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ABSTRACT 

Over the last two decades, mobile robot navigation has remained a challenge. Mobile robots 

must operate in unfamiliar and complex situations, and their employment in material 

handling has expanded dramatically in recent years. Trajectory tracking and control is often 

a difficult problem in mobile robot systems. An Adaptive Neuro-Fuzzy Inference System 

Controller is created for tracking the trajectory of a mobile robot in this proposed work. To 

begin, the trajectory is pre-planned with a few precise places in the work space to match the 

shape requirements. Adaptive Neuro Fuzzy Inference System uses these via-points as a 

training set to synthesize the smooth curve. Furthermore, due to the enormous number of 

via-points, the technique is straightforward to calculate. Finally, two examples are 

simulated to see how the ANFIS structure affects the produced trajectory. The simulation 

results show that the suggested method can generate a smooth trajectory that is a good 

match with the desired trajectory, even if the desired trajectory has a convoluted shape, by 

utilizing the appropriate structure of ANFIS. 

Impediment avoidance tactics are another difficult topic in mobile robot systems. This device 

is meant to help wheeled mobile robots avoid front collisions by employing a fuzzy logic 

controller (FLC). A robust controller is installed in a mobile robot as it studies the input 

and output to help it navigate without colliding with any impediments. In this research, I 

offer a fuzzy logic controller-based obstacle avoidance control algorithm for mobile robots. 

With an efficient fuzzy logic look-up table, traditional approaches can be replaced in terms 

of efficiency. Even the output of a wheel's fuzzy logic controller can be utilized to adjust the 

direction and speed of obstacle avoidance. In the simulation, place a number of obstacles in 

the way. Allow the robot to reach the target on its own. Experiments demonstrate that the 

robot has an effective obstacle avoidance path. 

Keywords: - Adaptive Neuro-Fuzzy Inference, Fuzzy logic controller, Wheeled Mobile 

robot, Obstacle avoidance, Trajectory tracking 
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CHAPTER 1 

 

INTRODUCTION 

1.1. Background 

Robots have sparked a lot of curiosity in the past few years, and they've performed a lot of 

important roles in the globe. Robots, in particular, can free humans from hazardous or risky 

professions like nuclear waste cleanup, mining, forestry, agriculture, military service, 

firefighting, marine exploration, and robotic conflicts, among others [1]. In areas such as 

office automation and surgery, robots are beginning to have an impact on our daily lives. 

Robots may also assist handicapped persons in their daily routines. 

A wheeled mobile robot (WMR) is a wheeled vehicle that can operate autonomously without 

the assistance of an external human driver thanks to an internal computer-driven motor. 

Because of its widespread use in mobile robots, quick moves, simple to use and easy 

controllers [2][3]. A differential drive, which is used by many mobile robots with wheels, is 

a type of drive in which each wheel is powered by its own actuator. As a result, changing 

the linear or angular speed of the left and right wheels can control the direction of the 

wheeled mobile robot. The fuzzy controller is utilized to control various paths in these 

approaches, and the system maintains good tracking performance. 

 

 

Figure 1.1 Wheeled Mobile Robot (WMR) [4]  
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Mobile robots require a strong controller to allow the quick integration of input and output 

while navigating in unknown settings. It is challenging to create an appropriate mathematical 

model of the system to construct its controller due to the non-linear properties of mobile 

robots [5]. A differential drive is a type of drive utilized by many mobile robots with wheels, 

in which each wheel is powered by a separate actuator. As a result, the direction of the 

wheeled mobile robot can be controlled by changing the linear or angular speed of the left 

and right wheels. Because controlling the angular velocity requires prior information from 

the robot's kinematic model [6], which is composed of various and complex mathematical 

terms, controlling the linear velocity is a simple solution for controlling the robot's direction 

because it does not require any mathematical model. 

Because there are often static or even dynamic obstacles in their route, obstacle avoidance 

is a crucial strategy for the design and implementation of mobile wheeled robots. When 

several robots circulate in the same space, they operate as barriers between them [7][8]. As 

a result, obstacle avoidance research has been a hot topic in the realm of mobile robotics, 

and several strategies for avoiding static and/or dynamic limitations have been developed 

[8-10].  

Experiments on control have generally focused on tackling the following challenges to 

strengthen the independence of mobile robots: mobile robot placement, stabilization, 

trajectory tracking control, trajectory planning, and obstacle avoidance. Significant (but not 

absolute) progress has been made in this area. The current research focuses on the obstacle 

avoidance problem, which aims to provide a mobile robot with collision-free navigation 

through a workplace with a predetermined distribution of obstacles. The MATLAB-

Simulink application was used to construct an experimental version of a WMR controller 

that provides collision-free navigation. 

In general, planning the trajectory of non-holonomic robots in the field of robotics entails 

determining the path from the start point to the end point while taking into account 

mechanical constraints and ensuring that the robot follows the desired path. Path tracking 

and posture stabilization are the two basic methods of controlling mobile wheeled robots. 

1.2. Statement of the Problem 

The trajectory tracking case is solved using a variety of classic ways. Unfortunately, most 

approaches will produce a speed leap if the fault changes suddenly [11]. This thesis provides 

an ANFIS-based trajectory tracking controller solution to handle this problem. The adaptive 
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neuro-fuzzy inference system (ANFIS) was established by combining neural networks and 

fuzzy inference systems to solve the limitations of the trajectory tracking problem for mobile 

robots. Mobile robots or various applications are used by people from many walks of life. 

Other industries have begun to contemplate adopting mobile robots with wheels in various 

applications as new technologies progress. The obstacle avoidance system ensures the safety 

of the mobile wheeled robot and its surroundings. This will save money on maintenance and 

will not increase the mobile robot's maintenance or repair costs. Obstacle-avoidant mobile 

robots are not secure against obstructions or other mobile robots. It may cause accidents and 

significant losses in critical situations. 

1.3. Objectives of the Study 

1.3.1. General Objectives 

The main objective of this study is to model and design a mobile robot path tracking and 

obstacle avoidance system based on the neuro fuzzy technique. 

1.3.2. Specific Objectives 

The specific objectives of this thesis are: 

 To develop mathematical models of a mobile robot. 

 To develop a fuzzy system for path tracking and obstacle avoidance. 

 To design and train an ANFIS system based on the designed fuzzy system. 

 To verify the algorithm by using MATLAB. 

 To make conclusions and recommendations for the results of the proposed system. 

1.4. Scope of the Study 

Using an Adaptive Neuro Fuzzy Inference System (ANFIS) controller, this research mainly 

focused on the analysis and simulation of path tracking and obstacle avoidance systems for 

mobile robots. It goes over how to describe a mobile robot mathematically, how to create an 

adaptive neuro-fuzzy inference system for path tracking, and how to program the controller 

in MATLAB. 

1.5. Limitations of the Study 

Because of the difficulty to get the components for the implementation of the prototype 

system the thesis is only shown in the simulation using MATLAB/Simulink. In addition to 

this it needs extra additional time and cost for real implementation. 
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1.6. The motivation of the Study 

Medical assistance, space and marine exploration, leisure and entertainment, technology 

research and development, metal-mechanics and chemical industries, military research, 

cleaning in a variety of environments, agriculture, inspection, security, and transportation 

are just a few of the applications for the wheeled mobile robot. The WMR must be aimed 

towards the correct controller in order to gain these benefits. As a result, the research team 

is now focusing on creating a mobile robot controller. 

1.7. Significance of the Study 

A wheeled mobile robot can move independently without the assistance of a person and is 

suited for a variety of industries, including aerospace, construction, chemicals, and 

manufacturing. One example of a high-temperature environment in which mobile robots are 

necessary is in the manufacturing process. This proposed system allows the wheeled mobile 

robots to be efficient in its path to track effectively and enables the robot to avoid 

unnecessary collision with the obstacle. So, those wheeled mobile robots must be controlled 

with efficient and active controller 

1.8. Thesis Organization 

This thesis is arranged in to five chapters. The first chapter introduces an introduction for 

the research works, statement of the problems, objectives, significance, scope and 

limitations of the thesis. The second chapter describes the literature reviews on the path 

tracking and obstacle avoidance techniques. The third chapter explains the methodology and 

mathematical modeling of a mobile robot. The fourth chapter presents the controller design. 

