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Abstract. Wheeled mobile robots (WMR) are unmanned vehicles and practical robots for industry
and human life. The low-cost manufacturing, simple assembling, high-speed, lightweight design,
and high observability and controllability of the WMRs have attracted the attention of engineering
disciplines such as mechanical and electrical science. This paper focuses on the control of wheeled
mobile robots through fuzzy adaptive back stepping (ABS). The mathematical model of WMR is
divided into two types, including kinematic and dynamic analyses. Actually, this research analyzes
the theoretical math model using hybrid methods such as fuzzy logic and adaptive back stepping
(BS) to control WMR in both noisy and noiseless conditions along its path. On the other hand,
this hybrid controller, because of its more robust performance, can track WMR on its targets.
Because of this, WMR's ability to move around makes it choose fuzzy and adaptive back stepping
(FABS) methods, which use model-based and time-dependent features, respectively. As a result,
the signal inputs fuzzy membership functions, and then the fuzzy approach outputs a new signal
that goes to the back-step adaptive controller to finalize the control effort to navigate WMR with
the lowest error during its destinations.

Keywords: path tracking, intelligent systems, motion control, robot navigation.
1. Introduction

The back stepping method, introduced in 1990, is a recursive design based on Lyapunov that
offers a systematic approach to feedback control and Lyapunov functions. It is suitable for smooth
matching conditions but has not addressed problems like stabilization control of uneven nonlinear
systems, time-varying system parameters, and internal changes. This technique has been applied
to various control system problems, including stability analysis methods and improvements in
system tracking for transient performance. It involves designing stabilizing controllers from
stabilized subsystems that may not be stabilized using other methods. Back stepping allows
adjustment and utilization of additional nonlinear expressions within the control system, providing
more flexibility than feedback linearization methods. Fuzzy systems play a significant role in
control science, and this article aims to outline a systematic approach to adaptive fuzzy back
stepping observers and employ state feedback in an adaptive fuzzy back stepping controller for
managing a wheeled mobile robot in non-homogeneous states. A paper [1] introduces a symbolic
algorithm for deriving motion equations of N-rigid link manipulators with revolute-prismatic
joints on a mobile platform, utilizing recursive Gibbs-Appell formulation and dynamic
interactions. Study [2] examines a multi-agent system of N wheeled mobile robots, focusing on
collision avoidance through differential game formulation. Paper [3] presents a distributed
proportional-integral data-driven iterative learning control (PI-DDILC) algorithm for
non-holonomic wheeled mobile robots, enhancing response speed and performance. Study [4]
explores motion control of tractor-trailer wheeled robots, designing a full-state trajectory tracking
controller for stabilization. An adaptive integral terminal sliding mode (AITSM) control algorithm
for Mecanum wheel robots is discussed in [5], showcasing superior tracking precision. Research
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[6] investigates optimal layouts for Differentially-Driven Wheeled Mobile Robots (DD-WMRs)
in cooperative tasks, presenting analytical results. Study [7] proposes adaptive control approaches
for two-wheeled robots using optimization methods, demonstrating effectiveness through
simulations. An article [8] details a digital model for a three-wheeled omnidirectional robot,
developed with Simscape for industrial applications. Paper [9] presents a stochastic dynamic
model for wheeled robots, considering random perturbations. Study [10] examines a four-wheeled
mobile platform dynamics model, analyzing motion parameters and slippage. Research [11]
develops a skid steering model for accurate torque and power predictions in small robots. Study
[12] presents a control law for trajectory tracking in non-holonomic robots, integrating
evolutionary programming and adaptive fuzzy control. A publication [13] proposes fault detection
schemes using adaptive threshold bands, validated through simulations. Research [14] introduces
an adaptive trajectory tracking controller using neural networks for non-holonomic robots. Paper
[15] proposes non-smooth kinematic control strategies for posture stabilization in differentially
driven robots. Study [16] develops an adaptive controller for trajectory tracking in non-holonomic
robots, validated through simulations. Research [17] details modeling of a differential drive robot
for smooth trajectory tracking. Study [18] presents a PI-fuzzy path planner for omnidirectional
robots, optimizing inputs for precise outputs. Research [19] introduces a discrete algorithm for
tracking two-wheeled robots using Adaptive Critic Design. Study [20] presents a control rule for
trajectory tracking in wheeled robots, enhancing autonomy through dynamic modeling. Paper [21]
offers an adaptive fuzzy variable structure control for trajectory tracking in differential wheeled
robots. Research [22] investigates coupled control of the “Agri-Eco-Robot” mobile agricultural
robot, validating its effectiveness in rough environments. A novel transformable mobile robot for
unstructured terrain is proposed in [23]. Analysis [24] presents a control strategy for coordinating
multiple robots, validated through simulations. Assessment [25] compares locomotion
performance of wheeled and tracked robots in agriculture, showing tracked robots outperforming
wheeled ones. Evaluation [26] reiterates the digital model for a three-wheeled omnidirectional
robot. Exploration [27] suggests a fuzzy logic controller for path tracking in wheeled robots,
demonstrating effectiveness through implementation. Simulation [28] employs Dempster-Shafer
and Kalman filter methods for mobile robot localization, confirming the superiority of the Kalman
filter. Model [29] proposes adaptive robust control for under actuated robots, validated through
simulations. Research article [30] introduces a hybrid controller design for autonomous
path-following in non-holonomic robots. Review [31] discusses omnidirectional wheel
mechanisms and navigation approaches in mobile robotics. Study [32] explores adaptive
distributed formation control for non-holonomic robots. Survey [33] proposes an adaptive
sliding-mode dynamic controller for achieving desired velocity in wheeled robots. Research [34]
presents a reinforcement learning-based adaptive neural tracking algorithm for dynamic systems
with skidding. Finally, reference [35] simulates a transformable wheel-leg mobile robot, analyzing
movements and control systems. In this research, it will present a new method for designing and
analyzing adaptive control systems based on the back stepping method within nonlinear dynamic
systems. This research interest involves combining fuzzy back stepping adaptive observers with
fuzzy adaptive back stepping controllers, a novel approach not previously reported.

