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ABSTRACT

This study addresses the trajectory tracking problem of wheeled mobile robots and proposes
two different control strategies, which are comparatively evaluated through simulations.
Initially, the mathematical model of the mobile robot is derived, followed by the design of two
controllers: a conventional Proportional-Integral-Derivative (PID) controller and a Type-II
Fuzzy Logic Controller (Type-II FLC) optimized utilizing the Grey Wolf Optimizer (GWO)
algorithm. The suggested control methods are assessed under three different reference trajectory
scenarios—circle, square, and star-shaped paths. Simulation results indicate that the PID
controller exhibits significant deviations, particularly during sharp turns and sudden maneuvers
in square and star trajectories, leading to increased tracking errors. In contrast, the GWO-based
Type-II FLC demonstrates smoother and more stable maneuvers, resulting in lower tracking
errors and higher trajectory-following accuracy. These findings suggest that the GWO-
optimized Type-II FLC enables more reliable and precise navigation of mobile robots in
dynamic environments contrasted to the classical PID controller. Furthermore, the Type-II FLC
method achieved considerable percentage improvements in tracking performance for circular,
square, and star trajectories when contrasted with the PID controller. Specifically, in a square
orbit, the X and Y position errors have been improved by 98% and 97%, respectively, according
to the Type II FLC, PID control method. Overall, the results highlight the effectiveness of the
suggested control method in enhancing position control accuracy.

Keywords: Mobile Robot, Type II Fuzzy Logic Control, PID Controller, Grey Wolf
Optimization Algorithm.
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1 INTRODUCTION

Wheeled mobile robots (WMRs) have garnered increasing attention in recent years due
to their increasing use across various fields such as industrial automation, military applications,
agriculture, healthcare, and service industries. Particularly, wheeled mobile robots are widely
preferred for both indoor and outdoor tasks owing to their structural simplicity, low energy
consumption, and high maneuverability. One of the fundamental tasks of these robots is to
follow a predefined reference trajectory with minimal error. However, uncertainties in the
system model, environmental disturbances, and trajectory scenarios involving sharp turns can
significantly challenge the effectiveness of conventional control strategies. In response to these
challenges, a range of advanced control methods have been developed to increase the trajectory
tracking performance of WMRs. Caracciolo et al. [1] suggested a trajectory tracking control
(TTC) design for four-wheeled (4W) differentially driven mobile robots by developing a
dynamic model that accounts for ground slippage effects. To mitigate excessive slippage, the
control approach incorporates a nonlinear controller along with nonholonomic constraints.
Additionally, uncertainties related to ground surface parameters were addressed using robust
linear techniques. Simulation results demonstrated that the suggested control strategy achieved
high performance in virtual terrain environments. Koztowski and Pazderski suggested a control
method by extending a kinematic control law to the dynamic and actuator levels utilizing
Lyapunov-based analysis and the backstepping technique [2]. The approach was implemented
in simulation, where various trajectory scenarios were tested. The results indicated that the
controller's performance is influenced by the dimensionality of the state vector. In a related
study, a FLC and a path-tracking control strategy were developed for a 4W, difterentially steered
mobile robot [3]. The suggested controller enables high-level control of the robot, allowing it
to follow predefined waypoints along a path without the need for continuous trajectory
computation. It dynamically adjusts the robot's velocity in response to environmental changes.
Experiments conducted on the P3-AT mobile robot demonstrated that the suggested method is
effective in respect of both accuracy and response time. Kumar and Sukavanam developed a
trajectory tracking controller based on the backstepping technique, utilizing the kinematic
model of a four-wheeled mobile robot [4]. Considering the system’s nonholonomic constraints
specifically, pure rolling and no lateral slipping the robot’s model was transformed into a
chained form through coordinate transformations. The control law was then created based on
this structure. Simulation results demonstrated that the suggested approach enables the robot to

asymptotically follow the desired trajectory, confirming the effectiveness of the control strategy.
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Cariou et al. [5] developed a high-precision path tracking control system for four-wheel steering
mobile robots (4WSMRs). The suggested approach compensates for slippage effects
encountered on low-friction surfaces by addressing both lateral and angular deviations,
achieving accurate path tracking with a lateral error of £10 cm and an angular error of +2
degrees. Furthermore, by integrating feedback and predictive algorithms, the system effectively

mitigates steering delays and transient deviations.

