

(7)

compute the control signals. The controller
consists of three fuzzy controllers (FCI,
FC2, FC3) corresponding to the three error
inputs ey, ey, and eg,. Each fuzzy

controller maps its input to an output signal
u; using five linguistic terms and triangular
membership functions. As shown in Figure
2, the desired trajectory for the mobile robot
is formulated in advance. To control the
mobile robot, measured information about
its state including x,,, y,, and 0, is
required. However, these measurements are
affected by disturbances, which pose
challenges for tracking the desired
trajectory. A transformation is applied to
establish the tracking error used as feedback
for each fuzzy controller. Each controller
then generates control signals for the mobile
robot. Specifically, the outputs of FC2 and
FC3 are combined to form the w signal,
while FCI1 is used to generate the control
signal v. With this control structure, the
mobile robot can effectively follow the
reference trajectory, even in the presence of
output disturbances.
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The triangular membership functions
used for the input variables ey, ey, and eg;
are defined as follows:

Very Negative (VN): [-15, —10, -5]
Negative (N): [-10, -5, 0]
Medium (M): [-5, 0, 5]
Positive (P): [0, 5, 10]

Very Positive (VP): [5, 10, 15]

The output membership functions of the
first fuzzy controller (FC1), which generates
the control signal u,, are defined using the
following triangular sets:

Very Low (VL): [-1500, —1000, —500]
Low (L): [-1000, -500, O]
Zero (Z):[-500, 0, 500]
High (H):[0, 500, 1000]
Very High (VH): [500, 1000, 1500]

The output membership functions of the
second and third fuzzy controllers (FC2 and
FC3), which produce the control signals u,
and ugz, are defined as:

Very Low (VL): [-750, —500, —250]
Low (L): [-500, —250, 0]
Zero (Z):[-250, 0, 250]
High (H):[0, 250, 500]
Very High (VH): [250, 500, 750]

Each fuzzy controller applies the
following five inference rules to map the
input error values to output control signals:

IF e, isVN THEN u; is VL (8)
IF ey is NTHEN u; is L 9)
IF ey, is M THEN u; is Z (10)
IF e,, is PTHEN u; is H (11)
IF e, isVP THEN u; is VH (12)

In these rules, the variable e, refers to
one of the transformed error signals ey, e,

or ege, and u; corresponds to the respective
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control signal u,, u,, or us.

, x<a
xX—a
b—a’ a<x<b
= 1
u(x) 2 b<x<c (13)
c—b
0, X =cC

The input range of each controller is
[-10 10]. The output ranges are:

e u, € [-1000, 1000]
L uz,u3 E [_500, 500]

Overall, the proposed fuzzy logic
controller provides a robust and interpretable
approach for mobile robot trajectory
tracking. The use of triangular membership
functions and a minimal rule base ensures
both simplicity and adaptability in the
control design. The effectiveness of the
controller will be evaluated through
simulation results in the following section.

4. SIMULATION AND RESULTS

To evaluate the performance of the
proposed fuzzy logic controller, simulations
were conducted under two conditions:
without disturbances and with external
disturbances. The control objective in both
cases was to ensure accurate trajectory
tracking while maintaining bounded and
smooth control inputs.

4.1. Trajectory Tracking Without
Disturbance

In the nominal case, the robot follows a
predefined sinusoidal trajectory in a
disturbance-free environment.
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Figure 3. Trajectory tracking without
disturbance: reference path (blue) vs. actual
path (red).

Figure 3 demonstrates the effectiveness
of the controller in maintaining a close
match between the robot’s actual trajectory
and the reference path. The robot follows the
sinusoidal  trajectory = with
deviation,  highlighting  the
accuracy in ideal conditions.
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Figure 4. Tracking errors in the x-axis and y-
axis over time (without disturbance).
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Figure 5. Control signals in the disturbance-
free case: linear velocity v (top), angular
velocity w (bottom).

Figure 4 shows that the position errors
e, and e, are initially nonzero but quickly

converge to near-zero values. This indicates
the controller's ability to suppress initial
offsets and maintain precise tracking.

In Figure 5, both v and w exhibit

smooth transitions and stay within

operational limits. The control signals are
continuous, with no sudden jumps, reflecting
the fuzzy controller's ability to generate
stable control actions.

4.2. Trajectory Tracking Under

Disturbance

In this scenario, external disturbances
are added to the system to assess the
robustness of the proposed controller. These
disturbances affect the robot’s motion,
simulating real-world uncertainty.
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oo “ "f I*#" ' 1":"‘ Ill'f' L '
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Time(s)
Figure 6. External disturbance signals applied
to the system.