2. Methodology
2.1. Kinematic model

The kinematic model of a WMR defines its motion based on velocity inputs and system
constraints. Understanding the kinematics is essential for developing accurate trajectory tracking
and motion control strategies. This section establishes the fundamental equations governing the
motion of a WMR, providing a basis for designing effective control algorithms. By analyzing the
kinematic equations, it is ensured that the control inputs result in smooth and precise navigation
while maintaining stability. A wheeled mobile robot is considered with two actuator wheels.
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Fig. 1. WMR on Cartesian coordination
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The geometric center of the robot is located at point C, while the midpoint is also between the
two actuator wheels. The robot’s center of mass is at point M, and the distance from point C to M
is denoted as d. The coordinates of the center of mass M in the global coordinate system {0, X, Y}
are (x,y). The robot’s angle of rotation 8 is positive for counterclockwise rotation. The distance
from the geometric center to the center of the operator wheel is R. The radius of the moving wheels
is denoted by r. It is assumed that the robot’s geometric center and center of mass do not coincide,
although the likelihood of alignment is high. It is also assumed that the wheels rotate easily and
do not slip. The non-holonomic structure can be expressed as follows:

ycosf — xsind — df = 0, (1)
x = vcosf — dwsind,

3:/ = vsinf — dwcos#, 2
0 =w.

Therefore, the kinematic description of the robot can be expressed as follows. The straight-line
speed and the angular speed of the robot. It is presented Eq. (2) as a matrix in the following format:

q =SV, 0 —dsing .
cosf —dsin
S(q) = [sin@ dcosﬁ], V= [5]] q= [y] 3)
0 1 6

Considering the transfer as follows:

Z; = xcosf + ysinf,

Z, = —xsinf + ycos#, )

where, Z; and Z, are reference coordination of x and y axes, respectively, in circle — shaped.
Therefore, the kinematic description of the robot model is shown in the following transformation:

Z, = v — xwsinf + ywcosh = wZ, + v,
Z, = dw — xwcosf — ywsind = —wZ, + dw, (5)
0 =w.