After all the fifth chapter explains system results and discussions. At the end the last chapter 

is all about the conclusion and recommendation for the future work. 
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CHAPTER 2 

 

LITERATURE REVIEW 

2.1. Introduction 

There has been a lot of interest in self-sustaining industrial vehicles in recent years, as you 

may have seen. Such cars' control architecture must account for all potential disruptions 

during their missions. The control system must be able to respond fast and adapt to changing 

situations. Many "traditional" control system design procedures for such vehicles (optimal 

control methods, algebraic approaches) necessitate a description of the physical system and 

all of its parameters. A proper dynamic model must be created in order to accurately 

characterize the mobile robot system. The dynamic model allows you to take into account 

factors like mass, inertia, friction, and centrifugal force. This model is used to learn more 

about the shape and operation of a controlled electromechanical system. When a 

complicated system must be constructed, developing a model becomes even more critical. 

The required dynamic model, when prepared and used correctly, can uncover problems and 

inaccuracies in the description of the real system (model) as quickly as feasible. They are 

easier and less expensive to adapt throughout the virtual construction process than real. 

It is critical to understand the dynamics of mobile robots in order to create plans that are 

appropriate for their trajectory. To begin, use the route planning module to create a route 

that includes a series of gestures. Because the mobile robot can traverse the free working 

space under the purposeful path, this path is generated relative to the size of the movable 

robot. The dynamic qualities aren't relevant in this scenario. Only geometric space is used 

for path tracking, and the path planning requirement is that the mobile robot does not collide 

with any stationary obstacles. The algorithms A* and D* [11] are common route planning 

techniques for these applications. 

The scenario alters when moving obstacles are introduced into the mobile robot workspace. 

They could be a group of people, or they could be mobile robots or machines. To avoid 

collisions, the mobile robot must reach a specified posture within a certain amount of time. 

In this situation, the mobile robot can avoid colliding with moving objects that must vary 

their speed on a regular basis. It can only ensure that collision-free mobility in a workplace 

with moving impediments in this fashion [12]. During the path design step, the mobile 
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robot's dynamic properties are used to construct a set of speed curves that the robot can 

safely execute. In this process, the speed limit of the mobile robot must be respected while 

maintaining the curvature of the trajectory [13]. 

"A reprogrammable multipurpose manipulator, which is arranged to transfer specialized 

materials, parts, tools, or equipment through various programmed movements to fulfill a 

significant number of jobs," according to the robot's description. Commercial robots are also 

employed. "Some inflexible hyperlinks related to various collaborative media handled and 

monitored by electronic means," according to the description [14]. Robots' primary purpose 

is to assist people in performing hazardous, time-consuming, and unrelenting tasks. The goal 

has shifted to eliminate direct human-to-human contact with hazardous commercial 

production processes. Robots must be able to function independently in order to attain this 

goal. 

2.2. Related Works on Path Tracking 

The path tracking controller's purpose is to regulate the mobile robot's linear and angular 

velocity so that it can follow a predetermined path. The error between the reference path and 

the current position of the robots cannot be avoided because to slippage, disturbances, noise, 

vehicle-terrain interaction, and measurement errors of sensors, including external and 

internal sensors. As a result, properly tracking a specified trajectory with a robot's movement 

control was a critical issue. In recent years, there has been a lot of interest in route tracking 

research. 

2.2.1. Backstepping Kinematics Based Approaches 

The dynamic work for non-holonomic mobile robots was initially proposed in [15], and it is 

a mix of a kinematic controller and a torque controller. Lyapunov's theory was employed to 

assure stability in the development of a combined kinematic/torque controller. Path 

following, following a reference path, and stabilizing the reference posture are all challenges 

that the suggested control method can solve. In this approach the control technique gives a 

strong technique of converting the direction changing command into the control input to the 

real vehicle while taking into account the specific vehicle characteristics. First, the feedback 

speed control input is intended to asymptotically stabilize the position error in the motion 

steering system. Next, create a computed torque controller to ensure that the mobile robot's 

speed converges to a specified speed input. Because this manipulative method may reduce 
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to a set of simple kinematic system control velocity inputs, the same design procedure may 

be used to solve all three basic navigation challenges. 

It is impossible to have perfect understanding of mobile robot parameters. It can be difficult 

to model friction in these models, for example. As a result, no prior knowledge of the mobile 

robot's dynamic parameters is required because the controller will learn them online. 

2.2.2. Sliding Mode Based Approaches 

Depending on the observer's error function, the slide mode is also known as the slip error 

surface or hypersurface. The error-based operation will "slide" the observation error to zero 

once the tracking error path reaches this hypersurface. Presented non-holonomic wheeled 

mobile robots with effective tracking control [16,17]. To asymptotically stabilize the mobile 

robot to the appropriate trajectory, a novel slip control law is developed. The results reveal 

that the scheme is resistant to external intervention to a certain extent. 

The solution benefits from using sliding mode control since it is fast, has a good transient 

response, and is robust to parameter fluctuations. The robot's behavior under limited 

interference is described using a dynamic model of the robot. The error dynamics of the 

mobile robot are linearized using the computed torque approach, and the sliding mode 

control law is used to stabilize the robot on the reference path and correct for existing 

disturbances. Essentially, the suggested control strategy employs the calculated torque 

approach for dynamic equation feedback linearization and a sliding mode theory for robust 

control. 

The key drawback of this control strategy is that it necessitates the use of a detailed dynamic 

model of the mobile robot for the required torque component. We need to know the exact 

robot dynamics in order to accomplish the feedback linearization of the nonlinear dynamic 

model of the system.  

2.2.3. Adaptive Based Approaches 

The trajectory of a non-holonomic wheeled mobile robot is tracked using a dual adaptive 

dynamic controller in [18]. The controller assures that the tracking error asymptotically 

converges to zero in tracking issues. Before applying tracking control, the trouble is 

converted into an analogous tracking problem using time-varying error feedback for 

stability. The developed controller assures that the stable error asymptotically returns to 

zero. A speed/acceleration limiter is included in the proposed control law to prevent the 

robot's wheels from slipping. 
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2.2.4. Neural Network-Based Approaches 

Neural networks had been proven to be a best solution to handling a difficult control 

problems in recent years. In [19-22] proposes the use of neural network controllers to follow 

the route of mobile robots. 

The author in [20] proposes a neural network path tracking controller that exploits the neural 

network's learning property to create smoother tracking performance. The backstepping 

controller is combined with compound orthogonal networks in this new control strategy, 

which increases performance by utilizing the neural network's learning capabilities. 

The controller suggested in [21] is based mainly on the approximation properties of neural 

network functions, which can handle bounded unmodeled disturbance and unstructured 

unmodeled dynamics of mobile robots. To understand the whole dynamics of the mobile 

robot and transform the reversing controller's speed output into the torque input of the actual 

vehicle, the neural network is integrated with the reversing controller. The merit of using 

neural networks in this technique is that you don't need to know the robot's dynamic model 

and the neural network doesn't need to know the dynamics a priori. 

2.3. Related Works on Obstacle Avoidance 

Many scholars have recently become interested in impediment avoidance issues, resulting 

in the development of real-time methods for slim and congested areas. An obstacle 

avoidance system is designed to help a robot navigate through an unfamiliar area by avoiding 

collisions. The obstacle avoidance robot detects a restriction in the direction and adjusts its 

course accordingly. 

The article in [23] describes how a mobile robot obstacle avoidance system was successfully 

turned into a blind navigation aid. The impediment avoidance system communicates 

information to the human via stereophonic warnings rather than delivering digital alerts to 

the robotic movement controllers. These alerts contain spatial data such as item positions in 

space or journey directions and speeds. The advanced concept of pre-crash sensing is 

discussed in [24]. Ultrasonic sensors are utilized to detect front objects and automatically 

apply brakes to avoid vehicle collisions during working situations. 

The article in [25] depicts that a neural manipulation system in a mobile robot that can 

comprehend unintelligible information in order to avoid obstacles. In [26] states that to 

stereo vision sensors used to extend the real-time obstacle avoidance system of autonomous 
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mobile robots in this paper. A method for detecting obstacles is proposed. The goal of this 

study is to see if it is possible to avoid barriers on your own in typical situations. A 

dependable sensor and a sufficient routing system are necessary to do this. 

In [27] it shows coverage maps as a new way to depict the surroundings for a mobile robot 

in this article. The coverage map retains the standard occupancy grid regarding the amount 

of the corresponding unit covered by barriers for each unit of the subsequent specified 

period, and the mobile robot can accurately infer the uncertainty in the environment map. 

Table 2.1 Summary of Related Works 

No Title Description 

1 Back stepping kinematics  

based approach  

Combination of a kinematic controller and a 

torque controller and no need of prior 

information on dynamic parameters. 

2 Adaptive based approaches For tracking problems, the controller 

guarantees the asymptotic convergence of the 

tracking error to zero. 