Lee and Li developed an integrated control system for mobile robots equipped with
independently steered and driven wheels [6]. Due to the individual actuation of each wheel by
separate motors, the study suggested a trajectory tracking algorithm that combines nonlinear
kinematic control with dynamic sliding mode control. The accuracy of the system was
confirmed by simulation results, and the stability of the suggested control schemes was
examined using Lyapunov-based techniques. A neural network-based adaptive tracking
controller that can account for uncertainties such as wheel slippage and outside disturbances
was suggested by Hoang and Kang [7]. The controller utilizes online weight adaptation laws to
effectively mitigate the impact of these uncertainties. System stability was formally proven
using Lyapunov-based analysis. Simulation results demonstrated that the suggested controller
achieved high tracking accuracy and maintained robust performance in the presence of slippage
and external forces. Liao et al. [8] suggested a two-level coordinated adaptive robust control
architecture to address vibration issues arising from varying ground conditions in four-wheeled
independently driven skid-steer mobile robots. At the high level, an adaptive robust control law
was designed for trajectory tracking, while at the low level, a torque allocation algorithm was
implemented to balance the motor torques. Additionally, a novel feedback mechanism was
integrated into the system to mitigate wheel slippage. Simulation results illustrated that the
suggested approach efficaciously reduced vibrations, enhanced robustness against terrain
variations, and outperformed conventional methods in terms of control performance. Deremetz
et al. [9] improved a control approach for 4WS mobile robots aimed at achieving precise path
tracking in challenging terrain conditions. The study employed an extended kinematic model
based on the bicycle model, combined with a backstepping control strategy, to ensure stable
orientation and lateral position control of the robot. Two separate control laws were suggested
based on symmetric steering of the front and rear wheels. Additionally, slip angles were
estimated using an observer to compensate for lateral slippage. This method enhances
maneuverability in confined environments and offers more robust path tracking compared to

previous approaches.
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Liao et al. [10] developed a model-based, coordinated, adaptive, and robust control
system for four-wheeled independently driven mobile robots. Addressing the limitations of
conventional kinematic control methods, the study introduced a comprehensive model that
incorporates chassis kinematics, overall system dynamics, and individual wheel dynamics, with
the goal of mitigating vibration issues and preventing over-actuation. The suggested three-layer
control architecture generates motor torque commands for each wheel, with control
implemented at each level by considering slip references. System stability and tracking
performance are guaranteed by theoretical analysis, and actual findings show that the suggested
strategy performs better than conventional techniques. Qiu et al. [11] suggested an extended
Ackermann Steering Principle and a coordinated motion control strategy for four-wheel drive
and front/rear-steering agricultural mobile platforms. Designed for agricultural tasks such as
soil data collection and pesticide spraying, the platform utilizes a control approach aimed at
minimizing linear velocity deviations during turning maneuvers. The suggested strategy
includes a predictive model for estimating front and rear steering angles, determines the optimal
location of the virtual turning center, and minimizes the angle differences between inner and
outer wheels while computing linear velocities based on the Ackermann principle.
Experimental results indicate that the suggested method significantly reduces wheel slippage
during turns and lowers motor energy consumption. Zeidis and Zimmermann investigated the
dynamics of 4W Mecanum mobile robots under nonholonomic constraints and demonstrated
the suitability of using Chaplygin equations in modeling such systems [12]. The study showed
that, particularly for certain specific motion types, solutions derived through the use of a
pseudo-inverse matrix closely align with exact analytical solutions, confirming the validity of
the suggested modeling approach. Abut and Huseyinoglu created a mathematical model for the
WMR and utilized the Firefly Optimization Algorithm based on the Linear Quadratic Regulator
control method for optimal trajectory tracking [13]. Positive results were obtained from the
controller. Jiang et al. [14] suggested a robust trajectory tracking control method for 4W
autonomous mobile robots, designed to withstand system disturbances and uncertainties.
Within the framework of direct yaw moment control, a restructured robust super-twisting
sliding mode controller was developed to suppress both matched and time-varying
disturbances. This approach, based on a novel reaching law, enables the robot to maintain stable
trajectory tracking within a defined region and ensures finite-time convergence. Lyapunov-
based analysis was used to mathematically demonstrate the system's stability, and simulation
results validated the efficacy of the recommended approach. Zhang et al. [15] developed a

flexible and robust navigation system for four-wheel independently driven and steered mobile
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robots equipped with multiple maneuvering modes. The system employs a low-complexity
algorithm that utilizes hybrid maneuvering modes for global path planning, while local planning
is used to ensure collision avoidance. For trajectory tracking, a fuzzy adaptive control approach
supported by neural networks was suggested. The controller was designed using second-order
programming and neural network optimization techniques. According to experimental data, the
suggested system functioned more accurately and efficiently than traditional techniques.
Raikwar et al. [16] developed a model-based navigation and control system for an orchard robot
designed to operate in agricultural environments where GNSS signal interruptions are common.
The system relies on data from non-GNSS sensors, specifically wheel and steering encoders, to
guide the robot. The entire system was modeled using MATLAB/Simulink. Due to the robot's
low-speed operation, dynamic effects were considered negligible, and the control architecture
was divided into speed and steering command components for navigation. The suggested
system was validated through both simulations and outdoor field tests. Reported results
indicated a steering error of approximately 0.2—0.4 degrees during turns and around 0.05
degrees during straight-line motion, with model correlation values approaching 0.99. These
findings demonstrate that the suggested method ensures stable navigation with minimal sensor

dependency.