Because Eq. (5) has a vertical transfer, there is no change in the unit’s values, and it is

concluded that the tracking error of the original model converges to zero. Assume that the robot's
reference kinematic model is given as follows:

14 ISSN ONLINE 2669-2473



FUZZY ADAPTIVE BACK STEPPING CONTROL OF WHEELED MOBILE ROBOT.
M. HASANLU, M. SIAVASHI

er = WT'ZZT' + Uy,
Loy = —WZq1, + dwy, (6)
6, = w,.

And Z;, and Z,, are real coordination motion of robot in x and y axes, respectively. Where
v, the ideal straight is linear speed and w;,. is the ideal angular speed of the robot. The tracking
error of the system is given as follows:

é1=e,w+Z,,(w—w,)+v—u,,
€ = —ew — er(w - Wr) + d(W - Wr), (7
63 =W — W,.

The kinematic model provides a foundation for controlling WMRs by describing their motion
in terms of linear and angular velocities. The transformation of reference coordinates enables
precise trajectory tracking, minimizing errors in position and orientation. These equations serve
as a crucial step in designing adaptive controllers that can handle uncertainties and external
disturbances. The insights gained from this model contribute to the development of robust control
strategies, which will be further enhanced through the integration of dynamic modeling and
adaptive fuzzy logic.

2.2. Dynamic model

When the parameter is known, a common problem in tracking is the design of velocity and
input controllers to make Eq. (8) asymptotically stable. However, in reality, it is very difficult to
accurately identify the parameter. With the uncertainty of the parameter in this model, it will have
an adaptive tracking controller. In engineering practice, formulation of non-holonomic control
problems can be realized in dynamic levels, while force and torque are considered as control
inputs, the dynamic description of the robot will be as follows [36]:

M(q)g +C(q,9)q + F(@) + G(q) + 74 = B(q)t — AT (q)A. ®)

The matrices of the robot system in Eq. (9) are expressed as follows:

m 0 mdsin@ 0 0 mdfcosh
M—I 0 m —mdcos@|, C = [0 0 mdésinel.
mdsind —mdcosf I 0 0 0 )
1 [cos8 cosO
G=0, B= —[sin@ sin@].
"l_r R

The general coordinate is represented by g, while M is a symmetric, definite positive inertial
matrix. It serves as the Coriolis matrix, and the side-to-side indication shows the extent of surface
wear. G is the gravity vector, 7,4 represents limited unknown disturbances, including unstructured
dynamics, B is the input transfer matrix T = (t; — 7,) and are the applied torque to the left and
right wheels. G represents the vector of constraint forces, while A is the matrix associated with
constraints. When considering the mobile robot under non-holonomic constraints, the matrix A
will look like this:

A(q) = [-sin@ cos6 —d]. (10)
According to the Eq. (11):

A(@)S(q) = 0. (11
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By deriving from the sides of the equation ¢ = S(q)V and inserting it into the dynamic Eq. (9)
and multiplying ST (q) by its sides follow as:

STMSV + ST(MS + CS)V +SF + 576 + 5"t = STBx. (12)

M=S"™™S, C=ST(MS+cCS), F=STF,
G=5"G, t,=S"t, B=STB.