3 Collision avoidance system for 

automobiles using  Embedded 

system 

The microcontroller unit sends a signal to the 

braking unit for applying the brake 

automatically. 

4 Obstacle avoidance of 

autonomous mobile robot using 

stereo vision sensor. 

Totally Based on stereo measurement without 

searching any factors. 

5 Neural Network based 

approaches 

There is no need to know the dynamic model 

of the robot and the NN without a prior 

knowledge for the dynamics. 
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CHAPTER 3 

 

MODELING OF A MOBILE ROBOT 

Sensors such as ultrasonic sensors, infrared beams, and cameras are commonly used by 

robots to detect their surroundings. However, due to related concerns such as ambiguity in 

the processing environment, they are frequently unreliable. A fuzzy decision controller, also 

known as a fuzzy logic controller, is used in this project (FLC). This type of fuzzy logic can 

be used to control a nonlinear process, referred to as a plant in control engineering terms. 

FLC has the advantage of allowing control engineers to quickly create control techniques 

that can be used by humans. 

The modeling of a differential drive non-holonomic WMR to derive the equations employed 

in this development is also briefly discussed in this chapter. Understanding and a proper 

representation of a "model" of the system are required for the construction and control of a 

robotic system. This is the mechanical system's fundamental research. Kinematic modeling 

is concerned with the system's geometric relationships and explores the mathematics of 

motion without taking into account the forces that create motion. 

3.1. Methodologies 

The method to finish the task is described in Figure 3.1.  

 

Figure 3.1 Block diagram of the system 

 

Different 

literatures are 

reviewed  

Necessary data is 

collected  

Analyze the 

collected data  

ANFIS controller 

is designed 

Mathematical 

Modeling is 

done 

The system is 

implemented in 

MATLAB 2019b  

Give conclusion for 

the results 
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3.2. Mathematical Modeling of a Wheeled Mobile Robot 

3.2.1. Introduction 

To derive the equations employed in this work, this section briefly presents differentially 

driven non-complete WMR modeling. Understanding and accurately representing the "blue 

print" of a robot system is required for its development and control. Any model is a 

representation of the current system that is idealized. Kinematic modeling, which is the basic 

research of the mechanical system, is included in the modeling of the differential drive 

wheeled mobile robot. Kinematic modeling is concerned with the system's geometric 

relationships and examines motion mathematics without taking into account the forces that 

generate motion. 

Understanding robot mobility begins with a description of each wheel's contribution to 

motion. Each wheel is responsible for moving the robot as a whole. Similarly, each wheel 

restricts the robot's movement; for example, it won't allow it to slide sideways. The 

following part introduces the notation that allows robotic movement to be expressed in both 

a global and a local reference frame for the robot. This nomenclature is then used to explain 

the building of simple forward kinematic models of motion, which describe the robot's 

overall movement as a function of its geometry and individual wheel behavior. 

3.2.2. Kinematic Modeling of the Mobile Robot 

A bottom-up approach is used to create a model for the entire robot's movement. Each wheel 

contributes to the robot's movement while also limiting its movement. Because the wheels 

are coupled according to the robot chassis' geometry, their limitations combine to provide a 

constraint on the robot chassis' entire motion. Every wheel’s force and limitation, however, 

must be defined in terms of a consistent and explicit reference frame. Because of its self-

contained and movable character, this is especially important for mobile robots; a precise 

mapping between global and local frames of reference is necessary. It begins with the formal 

definition of these frames of reference. 

3.2.2.1. Mobile Robot Position Representation 

The robot is modeled as an inflexible body on wheels that works in a horizontal plane during 

this examination. The robot chassis on the plane has three degrees of freedom (DOF), two 

of which are used for locations in the plane and one for alignment along a vertical axis 

perpendicular to the plane. Of course, there are extra degrees of freedom and flexibility due 

to the axles, wheel steering joints, and castor joints. The robot chassis, on the other hand, 
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simply refers to the robot's inflexible body, ignoring the internal joints and degrees of 

freedom and flexibility. The robot chassis, on the other hand, simply refers to the robot's 

rigid body, ignoring the robot's internal joints and degrees of freedom, as well as its wheels. 

The initial stage in kinematic modeling analysis is to choose the coordinate systems. 

i. Coordinate Systems 

The primary advantage of the coordinate is to represent the robot's position. There are two 

types of coordinates for the derivation model: Cartesian and Polar coordinates. As a result 

of Cartesian coordinates' ubiquity, modeling is done in Cartesian coordinates.  

a) Global Inertial Frame {XI, YI}: It defines any inertial basis in the plane as a 

global reference frame from a certain origin O.  

b) Local Robot Frame {XR, YR}: This coordinate is connected to the robot and 

defines two axes related to P on the robot chassis. 

 

Figure 3. 2 The global reference frame and the robot local frame coordinate systems [28] 

As illustrated in Figure 3.2, a relationship is created between the aircraft's global reference 

system and the robot's local reference system in order to identify the robot's position in the 

plane. Select point P on the robot chassis as your position reference point to specify the 

robot's position. P's position in the global reference system is provided by coordinates, but 

the angular difference between the global and local reference systems is given by. These 

three elements can be put together to make a vector that depicts the robot's pose. 

Note, the use of the index I and R to clarify the basis of this pose as an inertial reference 

frame and local reference frame of the robot respectively: 

   y  
T

I I I Iq x              (3.1) 

  y  
T

R R R Rq x               (3.2) 
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It is necessary to map the movement along the axis of the global reference frame with the 

movement along the axis of the robot's local reference frame in order to describe the robot's 

movement with the movement of the components. The typical orthogonal rotation 

transformation is used to put these two frames together: 

( )
l

q R q              (3.3) 

Where,                          

cos sin 0

( ) sin cos 0

0 0 1

R

 

   

 
 
 
  

                                                           (3.4) 

This matrix is called the orthogonal rotation matrix and can be used to map the motion in 

the global reference system according to the motion of the local reference system. 

3.2.2.2. Differential Drive Kinematics 

A differential drive, which consists of two drive wheels mounted on a shared shaft and each 

of which can be moved forward or backward independently, is used by many mobile robots. 

A chassis with two fixed wheels is one of the simplest ways to create mobile robots. 

Understanding this design aids in the understanding of some basic robot kinematics. 

Differential drives usually need mobile robots to have an additional castor wheel for 

stability. Rollerballs are sometimes used, however there are no variations in calculations in 

terms of kinematics. 

The wheel calculation can be omitted because it has no effect on the robot's kinematics 

because it can rotate freely in all directions. In the case of differential drive, the mobile robot 

must rotate around a point that is the common axis of the two driving wheels in order to 

avoid skidding and only have a pure rolling motion. The instantaneous center of rotation 

(ICR) or instantaneous center of curvature is the name given to this place (ICC). 

By changing the speed of the two wheels, the ICR will move and follow a different path. 
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Figure 3. 3 The differential drive motion example [29] 

At every moment in time, the left and right wheels follow a path (Figure 3.3) that moves 

around the ICR with the same angular rate 𝜔 = d𝜃/dt. Because the rate of rotation 𝜔 about 

the ICR must be the same for both wheels, the following equations can be written as: 

V RCR              (3.5) 

Therefore, based on equation (3.5), the following equations can be derived as: 

( ) ( )1
2 2

D D
V R VCR                          (3.6) 

2
( ) ( )

2 2
CR

D D
V R V               (3.7) 

Where 𝑉1 and 𝑉2 are the linear speeds of the left and right wheels respectively; 𝑉𝐶𝑅 is the 

linear velocity at the CR point of the platform; 𝜔 is the rotation speed of the platform; D is 

the distance between the two wheels, and R is the signed distance from the ICC to the 

midpoint between the two wheels.  

Note that: 𝑉1, 𝑉2, and R are all functions of time. 

The linear speed at point CR, that is, the midpoint between the two wheels, can be calculated 

as the average of the speeds V1 and V2. 

1 2 ( )1 2
2 2

V V R
VCR


                         (3.8) 

At any moment in time 𝜔 and R can be solved as: 
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2 1 2 1

2 1

2 1

( ) and R=
2

V V V VR D

D D V V


 
   


                   (3.9) 

Therefore, from equations (3.8) and (3.9), the angular wheel speed can be: 

1
( )

2
L CR

D
V

R
            (3.10) 

1
( )

2
R CR

D
V

R
            (3.11) 

Where ΩL and ΩR are the rotational velocities of the left and right wheels respectively. There 

are three interesting cases with these kinds of drives. If V1 = V2, then we have forward linear 

motion in a straight line. R becomes infinite, and there is effectively no rotation, i.e., 𝜔 is 

zero (Figure 3.4a). For different values of V1 and V2, the mobile robot does not move in a 

straight line, but moves along a curved path along a point with a distance of R from CR 

(Figure 3.4b and 3.4c around a rotating wheel), changing the position of the robot and 

direction. If V1 = -V2, then R = 0, and we have a rotation about the midpoint of the wheel 

axis (Figure 3.4d). 