Figure 6 illustrates the external
disturbances injected into the robot's
dynamics. These signals introduce bounded,
time-varying perturbations to the motion
model, aiming to challenge the controller’s
robustness.
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Figure 7. Trajectory tracking under
disturbance: reference path (blue), actual path
using PID controller (red), and actual path
using fuzzy controller (green).

Despite the presence of disturbances, Figure
7 shows that the robot still closely follows
the desired trajectory. The deviations are
than in the
disturbance-free case but remain within

acceptable bounds.

slightly more noticeable
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Figures 8 and 9 present the tracking
errors e, and e, under disturbances. The
errors show small oscillations due to
perturbations but are well-regulated and
remain within a tight range, validating the
controller’s robustness.
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Figure 10. Control signal v (linear velocity)
under disturbance.
Figures 10 and 11 show the

corresponding control signals under disturbed

e conditions. While small oscillations appear as
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Figure 8. Tracking error in x-axis under

disturbance.
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Figure 9. Tracking error in y-axis under
disturbance.

the controller reacts to dynamic changes, the
signals stay bounded and stable, maintaining
the system’s safety and responsiveness.

Based on the comparison results between
the proposed method and the PID controller, it
is evident that under disturbance conditions,
the fuzzy controller demonstrates greater
robustness. As shown in Figure 7, the tracking
performance is more accurate. Figures 8 and 9

. also show that the position errors in both the x

and y directions are smaller when using the
fuzzy controller.

To assess the effectiveness of the
proposed method, a comparison with a PID
controller is conducted under uncertainties.
This comparison demonstrates that the fuzzy
controller can achieve better performance in
tracking control of mobile robots under
disturbances. To quantitatively assess the
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proposed method against the comparison
methods, several performance indices are
computed. These indices help to demonstrate
the improvement achieved by the proposed
method.

Table 1. The performance indices of the system.

PID Fuzzy
controller controller

ISE,_ 4315 2.183
IAE, 19.741 14.532
RMS, 0.106 0.077
ISEey 0.546 0.449
IAE, 4.900 3.796
RMSey 0.037 0.036

According to the performance indices
presented in Table 1, all indices related to
ISE, IAE, and RMS of the signals e, and e,,
are smaller when using the fuzzy controller
compared to the PID controller. Based on
these indices, the proposed method
demonstrates improved performance under
disturbance conditions.

The results confirm that the fuzzy logic
controller is capable of delivering high-
accuracy trajectory tracking in both ideal
and disturbed environments. It provides
robustness to disturbances without requiring
precise system modeling, which makes it a
practical and reliable solution for real-world
mobile robot navigation tasks.

—WpID
- Wpyzzy

w (rad/s)

-8 [ i
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Time(s)

Figure 11. Control signal @ (angular velocity)
under disturbance.

5. CONCLUSION AND FUTURE
WORK

In this paper, a fuzzy logic control
strategy has been proposed for trajectory
tracking of a differential-drive mobile robot.
The controller design is based on the
Mamdani-type fuzzy inference system, using
three  parallel fuzzy controllers to
independently regulate the robot’s position
and  orientation  errors. Triangular
membership functions and a simple rule base
were employed to ensure both computational

efficiency and  interpretability. = The
simulation results under both nominal and
disturbed conditions confirm the

effectiveness and robustness of the proposed
controller. The robot successfully tracks a
predefined sinusoidal trajectory with minimal
steady-state error, even in the presence of
external disturbances. The control signals
remain bounded and smooth, making the
method suitable for real-time implementation
on embedded platforms. The proposed
approach does not rely on an accurate model
of the robot dynamics, which highlights one
of the key advantages of fuzzy logic control
in uncertain and nonlinear environments.
However, the performance may still depend
on expert-defined membership functions and
rules, which can be further optimized.
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For future work, the proposed fuzzy
logic controller can be extended to more
complex scenarios such as multi-robot
coordination and obstacle avoidance.
Additionally,  integrating  optimization
techniques like Genetic Algorithms or
Particle Swarm Optimization may help
automate the tuning of membership functions
and rule sets, enhancing control performance.
Experimental implementation on real mobile
robot platforms will be pursued to validate the
simulation results. Furthermore, combining
fuzzy logic with robust or adaptive control
frameworks is a promising direction to
improve resilience in highly dynamic and
uncertain environments.
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