The Eq. (9) will be transferred as follows:
MV +CV=Btr—G—-F—1p. (13)
The matrices of the dynamic are presented in Eq. (14), [37]:

_[m 0
M_[O I — md?
0 0

1
Cz[o 0l’ BzF[}le —1R]’

where I, that is the moment of inertia of the robot, m is the mass of the robot, R is the distance
between the geometric center and the center of the wheels of the robot operator, and r is the radius
of the wheels of the operator. If V, = [v,, w,]T is the virtual speed control of the system kinematics
from Eq. (11), It is assumed that the tracking error rate is as follows:

]’ oot (14)

vevovs - R "

By inserting Eq. (16) into Eq. (14) and using the linear property of the robot’s inertial
parameters:

Mp+Cn=Bt—Yp—F—1, (16)
While:
0 0 m
Yo=MmV+cy, v=[ | e=| 1| (17)
0 w - de

The ¢ is the vector of the robot’s inertial parameters, such as the moment of inertia and mass,
while Y represents a specific matrix that is unrelated to the robot’s inertial characteristics. In real
motion, the surface friction vector and the irregularity vector are limited by a certain function.
Therefore, F (), and T, are both bound (limited) by the same definite function [37]:

IF(@) +t4ll < N(q,9), (18)

where N(q,q) is defined a specific value. The tracking problem for robot dynamics involves
designing a control force or torquetto create a closed-loop system, asymptotically stable, using
Eq. (8) and Eq. (17).

3. Adaptive control
The purpose of using adaptive control is that the controller designed in this way can respond
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appropriately to slow changes in the system as well as modeling errors. The difference between
adaptive control and robust control is that in adaptive control, there is no need to know the
system’s operating range or parameter error rate. In other words, the design from the perspective
of resistant control results in a controller that stabilizes the system within a specific interval
without requiring changes to the control rules. However, the adaptive control method allows for
the adaptation of control rules to changing conditions, thereby achieving system stability.

3.1. Design of backward adaptive controller

To ensure the tracking error of Eq. (11) converges to zero, that assumes that the error
estimation of d is d = d — d. Therefore, the virtual path tracking control law from the robot’s
kinematic model is given as follows: Let’s assume Vt € [0, +oo] that both Z;, and Z,, are
bounded, with the lower limit being zero. It compensates for the following conditions:

inflw,(R)|  _
th—>rgh €[t +o0) a, > 0. (19)

Then, if it applies the speed control law according to Eq. (26) and the adaptive control law
according to Eq. (24) to Eq. (8), the kinematic tracking error described by Eq. (11) will be
asymptotically stable with Eq. (20):

; T —
lim |lCey, ez, €3)" Il = 0. (20)

That is, the tracking error tends to zero:

_ UC _ Ur - k1€1

UC - [WC] - [WT - kz(elzZT - 62Z1T + 62(2 + 63) ’ (21)
The adaptive control law d is as follows:

4 1 -

d = _E (kzelezzZT - kzezzzlr + kzezd + k28263). (22)

While k; > 0 and k, < 0 and a is a positive constant [37].
3.2. Dynamic adaptive control

In Eq. (21), tracking control only kinematic speed is considered, although in reality, it is very
difficult to have an ideal speed control. It should also be stated that the error between the operator
speed and the ideal speed control will not be zero, which means n # 0 that Eq. (23) is the only
ideal kinematic speed control. To achieve torque control, the tracking error speed in Eq. (14) must
converge to zero. Also, in this article, the value of ¢ is unknown and @ is an estimate of the ¢
therefore ¢ = § — ¢. This article assumes an unknown value for the tracking error, which serves
as an estimate of its own error. Robot is assumed that Vt € [0,+), Z;,. and Z,,., that are
bounded, and then using the speed control law in Eq. (26) and the dynamic adaptive control law
in Eq. (27) and Eq. (28) are mentioned [2]:

lim | (71, m2)"| = 0. (23)

Tracking error position e, = 0, (p = 1,2,3):

ROBOTIC SYSTEMS AND APPLICATIONS. JUNE 2025, VOLUME 5, ISSUE 1 1 7



FUZZY ADAPTIVE BACK STEPPING CONTROL OF WHEELED MOBILE ROBOT.
M. HASANLU, M. SIAVASHI

=5 (vp-| L redre] [T - setNGD %)
e1Zyr — €321, T e2d + 63 kan, ’ '
The adaptive control law @ is as follows [2]:

@ = —TYTy, 23
2 1 ]
d= T a (koeresZ5r — ko€3Zy, + koeyd + kayezes — n,e;). 26)

While k; > 0 and k, > 0, T is a positive matrix and all design parameters [36].
3.3. Fuzzy set

A fuzzy logic system consists of the following 4 general parts:

— Fuzzy rule base.