 

Figure 3. 4 The different moving possibilities for a differential drive [29] 

a) Motion forward or backward, R is infinite,                 c) Turning R=D/2, 

b) Turning R>D/2,                                                            d) Turning R=0; 

The differential drive mobile robot is very sensitive to the relative speed of the two wheels. 

Small errors in the relative speed between the wheels can affect the trajectory of the robot. 

They are also very sensitive to small changes in ground level and may require additional 

wheels for balance. 

i. The Differential Drive Odometry 
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Let’s try to find formulas using which is possible to compute the actual position of the robot. 

 

Figure 3. 5 Odometry for a differential drive [29]. 

Consider a differential drive robot revolving at an angular velocity (t) around the point ICC. 

The robot will travel the distance from point P (t) to point P (t+dt) with a linear velocity V(t) 

during the infinite short period. V (t) has two perpendicular components, one on the X-axis 

(Vx (t)) and one on the Y-axis (Vy) (t). The robot moves along a straight-line tangent to the 

real robot trajectory at point P (t) for an endlessly brief time. The traveled distance in either 

direction can be estimated using the two components of the velocity V (t) as follows [29]: 

( )
x x

d V t d           (3.12) 

     ( )
y y

d V t d           (3.13) 

Where, 

( ) ( )cos ( )
x

V t V t t          (3.14) 

( ) ( )sin ( )
y

V t V t t          (3.15) 

Similarly, the angle of the rotation can be obtained as follows: 

          ( )d t d                                                   (3.16) 

By integrating equations (3.12), (3.13) and (3.16), the time domain can be: 

0

0

0

0

( ) ( )

( ) ( )

( ) ( )

t

x

t

y o

t

o

x t V d x

y t V d y

t d

 

 

   

 

 

 







         (3.17) 
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Where, (x0, y0, 0) are the initial pose.                   

Using equations (3.14) and (3.15), the equation (3.17) can be rewritten as: 

0

0

0

0

0

0

( ) ( )cos ( )

( ) ( )sin ( )

( ) ( )

t

t

t

x t V d x

y t V d y

t d

   

   

   

 

 

 







                   (3.18) 

Formulas in equation (3.18) are valid for all robots capable of moving in a particular 

direction (t) at a given velocity V (t). For the special case of differential drive robot, based 

on equations (3.8) and (3.9), equation (3.18) can be rewritten as: 

 
1 2 0

0

1
( ) ( ) ( ) cos ( )

2

t

x t V V d x                         (3.19) 

 
1 2 0

0

1
( ) ( ) ( ) sin ( )

2

t

y t V V d y                         (3.20) 

       
2 1 0

0

1
( ) ( ) ( )

t

t V V d
D

                          (3.21) 

3.2.2.3. Forward Kinematic Models 

In the simplest case, the mapping defined by equation (3.3) is sufficient to generate a formula 

to capture the direct kinematics of the mobile robot. More formally, consider the example 

shown in Figure 3.6. The goal of modeling the robot's advanced kinematics is mainly to 

determine the robot's speed as a function of the wheel speed. 

 

Figure 3. 6 The differential drive mobile robot model 
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The forward kinematic problem can be described as the problem of finding the robots overall 

speed in the global reference frame as the following function: 

 

 

 speed,geometric parameters

, , , ,

( )

( )

T

I

T

I R L

wheels

L r

q x y f

q x y f 



  

 

 
                                   (3.22) 

First compute the contribution of each wheels in the local reference 𝑞 ̇𝑅. First, consider the 

contribution of each wheel’s spinning speed to the translation speed at A in the direction of 

+xm. If one wheel turns and the other wheel makes no contribution and stands still, because 

A is in the middle of the two wheels, it will immediately move at half the speed: 
2

RmR

r
x   

and
2

LmL

r
x  . In a differential drive robot, you can simply add these two contributions to 

calculate the component 𝑥̇𝑅 of 𝑞 ̇𝑅. Neither wheel can move laterally in the robot’s frame of 

reference, so 𝑦 ̇𝑅 is always zero. 

Consider the right wheel, the forward spin of this wheel results in counterclockwise (CCW) 

rotation at point A. If the right wheel turns on its own, the robot turns around the left wheel. 

The rotational speed at A can be calculated 𝜔𝑅, because the wheel moves instantaneously 

along an arc with a radius of 2L: 
2

RR

r

L
  . The same calculation applies to the left wheel, 

the difference is that the forward rotation will give resulting in a clockwise (CW) rotation at 

point A: 
2

LL

r

L
  . 

Therefore, by combining these individual formulas yields the translational speed and the 

rotational velocity in the robot reference frame as follows: 

 
2

R R L

r
x                        (3.23) 

             0
R

y                                   (3.24) 

 
2

R R L

r
                        (3.25)  

From equation (3.3), it is known that the robot’s motion in the global reference frame from 

motion in its local reference frame can be computed as: 1

( )
RI

R qq 
 . 
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Therefore, the forward kinematic model for the differential-drive mobile robot in the inertial 

frame is: 

1
( )

R

I R

R

x

q R y






 
 
 
 

                                (3.26) 

1
( )

2

0

R L

R L

I

r
q R

L




 

 

 
 
   
 
  

                     (3.27) 

Where,  

1

cos sin 0

( ) sin cos 0

0 0 1

R

 

  






 
 
 
 

                    (3.28) 

Therefore, the robot velocity in the global inertial frame is: 

0

cos sin 0

sin cos 0

2
0 0 1

R L

R L

I

L

r
q

 

 

  

  





 
  
  
  

   
  

                                (3.29) 

Finally, rewriting Equation (3.29) yields 

cos cos

2 2

sin sin

2 2

2 2

R

L

r r

x

r r
y

r r

L L

 

 










 
 

   
    
     

   
  

                            (3.30) 

In simple circumstances, this kinematic modeling method can provide information about the 

robot's movement based on the speed of the wheels that make it up. To calculate the possible 

movement space of each robot chassis design, however, one must go a step further and 

formally explain the limits placed on the robot's mobility by each wheel. 
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3.2.2.4. Types of Wheels 

The motors that are powered by the output of a microprocessor which is based on sensor 

information can travel without the assistance of external human drivers. When the wheeled 

robot moves, there are two constraints for each type of wheel. 

As demonstrated in Figure 3.7, the main limitation strengthens the rolling contact idea (a). 

As seen in Figure 3.7, the second constraint strengthens the concept of no lateral slip by 

requiring the wheel to not slide perpendicular to the wheel's plane (b). The constraints on 

the motion of a single wheel are expressed in the first stage of the robot kinematics model. 

As a result, by combining the movements of a single wheel, the movement of the complete 

robot may be estimated. 

 

a) Rolling Motion                                                       b) Lateral slip 

Figure 3. 7 Types of wheels 

The wheels can be classified into five categories based on geometric constraints: fixed 

standard wheels, standard steering wheels, swivel wheels, Swedish wheels, and spherical 

wheels. Because the internal wheels can move freely in all of these scenarios, kinematic 

limits on the robot chassis do not apply to castor wheels, Swedish wheels, or spherical 

wheels. Only constant standard wheels and steerable standard wheels have an impact on 

robotic chassis kinematics; hence they must be considered when computing robotic 

kinematic constraints. 

3.2.2.5. Wheel Kinematic Constraints 

The primary stage in the robot kinematics model is to represent the constraints on each 

wheel's movement. Mechanical mobile robots, often known as "two-wheel differential drive 

mobile robots," usually have at least three wheels. 

A shared horizontal axis connects the two separately controlled drive wheels, which is fixed 

during robot operation (relative to your body). These "drive wheels" ensure the mobile 
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robot's mobility due to their angular velocity. The robot's equilibrium is maintained by the 

flywheel (a passive rotating wheel). It is mounted separately on the vertical axis rather than 

on the mobile robot body's driving axis. As a result of the force provided by merely the two 

"driving wheels" [31], the rotating wheels will align themselves on the course automatically 

and freely. 

The vehicle rotates around the center of the axle due to the difference in speed between the 

two independently driven coaxial wheels, while the wheels work together to create forward 

or reverse movement. Because of the angular velocity of the two wheels are equal and 

opposite, those robots can rotate without changing the midpoint between the wheels. Mobile 

robots move at a slow pace and presume there is no vertical motion. 