Szeremeta and Szuster aimed to improve a neural control algorithm for a four-wheeled
Mecanum mobile robot [17]. Simulations carried out in MATLAB/Simulink, together with
experiments on the real platform, showed that the neural controller achieved higher motion
accuracy than a proportional-derivative controller. Designed within a Lyapunov stability
framework, the algorithm maintained robust performance despite model perturbations and
uncertainties. Overall, the neural control scheme improved both the motion quality and the
tracking accuracy of the robot. Qu et al. [18] conducted control parameter optimization to
enhance the motion mode switching performance of a 4WSMR used in agricultural
applications. The effects of key factors such as stepper motor speed and locking voltage were
experimentally evaluated, and optimal parameter combinations were identified through
statistical analysis. Validation tests performed on a prototype robot demonstrated that the
motion mode transitions occurred smoothly and stably under the optimized settings. Bae and
Lee developed a compact, research-oriented robotic platform along with an adaptive manual
steering control algorithm for four-wheel steering mobile robots [19]. The system enhances
maneuverability in confined spaces by enabling steering capabilities on both the front and rear

wheels, providing intuitive control during manual operation. The adaptive algorithm primarily
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employs front-wheel steering under normal conditions, while activating rear-wheel steering
inputs as the turning demand increases to reduce the turning radius. Experimental results
demonstrated the system’s high steering accuracy and validated the effectiveness of the
suggested control algorithm. Zhang et al. [20] developed a trajectory tracking control method
for four-wheeled skid-steered mobile robots subject to disturbances. The suggested approach
employs a variable-gain disturbance observer to estimate unknown uncertainties and external
disturbances. These estimates are integrated into a nonsingular terminal sliding mode controller
that adapts to time-varying slippery surface conditions, enabling active disturbance rejection
and guaranteeing the reduction of tracking errors within a finite time. Additionally, a virtual
driving force allocation scheme is implemented to appropriately distribute motor torques. The
stability and performance of the control strategy were validated through both theoretical
analyses and experimental results. Ryu et al. [21] presented a study proposing seven
performance criteria to evaluate the mobility capabilities of four-wheeled mobile robots. These
criteria address issues such as oscillation, tipping, and slipping, while aiming to assess the
robots' stability and energy efficiency. The study included simulations in a 3D environment,
and factor effects were analyzed using Taguchi orthogonal arrays. The results highlighted the
influence of design parameters particularly width, height, and length on overall performance.
The authors also suggested that the suggested criteria could be applied for future evaluations of

different robotic mechanisms.

Zhang et al. [22] developed an adaptive control strategy aimed at mitigating slip effects
for four-wheeled climbing manipulation robots operating on inclined and vertical surfaces. The
approach utilized integral terminal sliding mode control based on kinematic and dynamic
modeling, with a focus on enhancing tracking accuracy during nonlinear trajectory following
in three-dimensional environments. The stability of the suggested algorithm was examined
utilizing Lyapunov theory, while simulation and experimental results demonstrated superior
performance in both tracking accuracy and robustness contrasted to conventional PID and
adaptive kinematic controllers. Chen developed a nonlinear adaptive fuzzy hybrid sliding mode
control strategy for trajectory tracking of 4W Mecanum autonomous mobile robots [23]. This
approach directly addresses inherent system nonlinearities, parameter uncertainties, torque
saturation, and external disturbances. The suggested controller integrates sliding mode control,
fuzzy logic, and adaptive learning components. Experimental research and simulation findings
under 60% model uncertainty showed that the suggested approach outperforms traditional

sliding mode control in terms of tracking accuracy, control signal smoothness, and energy
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economy. Cipriano et al. [24] addressed the singularity problem in trajectory tracking for
steerable WMRs. They suggested a real-time nonlinear model predictive control approach to
manage the robot’s motion. The suggested controller calculates the robot’s movements while
avoiding singularities and considering wheel speed constraints. To prevent singularities during
motion start and stop phases, the system is supported by a finite state machine and dynamic
feedback linearization techniques. In summary, control studies of mobile robots conducted in
both simulation and experimental environments have been increasing in recent years [25-29].
In this study, a Type II FLC optimized by GWO is suggested and compared with a conventional
PID controller. The GWO algorithm plays a significant role in reducing both positional and
orientation errors owing to its efficacy in solving global optimization problems, while the Type
IT FLC demonstrates enhanced capability to make reliable decisions under system uncertainties.
The application of this combined approach to different reference trajectories defined by
geometric shapes such as circle, square, and star provides an ideal scenario for evaluating and
comparing controller performance. In conclusion, this study aims to demonstrate the superiority
of the GWO-based Type II FLC over the conventional PID method in enabling mobile robots
to track dynamic and complex reference trajectories with greater accuracy and reliability. This
article is arranged into five sections. The introduction defines the trajectory tracking problem,
presents a literature review, and outlines the study’s objectives. The second section details the
kinematic model of the mobile robot and the control strategies employed. The third section
explains the PID and GWO-based Type-II FLC controllers used in the study. In the fourth
section, simulation results are presented, followed by a comparative analysis. The final section

provides a general evaluation and discusses potential directions for future research.