— Fuzzifier.

— Non-phase generator.

— Inference engine.

The fuzzy rule base for the fuzzy system consists of a set of if-then rules as follows:

(if x is Ff

lef x is Fi_y is G
R 1=1.2,...,N.
if x is FE!

pe(y) and pp (x;) that are fuzzy membership functions, uf (x;) is called the degree of
membership of x; in F;. Basic fuzzy functions are defined as follows [38], [36]:

a 27)
=N o
121 1 (x:)
A fuzzy logic system can be written as follows:
=97 ,
y(x) = 67 (x) o8

(p(x) = [61' 62, e IaN]
4. Result and discussion

Fig. 2 presents a block diagram of a kinematic adaptive back stepping observer. It provides a
schematic description of mobile robot simulation using the block diagram of the mobile robot
model and the equations established in the previous chapter. As illustrated in Fig. 2, to facilitate
system tracking with the observer and kinematic controller, the following block diagram can be
comprehensively understood.

The block diagram (see Fig. 3) of dynamic adaptive feedback controller. In the mobile robot
design, which leads to the design of the backward adaptive control law, is shown in the form of a
block diagram (see Fig. 3).

This section addresses the evaluation of adaptive back stepping control as an observer and the
design of adaptive fuzzy back stepping control. Initially, the observer is developed under ideal
conditions without noise or external disturbances to assess the robot’s performance in an ideal
state. Subsequently, the adaptive back stepping observer is designed to operate in the presence of
external noise factors, specifying the type of input noise through diagrams. Finally, the impact of
fuzzy design and its application on the robot model is fully illustrated using diagrams, culminating
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in the design of the adaptive fuzzy controller. Parameters are optimized using scientific methods
and fuzzy logic before integration into the system.

» 24,25,
| Equation? il

A

d
v Equation 19
v, <_]— ey, ez e3

w, : Equation 18

A

v
L "¢ ]
—w. Equation6 | Z,,Z,,6
c

Fig. 2. Adaptive controller based on kinematic model of the WMR
aKlnematlc Kinematic

|

P1, 92,93

aDynumic

°

d

Kinematic

N1, 72 v
Fig. 3. Adaptive controller based on dynamic model of the WMR

4.1. Robot observation without noise

The reference model of the robot is shown as a red circle, and the tracker model can also be
seen as blue. In order to evaluate the tracker models, these two graphs can be seen next to each
other in the third graph. As illustrated in Fig. 4, the kinematic back stepping adaptive control law
operates in the absence of noise, as previously discussed in the chapter. The control input or effort
in the adaptive observer mode, as per Eq. (8), reflects the errors of the robot under noise-free
conditions. In the feedback controller, the control torque representing the control effort without
noise is described by Eq. (26). The tracking error, defined as the difference between the control
speed and the mobile robot’s speed, is formulated in Eq. (16). Based on Eq. (27), which defines
the dynamic adaptive control law for the mobile robot, this control law vector evolves and is
depicted in Fig. 4.

4.2. Robot observation with noise

In the presence of noise in the mobile robot system model, the relevant diagrams are depicted
as follows: Based on Eq. (20), which incorporates external friction and friction force, as shown
below, over the simulated time period of the mobile robot. Fig. 5 illustrates the presence of noise
in the backward adaptive observer mode, depicting the reference and real models. The accuracy
of the adaptive observer can be fully understood in Fig. 5 illustrates the adaptive observer control
law for estimating kinematic behavior in the presence of noise. It details the adaptation of linear
and angular velocities using the kinematic back stepping approach under noisy conditions,
emphasizing the system’s state error due to external noise. The control torque, determined by the
adaptive dynamic back stepping control approach, is designed for the first and second system
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inputs. Additionally, the system’s tracking speed is derived from Eq. (16) and Eq. (27).