However, the analysis will be explained by a few key assumptions. Assume that the wheels 

remain upright throughout the robot's movement and that the ground plane's contact point 

with the wheels does not slip. This means that the wheel only revolves around the vertical 

axis through the contact point under pure rolling conditions. 

There is no vertical rotation axis or steering axis on a typical fixed wheel. Because the angle 

between the chassis and the wheel axle remains constant, the robot can only move back and 

forth along the plane of the wheel and spin around its point of contact with the plane of the 

wheel. 

The robot will have a specific form of a non-holonomic constraint, which will take into 

consideration the preceding assumptions about wheel motion. Non-holonomic restrictions 

are limits on an object's possible speed. It can simply mean that a differential drive mobile 

robot can move ongoing and backward directions while not in sideways, as shown in Figure 

3.8. 

 

Figure 3. 8 The non-holonomic robot motion 
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3.2.3. Modeling of the Power Actuator Drive 

3.2.3.1. Modeling of the Electrical Part 

The study of the movement that shapes these forces, as well as the energy and speed 

associated with these movements, is known as dynamics. The DC motor is an important 

transducer that converts electrical energy into mechanical energy. A DC motor is the polar 

opposite of a generator, yet it can function as both a generator and a motor. 

The input voltage Vin (s) is related to the output angular velocity (s) by the open loop transfer 

function of a DC motor without any additional load, which is given by the equation (3.39). 

Equations supply the total equivalent inertia J and total equivalent damping b in the motor 

armature (3.33). The mobile robot can be thought of as having a cuboid shape for the sake 

of simplicity [32]. 

 

Figure 3. 9 DC Motor Electric Circuit 

The relationship b/n the torque and armature current expressed as: 

                  ( ) ( )
t

T t k I t                                            (3.31) 

Where tk is the motor torque constant in Nm/A 

The back electromotive force 𝑉𝑒𝑚𝑓 is proportional to the angular velocity of DC Motor 

                                  
( )

( ) ( ) ( )
emf b b

d t
V t e t K w t K

dt


                                                      (3.32) 

Where, bK  is the back emf constant; ( )wt  is the angular velocity; ( )t  is the angular 

displacement 

                                   ( )
( ) ( ) ( ) ( )

t

dw t
T t K t I t b w t J

dt
                                                    (3.33) 
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 Where, b is the damping inertia of the mechanical system 

           ( )
( ) ( ) ( )

a a

dI t
u t e t R I t L

dt
                                                                (3.34) 

Where, u(t) is the input voltage; aR  is the Resistance; aL  is the inductance of armature; J is 

a moment of inertia. 

Appling Laplace transform for Eq. (3.33) and Eq. (3.34) 

           ( ) ( ) ( )
t

K I s b w s JS w s                                   (3.35) 

           ( ) ( ) ( ) ( )
a a

u s e s R I s LS I s             (3.36) 

Rewrite Eq. (3.35) 

           ( ) ( )
( )

t

b w s JS w s
I s

K

  
          (3.37) 

           ( ) ( ) ( ) ( ),  e(s)=K ( )
a a b

u s e s R I s LS I s w s      

           ( ) ( ) ( ) ( )
b a a

u s K w s R I s LS I s                                     (3.38) 

Substitute Eq. (3.37) into Eq. (3.38) 

          ( )( ) ( )( )
( )( ) a a

b

t t

R w s b JS LS w s b JS
K w s

K K
u s

   
    

          ( )( )( )

( )

t b a a

t

K K R LS b JSu s

w s K

   
  

          ( )
( )

( ) ( )( )

t

t b a a

Kw s
Gv s

u s K K R LS b JS
 

   
                  (3.39) 

                                  ( )
( )

( ) ( )

t

t b a a

Kw s
Gv s

u s K K Rb R J S
 

  
                                         (3.40) 

Equation 3.40 is the transfer function of the motor dynamics. 

To obtain maximum accuracy while developing the mathematical model of the mobile 

platform system, it is required to observe and evaluate the dynamics between the road, 

wheels, and platform, as well as take into account all forces acting on the mobile platform 

system [32]. Various forces act on the mobile platform during operations. The balance 

between the forces acting on the platform during operation and the forces classified as road 

loads and traction forces is included in the dynamic modeling of the mobile platform system. 
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3.2.3.2. Modeling of the Driving Part 

Mobile platforms are typically supported by two driving wheels (e.g., rear wheels) plus one 

or two front caster wheels for added stability (s). Because their torque-speed characteristics 

can be achieved with different electrical configurations, and their speeds can be smoothly 

controlled and, in most cases, are reversible, direct current (DC) motors that are coupled 

directly or indirectly (via velocity reduction gears) with the driving wheels are typically used 

to actuate mobile platforms. This section gives a full physical model of a DC motor linked 

directly to a driving wheel and identifies all of its parameters. A circuit diagram of actuator 

drive is shown below. 

 

Figure 3.10 Circuit diagram of actuator drive  

The stator and rotor windings are the two major components of a dc motor. The purpose of 

these components is to transform electrical energy into mechanical energy. There are two 

types of DC motors: induction and synchronous. First, armature-controlled dc motors with 

a constant field voltage (Vf) or a permanent magnate in place of the stator winding. Variation 

of the armature voltage (Va) or current is used to control them (ia). Second, field-controlled 

dc motors, in which the armature voltage (Va) is constant and the field voltage (Vf) or 

current is varies to regulate the armature voltage (Va) (if). 

To achieve a linear model for DC motors, the hysteresis and voltage drop across the motor 

brushes are ignored, and the motor input voltage is supplied to the field or armature terminals 

[33]. As follows, the air gap flux (φ) is proportional to the field current (if): 

                 ( )
f f

K i t                                 (3.41) 

Where, Kf is the proportionality and t is time.  
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The developed torque (Tm) is assumed to be linearly related with φ and the armature current 

(ia) (KL is the proportionality constant) and substituting for air gap flux (φ) from Equation 

3.41 yields: 

         ( ) ( ) ( ) ( )
m L a L f f a

T t K i t K K i t i t                                             (3.42) 

Equation 3.42 shows that to have a linear dc motor, if or ia have to be maintain constant 

while the other current becomes the input current controlled motor. 

Case 1: Field current controlled DC motor 

In this case, the armature current (ia) is constant and the field current (if) varies with time (t) 

yields: 

                     ( ) ( ) ( ) ( )
m L a L f a f m f

T t K i K K i i t K i t                                 (3.43) 

Where: ( mK  = L f aK K i ) is called the dc motor constant.  

Applying Kirchhoff’s law and using Laplace notation yields: 

                      ( ) ( ) ( )
f f f f

V S R L s I S                                           (3.44) 

Where, S is the Laplace notation, Vf is input voltage, Rf is resistance, Lf is inductance, and 

If = if is the stator current, see Figure 3.11. The motor torque (Equation 3.43) equals the 

torque delivered to the wheel and rotor (TR) that can be modeled by: 

                       2( ) ( ) ( )
R

T s Js s s s                                   (3.45) 

Where TR is the torque, J is the inertia. 

Equating Equation 3.43 with Equation 3.45, and substituting for If(s) which yields the 

transfer function, G(s), of a field current controlled dc motor connected directly to a wheel: 

           ( )
( )

( ) ( 1)( 1)
f f R

s K
G s

V s s s s



 
 

 

                                   (3.46) 

With,                                   
,  and L f am f

f R

f f f

K K IK L J
K

R R R
 

  
   

 

Where: K is the system, f  is electrical time constant, and R  is the mechanical time 

constant. 
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Figure 3.11 Block diagram of a field controlled drive  

Where, Tm generated torque; Td disturbing torque; TR is driving torque; ω is the wheel’s 

angular velocity. 

Case 2: Armature current controlled DC motor 

The field current (if) is constant and the armature current (ia) varies with time (t), yielding:

      ( ) ( ) ( ) ( )
m L a L f f a m a

T t K i K K i i t K i t                      (3.47) 

Applying Kirchhoff’s voltage law and using Laplace notation yields: 

  ( ) ( ) ( ) ( )
a a a a b

V S R LS I S V S                         (3.48) 

Where, Va is input voltage, Vb is the back electromotive-force. 