2 MODELING OF THE MOBILE ROBOT

The mobile robots are examined in the current research based on various wheel types
and designs. Two separate wheels on the right and left sides make up the robot used in this
investigation. Usually, the angular velocities of the DC motors powering these wheels are
controlled to move the system. Mobile robots can turn by varying the angular velocities of the
two drive wheels or change orientation by traveling along a curved track. To implement high-
performance controllers in robot control, modeling the robot is essential. In a mobile robot, the
kinematic control approach can be applied provided that appropriate non-slip conditions are

selected. The kinematics of a four-wheeled mobile robot are indicated in Figure 1.
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b)

Figure 1. Schematic representation a) kinematics and b) dynamics of the mobile robot

Pursuant, the velocity references applied to the actuators on the wheels enable the robot
to move with the corresponding linear and angular velocities. In the global coordinate system,

the configuration vector of the vehicle is described as follows:
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q=[X Y 6]T € R® (1)

where X, Y and 6 stand for the vehicle's position and orientation, respectively. The
transformation between the local velocities, defined in the local coordinate frames attached to

the vehicle’s center of mass (COM), and the generalized velocities are given as follows:

X cos® —sinf 0
Y| =|sind cosH [ l (2)
0 0

The center of mass (COM) is located at a distance d € (0,b) from the Center of
Geometry (COQ). As illustrated in Figure 1, the Instantaneous Center of Rotation (ICR) lies on
the axis intersecting the COG. Under these conditions, the nonholonomic operational constraint

that limits lateral slippage can be described as follows [1].
v, —dw =0 3)

[—sinf cos§ —d] =[X Y B]T =A(@Q)g=0 (4)

Equation (2) can then be reformulated as follows; where S(q) € R3*? is a matrix, and

n € R? is defined as the kinematic-level control input vector, expressed as:

q=S(@n (5)
cosf —dsinf
(@) = [sinH dcos@] ,n =[x w]T (6)
0 1

Since the columns of S(q) always lie in the null space of A(q), the following condition

is satisfied:

STAT =0 (7)

The dynamics of the mobile robot platform are depicted in Figure 1. Initially, the forces

acting on the left and right sides are introduced, followed by a description of the wheel

dynamics.
F
7L = Fp = Fpy (8)
Fr
? = Ffr = F (9)
I,W,, =7 —DF (10)
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where, I, denotes the wheel inertia, w,, = [Wri  Wri Wrr  Wrr]Te R* represents the
vector of wheel angular velocities, and 7 = [Trt Trt Trr Trr]Te R* is the vector of wheel
torques. The force vector is given by F = [F, Fr ]Te R?, and De R**? denotes the force-to-

torque transformation matrix, defined as follows:

T

ng[é 0 11

where r denotes the wheel radius. The equations governing the robot’s motion in the

global coordinate frame are then expressed as follows:

(F, + Fg)cos6 — (fycos — f,sinf) = mX (12)
(F, + Fg)sinf — (fysinb + f,cosf) = m¥Y (13)
(Fr—F)c — M, = Iwé (14)

Here, m represents the mass of the vehicle, I denotes the moment of inertia about the z
-axis, fyand f;, correspond to the rolling and lateral (slip) friction forces, respectively, and M,
is the resistive torque around the z -axis. Under ideal conditions, rolling friction forces are
significantly smaller than slip friction forces. A more realistic model for rolling friction in the
presence of slip can be found, for instance, in [30-31]. For the front-left wheel only, the friction

forces are defined as follows:
fflx = Uy NflSign (vflx) (15)

ffly = Uy NflSign (vfly) (16)

The following formula is used to determine the normal forces that gravity exerts on the

wheel-ground contact points:

b

Npp = Npr = 557 (17
a mg

ererrza_I_b*T (18)

finally, the resistance moment is computed as follows.

a[f}ly + ffry] —b [frly + ﬁ‘ry] +cC [ffrx + frrx - fflx - frlx] = Mr (19)
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The general form of the vehicle dynamics incorporating nonholonomic constraints
utilizing the Euler-Lagrange principle and introducing an additional vector to represent

disturbances is expressed as follows:

M(@)§+R(q) + Fq =B(qQ)F + A" (20)

M € R3*3 denotes the mass and inertia matrix, R € R3 represents the vector of resistance
forces and torques, F; € R3 is the disturbance vector, B € R3*? is the input matrix, F is the
control input at the dynamic level as previously described, A is the constraint vector as given

in Equation (4), and A is the vector of Lagrange multipliers.

m 0 0 cosf@ cos6 fxcosB — f,sind
M(@) =|0 m 0|,B(q) =|sind sinb|,R(q) = |f;Sinb + f,cos6 (21)
0 0 I —¢ ¢ M,
When the time derivative of Equality (5) is taken
G = S(@)n +S(@n (22)

and Equality (5), Equality (7), and Equality (22) relationships are used to derive the
dynamic system in Equality (20).