WMR Trajectory

Control of Angular Velocity

w -rad/s

0 20 40 60 80 100
time - sec
Control of Transitional Velocity

V- m/s

0 20 40 60 80 100
x-m time - sec
Trajectory Error Torque

4 20 40 60 80 100
time - sec
Tracking Error in Velocities

value

m

1,

0 20 40 60 80 100 0 20 40 60 80 100
time - sec time - sec

T T T

,/ 4,(Kg)

——6,(Kgm?)

——o,(Kgm?)

0 1 Il Il 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 %0 100
time - sec

Fig. 4. Result of robot observation without noise

4.3. Fuzzy control with noise

This section introduces the incorporation of fuzzy logic into the backward comparative
perspective. The purpose of applying the fuzzy approach is to introduce fuzzy parameters, known
as control gains, into the system. These parameters, k;, k,, and k3 in Eq. (24) and Eq. (28), are
fuzzified to enhance system control. Designing fuzzy parameters involves fundamental concepts
detailed in the section on fuzzified parameter. Fig. 6 illustrates the real model and fuzzy reference
of the robot. Essentially, the integration of fuzzy logic with the adaptive feedback controller aims
to automate the tuning of control gains instead of relying on manual or trial-and-error methods.
As described by Eq. (26), fuzzy logic adjusts these control functions within a range defined by
membership functions, thereby optimizing the system's ability to track its path. Based on the fuzzy
design for adaptive back stepping control of the system, the kinematic back stepping adaptive
control parameters, considering both noise and fuzzification, are described as follows: angular
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velocity and linear velocity (see Eq. (23)). The adaptive control error for kinematic fuzzy back
stepping in the presence of noise is given by Eq. (26), which expresses the control torque as the
control effort designed using backward adaptive fuzzy control and applied to the system input.
The tracking speed in both linear and angular modes in the presence of noise is demonstrated
through the design of the backward adaptive fuzzy controller. Fig. 6 illustrates the parameters
defined in Eq. (27), representing the adaptive control law utilizing the fuzzy approach in the
presence of noise.

‘WMR Trajectory Control of Angular Velocity

-05 1

time - sec
Control of Transitional Velocity

Reference|

-1 -0.5 0 0.5 1 0 20 40 60 80 100

X-m time - sec
Trajectory Error 108 Torque
1
HecE B LI
=i T tf | [
Z
e g H—7 l
2
2
© 0 20 40 60 80 100
= time - sec
. s Tracking Error in Velocities
0
0.4 5 m,
7,
0s -10
0 20 40 60 80 100 0 20 40 60 80 100
time - sec time - sec
Inertial Parameters
150 T T T T T T T T
e s o
100 - 1
6,(Kg)
50 ——6,(Kgm?)[]
P s AU LA 0 08 o Kgmd ]
50 e e e e S B iy 20 = |
-100 I I L L L L s oo ———
o 10 20 30 40 50 60 70 80 920 100

time - sec
Fig. 5. Result of robot observation with noise

5. Fuzzy parameters

In the design of control parameters through fuzzy logic, it is essential to incorporate several
key elements, including:

5.1. The first element

Based on Table 1, the inputs and outputs of the mobile robot should be determined,
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distinguishing between fuzzified inputs and non-fuzzified outputs for the system (see Fig. 7).