( ) ( )
b b

V t K t  

( )
( )

( ) ( )( )

m

a a a b m

Ks
G s

V s R L s Js K K




 

  
                                            (3.49) 

 

Figure 3.12 Block diagram of armature control drive 

However, in most cases, the induction term L is negligible and if J is small, then Equation 

(3.49) can be simply rewritten as 

( )
( )

( )

m

a a b m

Ks
G s

V s R K K




 



                                                  (3.50) 
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CHAPTER FOUR 

CONTROLLER DESIGN 

This chapter explains how to keep track of the road and stay on track without colliding with 

an obstacle. The robot model gained in Chapter 3 is used to create a fuzzy logic controller, 

which is then used to create an Adaptive Neuro Fuzzy Inference System (ANFIS). 

4.1. Proposed Control System 

A two-wheeled mobile obstacle avoidance robot is designed to maneuver in its surroundings. 

For distance information, object detection, collision avoidance, and navigation, three and 

eight proximity sensor models are employed to create input variables. The left and right 

motors are controlled by two of the output variables. The mobile robot features two wheels, 

one of which is utilized for robot stability and is propelled and controlled by a pulse width 

modulator to control a DC motor [33]. Using MATLAB software, simulations are run to 

assess the viability and effectiveness of the proposed control system. The study is based on 

the amount of time it takes to go from one spot to another. 

 

 

Figure 4. 1 Block Diagram of the System 
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4.2. Overview of Fuzzy Logic Controller 

Here, we deal with the fuzzy controller needed to develop the path tracking and obstacle 

avoidance controller, which is the core of this study. 

Fuzzification, knowledge base, fuzzy reasoning, and defuzzification are the main 

components of a traditional fuzzy logic system. Fuzzification changes the right input 

variables into fuzzy variables, which are input grades. The knowledge database stores 

relevant data and control rules. The knowledge base and the reasoning engine yield fuzzy 

outcomes when using fuzzy reasoning. Defuzzification is the process of converting 

ambiguous variables into precise output variables. Figure 4.2 depicts a typical architecture. 

 

Figure 4.2 Typical Structure of a fuzzy logic system 

The fuzzifier, inference engine, rule base, and fuzzified are the four essential components of 

fuzzy logic controllers. The Fuzzifier conducts input variable measurement, scale mapping, 

and defuzzification (input signals). All detected signals are scaled, and fuzzification refers 

to the conversion of the measured signal (clear input quantity) to a diffuse quantity 

(linguistic variable). Membership functions are used to accomplish this conversion. 

The membership function describes the degree to which a quantity belongs to the fuzzy set 

and has a value between 0 and 1. Its value is 1 if the number is unconditionally decided to 

fit the fuzzy set, but it is 0 if the set is determined not to fit. To regulate the speed and steering 

angle of the robot's driving wheels, the trigger rule's output is mixed with fuzzy logic 

operations. These are represented by the left and right motors, which represent the speed of 

the robot's left and right wheels, respectively. 
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Fuzzy controllers can make use of information gathered from human operators. This is 

crucial in control issues where exact mathematical models are difficult or impossible to 

develop, and the acquired models are difficult or expensive to utilize. Inherent nonlinearities, 

the time-varying nature of the process to be regulated, massive unpredictable environmental 

disturbances, degrading sensors, and a variety of other factors all contribute to this challenge. 

An experienced human operator's knowledge can be employed instead of a detailed model 

of the regulated process. The language description is made up of a series of fuzzy 

proposition-based control rules. The rule, which exemplifies the form of these rules, 

  If the temperature is very high 

  And the pressure is slightly low 

  Then the heat change should be slightly negative. 

Where temperature and pressure are the process's observed state variables, and heat change 

is the controller's action to take. The fuzzy sets defined by the universes of discourse of 

temperature values, pressure values, and heat change values, respectively, can represent the 

vague terms very high, slightly low, and slightly negative. The fuzzy controller was built on 

the basis of this type of language rule. 

4.2.1. Fuzzification Module          

The input information is converted by the fuzzification module. The data is transformed into 

a format that the machine can search in its knowledge base for. This is accomplished by 

breaking the phrases down into simpler terms and extracting the essential terms, which are 

then passed to the inference engine to be processed further. 

Fuzzification is the process of turning a precise number into a fuzzier one. This is 

accomplished by realizing that many quantities that are thought to be crisp, classical, and 

deterministic are not in fact deterministic. They do, in fact, carry a significant degree of risk. 

If the source of the uncertainty is ambiguity, vagueness, or imprecision, the variable is most 

likely fuzzy and can always be represented by a membership function. 

4.2.2. Rule Base 

A rule basis is present in every Artificial Intelligence system. Because the Fuzzy logic 

system is an AI-based system, it has its own rule base in which all of the information and 

data for the agent's reference is stored. A rule basis refers to a set of rules. The most common 
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syntax for these rules is IF-THEN. The antecedent, premise, or condition of the rule is called 

the antecedent, while the THEN side is called the consequent, or conclusion. 

The rules of the fuzzy logic set theory are kept in the fuzzy logic system's knowledge base. 

Their rules are represented by an if-then ladder. As a result, anytime the system tries to solve 

an issue, this if-then ladder is executed, and the system then works on the rule it obtains 

from the matched condition. 

4.2.3. Inference Engine 

The essential component of the fuzzy logic system is the inference engine. When compared 

to computer components, our inference engine is identical to the computer's processor. It is 

where all of the information processing takes place. The inference engine's job is to analyze 

and conclude all of the information it receives from the fuzzification module in order to 

produce a correct result. This is done again by referencing to the knowledge base's rules and 

preceding information. The final conclusions are then given to the defuzzification module 

for additional tweaking. 

4.2.4. Defuzzification Module 

Defuzzification is the process of converting a fuzzy amount to a precise number, while 

fuzzification is the process of converting a precise number to a fuzzy number. The inference 

engine sends the processed data to the defuzzification module. The conclusion is contained 

in this data, but it is not in the format in which it was received, i.e., in a user-friendly manner. 

As a result, the defuzzification module re-converts this data into a format that the user can 

understand. Now I'll try to describe each of the main processes needed in the design of a 

fuzzy controller using this simple control problem as an example. 

 

Figure 4.3 Design steps of fuzzy logic controller 

The design involves the following steps: 
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Step1: After determining the controller's important input and output variables, as well as the 

range of values for each, we must choose linguistic states for each variables and represent 

them in the appropriate fuzzy set. These fuzzy sets are, in most situations, fuzzy numbers 

that represent linguistic categories like nearly zero, positive small, negative small, positive 

medium, and so on. 

Now in order to explain this step, assume that the ranges of the input variables e and e


 are 

[-a, a] and [-b, b] respectively and the range of the output variables v is [-c, c]. let the 

following seven linguistic states are selected for each of the three variables. 

NL-Negative Large                                 PL-Positive Large 

NM-Negative Medium                            PM-Positive Medium 

NS-Negative Small                                  PS-Positive Small 

AZ-Approximately Zero 

On representing these linguistic states by triangular shape fuzzy numbers that are equally 

spread over each range, we will get the fuzzy quantization exemplified for variable e in this 

figure. For variables e


 and v, variable a is replaced with values b and c respectively. 

 

Figure 4.4 Membership function output 

Possible fuzzy quantization of the range [-3, 3] by triangular shaped fuzzy numbers. Other 

shapes of membership functions are preferable to triangular shape for specific applications. 

The shapes need not be symmetric and need not be equally spread. 
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Step2: To reflect the measurement uncertainty associated with each input variable, a 

fuzzification function is introduced in this stage. The fuzzification function interprets 

measurements of input variables expressed as real numbers or more realistic fuzzy 

approximations of real values. Consider the variable e with the fuzzification function fe 

applied. The fuzzification function then takes the following shape: 

[ 3,3]
e

f R    

Where R is the set of numbers of all fuzzy and ( )e of x is number of fuzzy chosen by ef  as a 

fuzzy approximation of the measurement oe x .  

Step3: The knowledge relating to the specified control problem is expressed in terms of a 

set of fuzzy inference rules in this stage. There are two main methods for determining closely 

similar inference rules. One method is to obtain them from skilled human operators. The 

alternative option is to derive them from empirical (experimental) data using an appropriate 

learning process and neural networks. 

In the concerned example with variables e, e


 and v the inference rules have the canonical 

form of e=A and  e


=B, then V=C. 

Table 4.1 Example of fuzzy rule base 

    
e


 
    

 V NL NM NS AZ PS PM PL 

 NL PL PL PL PL PM AZ AZ 

 NM PL PL PL PL PM AZ AZ 

e NS PM PM PM PS AZ NM NM 

 AZ PM PM PS AZ NS NM NM 

 PS PM PM AZ NS NM NM NM 

 PM AZ AZ NM NL NL NL NL 

 PL AZ AZ NM NL NL NL NL 
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Step4: To create inferences about the output variables, measurements of the input variables 

of a fuzzy controller must be properly paired with applicable fuzzy information rules. This 

is what an inference engine is for. Some of the materials, i.e., knowledge acquired 

previously, can be directly utilized in the design of inference engines. 