Mn+Cn+R+ Fy=BF (23)

M =S"MS,C =S™MS,R= STR, F,=S"F;,B=S"B (24)

3 CONTROLLER DESIGNS OF THE SYSTEM

Reducing the robot's trajectory tracking error is the primary goal of mobile robot control.
In this context, PID and Type II Fuzzy Logic Control (Type II FLC) methods have been
suggested and applied for mobile robot control. The membership function (MF) boundary
values of the Type Il FLC method were calculated utilizing the Grey Wolf Optimization (GWO)
algorithm. The first method suggested for the mobile robot's trajectory tracking control is the
Proportional-Integral-Derivative (PID) control method. Despite being a classical method, the
PID control method still demonstrates good performance compared to many other methods. Its

mathematical equation is illustrated in Equation 25.

u(t) = Kpe(t) + K, [ e(t)dt + Kp =-e(t) (25)
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The Ziegler-Nichols method was employed to determine the control coefficients, and a
closed-loop control type was utilized within this method [32]. The terms given in the equation
are referred to as the control signal u(t), proportional gain Kp, integral gain K;, derivative gain
Kp, and error signal e(t), respectively. The fuzzy logic algorithm is a method suggested by
Zadeh and composed of five stages [33-34]. In the first stage, the input variables are
transformed into a fuzzy set through the process of fuzzification. In the second stage, rule tables,
MFs, and a rule base are formed. This rule base comprises a group of IF-THEN rules obtained
from the verbal expressions of experts knowledgeable about the system. The third stage, the
inference mechanism executes the inference process on the system using these rules and
produces fuzzy outputs. The fourth stage defines the MFs and definition sets of fuzzy sets in
the database. In the final stage, defuzzification, a fuzzy set is converted into a clear value for
the output. Type II Fuzzy Logic is an approach that has emerged to minimize the effects of
uncertainty in Type I Fuzzy Logic Control systems [35-38]. With Type II Fuzzy Logic,
uncertainties can be modeled because their MFs are fuzzy. The MFs created in this method are
three-dimensional. The uncertainty of the words obtained in fuzzy rules, information obtained
from experts with differing opinions, noisy measurements that operate the system, and noisy
data that adjust parameters, etc., are all represented in the third dimension of Type Il Fuzzy

Logic sets [39]. The structure of the Type II Fuzzy Logic system is illustrated in Figure 2.

Crisp
Rule Base Defuzzifier —pOutput

] r s ]
Crisp - Type reduced sets
Input : (Type | output)
e Fuzzifier .
: Type Reducer
A J
Y } Inference J
Type Il Fuzzy input Mechanism Type |l Fuzzy output
sets sets

Figure 2. Structure of Type-II Fuzzy Logic System

The fuzzyfier transforms the sharp input into a fuzzy set, as illustrated in Figure 2. It
resembles the rule base and inference mechanism structure. Another difference from Type I is
the presence of a type reducer. Therefore, the structure of the rules is used in the same way as
Type I, the only difference being that the MFs in Type II are Type Il intervals. The Type Il Fuzzy
Logic Control (Type II FLC) algorithm was used in this study. The controller utilizes the error
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(e) and the rate of change of the error (e°) as input values. Triangular MFs were used in the Type
IT FLC method. The boundary values of the MFs were computed using the GWO algorithm,
one of the swarm-based optimization algorithms. The GWO algorithm is preferred because it
provides a global optimum solution compared to deterministic methods, thanks to its speed,
simplicity, and swarm-based meta-heuristic optimization methods. The GWO algorithm was
first suggested by Mirjalilli and colleagues [40]. Due to its simple computation, the GWO
algorithm is fast and provides a global optimal solution, demonstrating superior performance
compared to other optimization techniques in solving many problems found in the literature
[41-44]. The fundamental philosophy of this algorithm is based on mimicking the social
behavior and hunting strategies of grey wolves living in nature. To minimize error values Mean
Squared Error (MSE) was utilized as the objective function. The Mamdani method and
triangular MFs were utilized. The steps of the GWO algorithm implemented to the Type II FLC

control method are provided below.