‘WMR Trajectory 5 Control of Angular Velocity
0
-0.5
g -1
. time - sec
1" Control of Transitional Velocity
-1.5
12 |
@ | ‘
R “\ uwm M'\ \ ‘ ‘!\‘
2 3 Mlk ) i WI ‘
ctual 8
— Reference v
. . 5
05 0 0.5 1 0 20 40 60 80 100
x-m time - sec
Trajectory Error 10° Torque
0.2 1
—, ‘
e, =0 1 l il ot ] | L,
. z |
3 ) po
= 1
T‘)
2
o 0 20 40 60 80 100
£ time - sec
= Tracking Error in Velocities
5
1 0
0.4 1 -5 I[]
1[2
05 -10
0 20 40 60 80 100 0 20 40 60 80 100
time - sec time - sec

Inertial Parameters
100 T T T T ]

6,(Kg)
501 ——6,(Kgm?) [T
o o ——6,Kgm?)|]
T ————
50 B R RS <
100 |- S e -
1 1 | 1 1 1 TR e et B e o o
0 10 20 30 40 50 60 70 80 90 100

time - sec

Fig. 6. Result of fuzzy robot control with noise
5.2. The second element
Selection of rules for input and output membership functions (see Fig. 7).

Table 1. Determined input and output variables

Input | Output
ki wy.
k, vy
ks M
ky M2
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Table 2. Control rule-based of the fuzzy

Input Output
Low | Normal | High
Low Low Low | Normal

Normal | Low | Normal | High
High | Normal High High

- Output Controller 1 07 Output Controller 2
29 0.65
0.6
2.1
0.55
— o~
a2 B
0.5
1.9
0.45
18 0.4
17 0.35
5 10 15 5 10 15
v, —m/s w, —rad/s
- Output Controller 3 o7 Output Controller 4
0.65
0.6
0.55
<
S
0.5
0.45
0.4
0.35
-4 2 0 2 4 -4 2 0 2 4
m 2

Fig. 7. Adaptive values of the K;, K, and K3
5.3. The third element

Selecting the type of membership functions for input and output (triangular, Gaussian,
trapezoidal, etc.). To perform the fuzzification of the parameters for the backward adaptive
controller, the graphs related to these three elements can be fully reviewed and analyzed. Initially,
the dependence of the inputs and outputs of the system and the controller is illustrated in Fig. 8.
The selected membership functions are triangular, indicating the degree of connection between
the inputs and outputs. Finally, this provides information on the magnitude of the control
parameters fed to the system in each time frame to enable proper system control.

6. Conclusions

This research successfully demonstrates the effectiveness of a fuzzy adaptive back stepping
(ABS) controller in enhancing the trajectory tracking and robustness of wheeled mobile robots
(WMRs). By integrating fuzzy logic with back stepping control, the proposed approach
significantly improves path-following accuracy under both noisy and noiseless conditions. The
combination of kinematic and dynamic modeling ensures precise motion control, while adaptive
tuning mechanisms allow the system to respond effectively to external disturbances and
uncertainties. Simulation results validate the superiority of the proposed controller, showing
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reduced tracking errors, minimized chattering, and improved stability compared to conventional
methods.

Input Controller 1 Output Controller 1
1 Low Nogmal High,
0.8
Q
206
o1
R o4
02
0
5 10 15 1 15 2 25 3
vy K
Input Controller 2 Output Controller 2
1 Low Nogmal High 1 Low Nogmal High,
0.8 0.8
L L
206 Qo6
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Fig. 8. Membership functions of fuzzy robot control

The ability of the system to maintain performance in noisy environments highlights its
practical applicability in real-world robotic navigation and industrial automation. For future
researchers, this article strongly recommends further development in various engineering
concepts. For example, using PZT sensors on WMRs can control vibrations in the x, y, and z
directions. There are different active and passive methods and strategies to achieve this [39-42].
Furthermore, in control engineering, specifically, hybrid controllers combined with optimization
algorithms can effectively enhance the capabilities of WMRs on both large and small scales.
Examples include PWM, LQR-PID, sliding mode-PID, Fuzzy-PID, PID-PSO, LQR-MOPSO, and
H., control [43-47]. Finally, from an experimental perspective, it is suggested to augment WMRs
with a DC-DC converter [48].
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