Now proceed with variables e, e


 and v as follows. Firstly, convert given fuzzy inference 

rules in to equivalent simple fuzzy conditional propositions of the form, 

  If (e, e


) is AxB, then v is C. 

Where, [AxB] (x, y) =min[A(x), B(y)] for all x [-a, a] and all y [-b, b]. similarly, the 

fuzzified input measurements ( ) and ( )
e o e o

f x f y can be expressed as a single joint 

measurement ( , ) ( ) ( )
o o e o e o

e e f x f y


  . 

When the fuzzy rule base consists of n fuzzy inference rules, the reasoning schema has the 

form: 

               Rule 1: If ( , )e e


 is A1 x B1, then v is C1 

               Rule 2: If ( , )e e


 is A2 x B2, then v is C2 

               Rule n: If ( , )e e


 is An x Bn, then v is Cn 

Step5: The designer of a fuzzy controller must choose a suitable defuzzification method in 

the final step of the design process. Defuzzification is the process of converting each 

inference engine conclusion, which is expressed in terms of a fuzzy set, into a single real 

number. The resultant number, which defines the fuzzy controller's action, is not random. 

Any input measurements are included in the collection to be defuzzified which is, 

  and 
o o

e x e y   and C is defined by [ ( ) ( )]
j e o e o o j

C U f x f y i R  . 

4.3. Design of the Path Tracking Controller Using Fuzzy Logic Techniques 
 

The acronym ANFIS is derived from the neuro-fuzzy adaptive inference system. The ANFIS 

controller is a combination of neural network and fuzzy logic. Many inputs are applied to 

the neural network, depending on the input that the neural network has some standard output. 

Input membership functions (MF) are assigned to input characteristics, input MF to an if-

then rule set, rules to an output characteristic set, output characteristics to output MF, and 

output MF to a single-valued output or a decision using ANFIS. ANFIS combines the neural 

network and fuzzy systems approaches. You can get good reasoning in terms of quality and 
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quantity if you mix these two strategies. To put it another way, fuzzy inference and network 

computing will be available concurrently. 

The goal of control is to keep the robot on track with the specified reference by inputting 

proper wheel speeds (both left and right). To converge the difference between the robot's 

track P (x (t), y (t), q (t)) and the reference Pd (xd (t), yd (t), qd (t)) to zero (0). In actual life, 

getting precise parameters from a robot is tough. The neuro-purpose fuzzy's is to decrease 

the error between desired and real positions (xd-x, yd-y), as well as the error between the 

desired and real orientations (qd-q). 

 

Figure 4.5 Control architecture 

The feedback signal compares the real robot coordinates to the target coordinates and 

calculates the intended orientation as well as the angle error between the actual present 

orientation and the desired orientation, as shown in the equations below. 

    1tan ( )T

T

T

Y Y

X X
  




            (4.1) 

     error=
T

angle               (4.2) 

The real position of the mobile robot to the target position is calculated by: 

    2 2( ) ( )
T T

D X X Y Y     
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The vector 

X

Y



 
 
  
 

 and 

T

T

T

X

Y



 
 
  
  

represents the current position and the desired position of the 

mobile robot respectively. 

For control problems at a given required position, reduce the distance and the deviation angle 

to zero to achieve the purpose of position control. 

4.3.1. Position Control 

The mobile robot can use this control approach to follow the target points (xd (t), yd (t)) 

along the target trajectory. The robots must go from their starting place to their final 

destination without changing their orientation. The controller receives two inputs, which are 

the disparities between the intended and target positions of the robot. 

The position control block diagram is as follow: 

 

Figure 4.6 Position control block diagram 

In the position control, the controller takes two inputs variables ex and ey given by equations 

(4.27) and (4.28) respectively. The position control diagram is shown in Figure 4.6 and the 

single output is expressed in equation (4.29). 

                 ( ) ( ) ( )
x d

e t x t x t                      (4.27) 

                 ( ) ( ) ( )
y d

e t y t y t                                    (4.28) 
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Where, 

x(t) and y(t) are the coordinates of the robot; 

xd(t) and yd(t) are the target coordinates of the robot.  

The neuro fuzzy have only one output fp(t): 

                1

1

( )

m p p

i ii

p m p

ii

w f
f t

w









                    (4.29) 

4.3.2. Orientation Control 

This control approach, like position control, allows the robot to spin around itself by 

following the target angle. The difference between the desired angle d of the robot and the 

direction  is the ANFIS's single input e. The angular velocity is the single output of fuzzy 

inference, neural networks, and defuzzification. The input is shown in equation (4.30) and 

the output is shown in equation (4.31). 

The orientation control block diagram is described as follow: 

 

Figure 4.7 Orientation control block diagram 
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                    (4.31) 
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4.3.3. Trajectory Control Strategy 

The combination of position and orientation controls creates the trajectory control that 

allows the robot to follow the specified path. The controller's inputs ex, ey, and e determine 

the difference between the robot's actual and desired positions. 

The linguistic variable “distance” is obtained by using equation (4.33). 

                   2 2tan
x y

dis ce e e                     (4.33) 

The linguistic variable “alpha” which is the angle of orientation that the MR forms between 

the straight line of actual and target position are calculated by using equation (4.34).  

                   1tan ( )y

x

e
alpha

e
          (4.34) 

𝑣 and 𝑤 are from ANFIS position control, and 𝑤 is from ANFIS orientation control. In this 

case, the angular velocity of the right and left wheels (ΩR and ΩL) is obtained by equations 

(4.35) and (4.36). 

                   1
( )

R
v Lw

r
                                (4.35) 

                   1
( )

L
v Lw

r
            (4.36) 

The mobile robot's orientation from the real position and orientation to the desired position, 

regardless of ultimate orientation, is the method implemented using ANFIS1. The mobile 

robot moves to the target point and rotates the (alpha) angle in this phase. Using ANFIS2, 

the mobile robot is oriented according to the goal pose once it has arrived at the target point. 

The following diagram shows the global trajectory control: 
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Figure 4.8 Trajectory control block diagram 

4.4. Implementation of the Path Tracking Controller Using ANFIS 

4.4.1. Adaptive Neuro-Fuzzy Inference System (ANFIS) 

In recent years, the notion of fuzzy logic and artificial neural networks for control problems 

has become one of the most popular analysis subjects. The reason for this is because in 

traditional control theory, the controller is usually created using a mathematical model. The 

controller's effectiveness is generally degraded by the inaccuracy of mathematical modeling 

of the plants, particularly for nonlinear and complicated control difficulties. The introduction 

of fuzzy logic controllers (FLC) and neural controllers based on multilayered neural 

networks has sparked a new wave of possibilities for better, more efficient control. 

It has been proposed and developed in recent years to combine fuzzy logic and neural 

networks, notably fuzzy neural networks (FNN). ANFIS is a word used to describe a system 

that combines fuzzy logic with neural networks (Adaptive Neuro Fuzzy Inference System). 

The neural system has a number of inputs and outputs. Fuzzy logic, on the other hand, has a 

single output and several inputs. ANFIS is a nonlinear application that uses the combination 

of these two [34]. 

Distance 

and  

Alpha 

ANFIS 1 

Position 

Controller 

Wheels 

Speed 

Mobile 

Robot 

ANFIS 2 

Orientation 

Controller 

Xd 

Y
d
 

e
x
 

e
y
 

x 

y 

+ 
- 

+ 

+ 

V 

W 

ΩR 

Ω
L
 

Ɵ
d
 

Ɵ 

eƟ + 

- 



 

 

40 

 

Conventional PID controllers in various combinations are commonly used for industrial 

processes due to their simplicity and efficacy for linear systems, particularly initial and 

second-order systems. Proportional integral derivative (PID) controllers are well known for 

being useful for linear systems, but they are often ineffective for higher order and nonlinear 

systems. For non-linear systems, other controllers, such as PID, proved ineffective. This 

ANFIS controller, on the other hand, is more accurate than other controllers and is beneficial 

for nonlinear systems. This is the controller's most significant benefit. 

The T-S fuzzy model was proposed by Takagi and Sugeno in 1985. It was dubbed the 

Sugeno fuzzy model by students. A nonlinear model is the Sugeno fuzzy model. It's a good 

way to express the dynamic properties of complicated systems. In addition, the fuzzy 

inference model is the most commonly used. 