In the first step, the Type-II FLC model is defined. In this stage, the input and output
variables of the system to be controlled are determined, and the general structure of the FLC is
established. In Type-II systems, it should be noted that, unlike classical (Type-I) systems, MFs
include an uncertainty range (Footprint of Uncertainty - FOU) to model uncertainties. In the
second step, the Type-1I MFs to be used in the system are defined. These functions represent

99 ¢¢

linguistic terms like “low,” “medium,” and “high,” and both upper and lower MFs are specified
for each MF. This increases the system's sensitivity to uncertainty. The parameters of these MFs
(e.g., center, width, FOU limits) will be optimized later. In the third step, the GWO algorithm
is initiated. Each wolf in the GWO algorithm is a combination of parameters from the MF.
Initially, the wolf pack is created with randomly selected solution candidates. Each wolf
represents a parameter set of a Type-II fuzzy system. In the fourth step, the fitness function that
the algorithm will use is defined. This function measures the performance of the fuzzy
controller. For example, the sum of the squares of the errors of the controlled system, the MSE
over time, or another performance metric can be selected as the fitness function. In the fifth
step, this fitness function is calculated for each wolf. The parameters represented by each wolf
are implemented to the Type-II FLC, and the system is run. The performance of each solution
1s measured based on the simulation or real system output, and a fitness value is assigned. In
the sixth step, the wolves are ranked according to their fitness values, and the top three wolves

are identified. The best wolf is called Alpha, the second best is called Beta, and the third best is

called Delta. These three wolves are in a leadership position, determining the direction of the
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other wolves. In the seventh step, the positions of the wolves are updated according to the
swarm behavior model of the GWO algorithm. The wolves change their parameters according
to the positions of the Alpha, Beta, and Delta wolves and move toward better points in the
solution space. This ensures the optimization of the system. In the eighth step, it is checked
whether the specified maximum number of iterations has been reached. If the iteration is not
complete, the algorithm returns to the fifth step and evaluates the new positions of the wolves.
The quality of the solution improves with each iteration. In the ninth step, the best solution
obtained at the end of the iterations is determined. The parameters represented by the Alpha
wolf form the optimized Type-II FLC MFs, and these parameters are selected for use in the
system. In the tenth step, the final Type-II FLC controller model is created using the best MF
parameters obtained. This model is integrated into the control system and applied in real time
or in a simulation environment. The control system's performance is assessed in the last phase.
The wolf population for the GWO algorithm was set at 40, and the maximum number of
iterations was set at 100. Optimal values were observed to be obtained. The population size
and maximum iteration count were determined by reviewing similar optimization-based control
studies in the literature and through preliminary tests (trial and error). These values provide an
appropriate balance between solution quality and computation time. The controller utilizes the
error (e) and the rate of change of the error (&) as input values. The MFs and rule table created
for the suggested method are given below. Figure 4(a), Figure 3(b), and Figure 3(c) show the
MFs and values described for the system's input values e, ¢, and t output values. The rule base
composed for the control of the system is given in Table 1. The rule base composed for the

control of this system consists of 25 rules, as shown in Table 1 below.

Table 1. The rule base created for Type Il FLC
e
T INB|NK| S PK|PB
NB [NB|NB NK |NK | S
NK |NB|NK|NK| S |PK
€| s [NB|NK| S |PK|PB
PK|NK| § |PK|PB |PB
PB| S |PK|PB|PB|PB
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yii
NB NK ] 1 PK PB

NB NK S T4 PK PB

-1 08 04 O 04 08 1

(b)

yli
NB NK 5 1 PK PB

1 08-06-04-020020406 08 1

(©)

Figure 3. Membership functions of the Type Il FLC method defined by input and output
valuesa) e b) € andc) T

In control algorithms, the system inputs are the error e and the change in values of the
error €. Here, the error is the difference between the system outputs and the desired values. The
system outputs are the appropriate torque values implemented to the motors that drive the
system in such a way as to minimize the error and the instantaneous change values of the error
over time. The rule table composed for the Type II FLC method, given in Table 1, is provided.
In the table, the fuzzy control variables e, €, and 1 represent the error, error change, and torque
expression, respectively. The terms NB, NK, S, PK, and PB in the table represent Negative

Large, Negative Small, Zero, Positive Small, and Positive Large, respectively.
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4 SIMULATION RESULTS AND DISCUSSION

The numerical and graphical results of applying the planned control methods for the
trajectory control of the mobile robot are shown in this section. The GWO-based Type II FLC
and PID control approaches were suggested to achieve trajectory tracking of the mobile robot.
The primary objective of the trajectory control is to complete the desired path with minimal
tracking error. The model parameters of the mobile robot are m=1.2 kg; J=0,5 kg-m’; a=0,2 m;
L=0,25 m; r=0,05 m. In the simulation studies of the mobile robot, the operation time was set
to 60 seconds. The tracking performance was examined for three different trajectory scenarios.
The initial system input parameters were set as x = O m and y = 0 m. Kp = 30, K; = 10, and
Kp = 4 was taken. In tests conducted in a simulation environment, the average optimization
time for the GWO algorithm was measured to be approximately 30 seconds per trial. All work
was performed on a computer equipped with an Intel 17 processor and 16 GB of RAM. Figure
4 presents the position trajectories obtained using the PID and GWO-based Type II FLC
methods in the simulation environment. Figure 5(a), 5(b), and 5(c) illustrate the time-dependent
changes of the X and Y positions, as well as the orientation angle, obtained with the suggested

control methods.
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Figure 4. Position trajectory obtained using the suggested control method
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Figure 5. Graphs of the time-dependent variations of a) X position, b) Y position, and c)
theta angle obtained using the suggested control methods
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In the simulation, the reference trajectory was initially set as a circle (Figure 4). It can
be observed from this figure that the mobile robot was able to complete the trajectory tracking
with high motion accuracy using the Type II FLC method. In contrast, the PID control method
struggled with trajectory tracking at the beginning and subsequently followed the trajectory
with a certain error margin (Figure 5). Due to the optimization component, the Type II FLC
method demonstrated less deviation and tracked the reference trajectory more accurately
compared to the PID method. In terms of orientation angle control, both controllers give similar
results. Figure 6(a) and 6(b) present the linear and angular velocity graphs obtained as a result

of applying the suggested control methods.
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Figure 6. Graphs of a) linear velocity and b) angular velocity obtained using the suggested
control methods
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Examining Figure 6(a) and 6(b), which present the linear and angular velocities, it is
observed that the robot’s velocity signals exhibit smooth variations necessary for executing
maneuvers. During the initial seconds of the simulation, higher errors and more fluctuating
velocities were noted. These values are attributed to the controller’s initialization phase, as
errors tend to rise at the start of the simulation. As seen in the graphs, once the robot passes the
startup phase, the control approach continues to follow the trajectory with consistent signals.

Figure 7 shows the position graph obtained by applying the PID and GWO-based Type II FLC
methods in the simulation environment.

Furthermore, time-dependent changes in the X and Y positions as well as the orientation

angle acquired using the suggested approaches are shown in Figure 8(a), 8(b), and 8(c).
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Figure 7. Position graph obtained using the suggested control methods
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Figure 8. Graphs of the time-dependent variations of a) X position, b) Y position, and c)
theta angle obtained using the suggested control methods
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The second reference trajectory was set as a square (Figure 7). An examination of Figure
8 reveals that corner transitions in the square reference pose challenges for the PID control
method, with abrupt changes in direction leading to increased tracking errors. In contrast, the
Type II FLC method provides smoother transitions during sudden changes, resulting in lower
tracking errors. In terms of orientation angle control, both controllers give similar results. Figure
9(a) and 9(b) present the linear and angular velocity graphs obtained from the application of the
suggested methods.
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Figure 9. Linear and angular velocity graphs obtained using the suggested control
methods: a) linear velocity, and b) angular velocity

Analysis of Figure 9(a) and 9(b) reveals that the robot’s velocity signals exhibit abrupt
changes to perform maneuvers, with the PID control method notably struggling in these

instances. This behavior is inherent to the control approach, as the fixed control gains in PID
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make it prone to higher error rates during sudden directional changes. As illustrated in the
graphs, the Type II FLC method follows the path with lower velocity errors compared to the
PID controller. Figure 10 presents the position graph obtained from simulations using both the
PID and the GWO-based Type Il FLC methods. Additionally, Figure 11(a), 11(b), and 11(c)
show the time-dependent changes in the X and Y positions and the orientation angle,

respectively, derived from the application of the suggested control methods.
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Figure 10. Position graph obtained using the suggested control methods
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Figure 11. Graphs of the time-dependent variations of a) X position, b) Y position, and c)
theta angle obtained using the suggested control methods
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The third reference trajectory used is a star shape (Figure 10). As observed in Figure 11,
due to the sharp turns and directional changes in the star reference input, the capabilities of the
controllers are more challenged. The PID control method proves to be demanding, with sudden
directional changes increasing the tracking error. Due to the sharp turns at the star reference
point, the Type II FLC provided better results in terms of orientation angle control, as it placed
greater demands on the controllers' capabilities. In contrast, the Type II FLC method provides
smoother transitions during abrupt changes, resulting in lower tracking errors. This is attributed
to the Type II FLC controller's superior ability to manage uncertainties. Figure 12(a) and 12(b)
present the linear and angular velocity graphs obtained as a result of applying the suggested

methods.
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Figure 12. Linear and angular velocity graphs obtained using the suggested control
methods: a) linear velocity, and b) angular velocity
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Examining Figure 12, which presents the linear and angular velocities, it is observed
that the robot’s velocity signals exhibit variations during maneuvers similar to previous
scenarios, with the PID control method showing particular difficulties. As indicated by the
graphs, the Type II FLC method follows the path with lower error values compared to the PID
controller. The simulation results demonstrate that, especially in complex star-shaped
trajectories, the Type II FLC controller produces lower tracking errors and smoother control
signals than the PID controller. In square-shaped reference paths, noticeable overshoots were
observed in the PID controller around corner regions, whereas the Type II FLC controller
executed these transitions more smoothly and stably. For circular trajectories, both controllers
performed similarly; however, the Type Il FLC controller achieved a lower Root Mean Square
Error (RMSE). These findings suggest that Type II FLC is particularly effective in tasks
involving sharp and uncertain transitions. In this study, the goal is for both control methods to
complete the suggested trajectories with minimal error across all three different reference
scenarios. To evaluate the performance of the control methods, a comparison based on the

RMSE performance index (Equation 26) is presented in Table 2.
RMSE = [ tedt (26)

Table 2. The position comparisons of controllers

Performance Criteria Circle Square Star
RMSE X (m) Y (m) X (m) Y (m) X (m) Y (m)
PID 1.285 1.584 1.174 1.164 1.169 1.27
Type I FLC 0.087 0.099 0.024 0.034 0.051 0.058
Improved (%) 93 94 98 97 96 95

Upon examining Table 2, which presents the comparison of RMSE performance criteria,
the lowest error values are highlighted in bold. In Table 2, the X and Y position error results
obtained using the Type II FLC method for the Circle trajectory are 0.087 m and 0.099 m,
respectively, whereas the PID control method yielded position errors of 1.285 m and 1.584 m.
For the Square trajectory, the X and Y position errors using the Type II FLC method are 0.024
m and 0.034 m, respectively, compared to the PID control errors of 1.174 m and 1.164 m.
Finally, for the Star trajectory, the Type Il FLC method achieved X and Y position errors of
0.051 m and 0.058 m, respectively, while the PID control method resulted in errors of 1.169 m
and 1.27 m. The percentage improvement values presented in Table 2 indicate that the greatest

relative enhancement of the Type II FLC method over the PID controller occurred in both X
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and Y positions for the Square trajectory. The smallest improvements in X and Y positions were
observed in the Circle trajectory. Overall, the RMSE error metrics and percentage
improvements demonstrate that the suggested Type II FLC method achieves significantly lower
errors, enabling more effective trajectory tracking and outperforming the PID control approach.
The controllers developed in our study (particularly FLC and PID) are primarily designed based
on kinematic error signals (position and orientation difference). However, these control signals
are then effectively applied through the robot's dynamic model. In particular, dynamic effects
such as friction, inertia, and mass were modeled in the simulation environment, and the
controller was tested to ensure it operates stably and successfully under such effects. The

dynamic modeling process was carried out to ensure a realistic simulation of the system.

5 CONCLUSIONS

This study addresses the trajectory tracking problem of wheeled mobile robots by
proposing and comparatively evaluating two different control strategies through simulations.
Initially, the mathematical model of the mobile robot was developed, followed by the design of
a conventional PID controller and a GWO-based Type-II FLC. The suggested control methods
were tested on three distinct reference trajectories defined as circular, square, and star-shaped
paths. Simulation results, analyzed through numerical and graphical data, indicated that the PID
controller caused deviations, especially during sharp turns and maneuvers in the square and star
trajectories—resulting in increased tracking errors. In contrast, the GWO-based Type-II FLC
demonstrated smoother and more stable maneuvers, achieving lower tracking errors and higher
trajectory accuracy. Specifically, in a square orbit, the X and Y position errors have been
improved by 98% and 97%, respectively, according to the Type Il FLC, PID control method.
These findings suggest that the GWO-based FLC provides more reliable and precise control for
mobile robots operating in dynamic environments, in contrast to the traditional PID controller.
It has been concluded that the inability of the PID controller to provide the desired performance
in complex systems and its failure to respond to sudden changes in the robot's direction stem
from the non-adaptive nature of the method, due to the limited ability of the PID controller's
inherent structure to model uncertainties and parameter changes in the system. Superior results
were obtained due to the global optimization capability of the GWO algorithm and the fuzzy
logic system's ability to handle uncertainties. Although Type-II FLC offers the advantage of
better modeling uncertainties, it has a higher computational cost compared to Type-I. However,

the structure used in the study can operate with low latency thanks to an optimized type-
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reduction algorithm (e.g., Karnik-Mendel) and provides cycle times at the millisecond level on
modern processors. Accordingly, the controller has been assessed as being real-time feasible.
Future studies aim to test these methods on a physical prototype that will be developed for
implementation in an experimental environment. Comparative analyses with methods such as

SMC, LQR, MPC, and adaptive control are also planned.
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