The ANFIS Controller is a neural network and fuzzy logic hybrid. The neural network 

receives a large number of inputs. The neural network produces a standard output based on 

the inputs. As a result, the neural network is trained based on the inputs and outputs. After 

the neural network has been trained, the output is sent into fuzzy logic, which provides IF 

THEN rules and membership functions. MATLAB is used for this. 

This ANFIS controller is commonly used for nonlinear system control. In comparison to 

traditional PID controllers and other controllers, this is the best controller. This controller is 

used to control the temperature of the water bath. In addition, this controller is utilized to 

operate planes. Intelligent planes that learn on their own and take off are currently being 

researched. 

4.4.1.1 Trained Data Using ANFIS 

Trained data is information that instructs the computer on how to process the data. It mimics 

the human brain's ability to take several inputs, interpret them, and trigger activations in 

brain cells. With neural network and machine learning programs, artificial neurons can 

duplicate a major portion of this process. These programs create extremely precise 

representations of the human thought process. 

Training data is a form of data that is used to train a new application, model, or system using 

a variety of approaches, depending on the practicality and requirements of the project. 

Artificial intelligence or machine learning training data differs differently in that it is labeled 

or annotated using specific procedures to make it recognizable to computers, which aids 

machines in understanding the objects. The amount of data needed to train the software is 
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determined by the problem's complexity level and an algorithm. Inadequate data might 

influence the model's forecast accuracy, and managing large amounts of data can be 

problematic, even if it can produce appropriate results. As a result, the amount of data 

required at first is determined by the problem's complexity. 

 
 

a) Train Data       b) Test Data 

 

c)  All Datas 

Figure 4.9 Train and Test Data for Position Control 
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a) Train Data                                            b) Test Data 

 

C) All Datas 

Figure 4.10 Train and Test Data for Orientation Control 



 

 

43 

 

4.4.2. Path Tracking Algorithm 

The author describes a path tracking control system for autonomous wheeled mobile robots. 

In traditional systems, the path is usually designed using smooth curves with curvature-

continuity, and a path tracking controller is constructed separately to adjust for path error 

that arises during navigation. Path tracking aims to reduce the distance and rotational error 

between a robot and a geometric reference path. An autonomous robot's control system 

consists of multiple interconnected functions, such as vision, path planning, and path 

tracking. 

The ability of a mobile robot to track a path is determined by the way's properties, therefore 

the path generator must satisfy basic requirements such as position, direction, and curvature. 

However, because of the relationship between the characteristics of the required steering 

action and the properties of the vehicle, smooth variation in curvature is still required. The 

goal is to generate control commands for the robot so that it can follow a path despite 

environmental perturbations when it is tracking a previously determined path. As a result, it 

must take into account the robot's current position as well as the limits imposed by its lower 

motion controllers. 

The method simplifies the path by calculating the path's main corners and establishing a new 

trajectory as a list of evenly spaced points. The path tracking method uses the pure pursuit 

algorithm to calculate steering commands in order to follow the path. The objective point is 

set a predetermined distance ahead of the robot in the intended path. 

4.5. Development of a Strategy for Obstacle Avoidance 

The fuzzy controller is mainly for controlling the robot's movement in this thesis. The robot's 

distance from the objective and the angle between the robot and the obstacles are also inputs. 

Left motor velocity and right motor velocity are the two outputs. As a result, the FLC has 

two inputs and two outputs. 

4.5.1. Constructing Membership Functions 

There are five membership functions which are triangular members. Zero (Z), Near (N), 

Medium (M), Far (F), Very Far (VF), and Big Negative (BN) are the languages for distance, 

while Negative (N), Zero (Z), Positive (P), and Positive Big (PB) are the languages for angle. 

Very Slow (VS), Slow (S), Medium (M), Fast (F), Very Fast (VF) linguistic variables are 

specified for L, R. In Table 4.2, the parameters that define the functions are listed. 
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Table 4.2 Input and Output Parameters 

r (m) 
Z 

[0 0 2.5] 

N 

[0 2.5 5] 

M 

[2.5 5 7.5] 

F 

[5 7.5 10] 

VF 

[7.5 10 10] 

Ɵ (rad) 

BN 

[-3.14 -3.14 -1.75 

-0.75] 

N 

[-1.5 -0.5 0] 

Z 

[-0.3 0 0.3] 

P 

[0 0.5 1.5] 

BP 

[0.75 1.75 3.14 

3.14] 

ωR 
VS 

[0 0 1.5] 

S 

[0 1.5 3] 

M 

[1.5 3 4.5] 

F 

[3 4.5 6] 

VF 

[4.5 6 6] 

ωL 
VS 

[0 0 1.5] 

S 

[0 1.5 3] 

M 

[1.5 3 4.5] 

F 

[3 4.5 6] 

VF 

[4.5 6 6] 

 

4.5.2. Constructing the Rule Base 

It is important to create a fuzzy logic control for the real velocities of the mobile robot that 

uses linguistic variables in the inputs and outputs in order to meet the control target. The 

expert system was built using the IF-THEN rules, which are a set of 25 rules for controlling 

robots on a predetermined path. This rule will help the robot change directions while striving 

to keep track of the target position.  

   

Figure 4.11 Conventional fuzzy system 

 

 

Fuzzy Rule 

Base 

Fuzzy Inference 

Engine 
Defuzzifier Fuzzifier 
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Table 4.3 Right Wheel Velocity 

  X2=Ɵ    

X BN N Z P BP 

Z VS S VS VF VF 

N VS VS S VF VF 

M VS S M VF VF 

F VS S F VF VF 

VF VS S VF VF VF 

 

Table 4.4 Left Wheel Velocity 

  X1=r    

X BN N Z P BP 

Z VF VF VS S VS 

N VF VF S S VS 

M VF VF M S VS 

F VF VF F S VS 

VF VF VF VF S VS 

A membership function (MF) is a curve that describes how each point in the input space is 

transformed to a membership value (degree of membership) that ranges from 0 to 1. The 

universe of discourse is a term used to describe the input space. The only requirement for a 

membership function is that it must fluctuate between 0 and 1. 

                 

(a) Input Variable Distance                                             (b) Input Variable Angle 
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(c) Right Wheel Velocity                                         (d) Left Wheel Velocity     

Figure 4.14 Membership function of fuzzy logic system 

Depending on the number of linguistic terms employed, fuzzy membership functions can 

comprise several fuzzy sets. A linguistic term is represented by each fuzzy set. A degree of 

membership is a number that shows how much of a crisp value can be a member of each 

fuzzy collection. One crisp value can be translated into a number of fuzzy sets, but the degree 

of membership in each fuzzy set can vary. 
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CHAPTER FIVE 

RESULTS AND DISCUSSIONS 

The results for simulation of the problem stated in the previous parts are presented in this 

section. Simulation can be taken as a significant research tool since the early twentieth 

century, and it has now evolved into a strong visualization, planning, and strategy tool in a 

variety of sectors of research and development. In robotics, simulation is also quite 

significant. The controller was created using the R2019b version of the MATLAB/Simulink 

software. 

Fuzzy logic, unlike classical logic, accepts error, uncertainty, and partial truth. The 

advantage of the fuzzy logic-based system in the control of mobile robots is that it can 

actualize the intuition of sensor-based navigation and readily translate linguistic information 

into control signals. The trajectory tracking of wheeled mobile robots is mostly explored 

using fuzzy logic control, which allows the mobile robot to move to a specified posture while 

following any reference trajectory. 

5.1. Specification of a Mobile Robot 

One of the most distinguishing characteristics of robots is their ability to interact with the 

outside world, altering it through their activities and responding to external events. Robots 

assist humans by doing important activities, extending their skills, and reducing our hazards 

when working in hazardous areas. To develop the correct robot for each application, robotics 

experts must be knowledgeable with logic, microprocessors, and computer programming. 

They must also develop specifications for the robot's capabilities in relation to the 

workplace. Robotics engineers are also in charge of cost-effective design, cost-price 

computations, and quality assurance. 

Mobile robotics is a fast-evolving, solution-oriented business in which robotics engineers 

play an increasingly important role. Mobile robotics is a significant aspect of the business, 

with applications in manufacturing, agriculture, aerospace, mining, and medical, among 

others. A robotics engineer works in offices, factories, or laboratories, designing, 

maintaining, developing new applications, and conducting research to help robots reach their 

full potential. The job starts with a laser-like focus on a single business challenge in a certain 
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industry. In manufacturing, for example, there may be a desire to enhance capacity by 

developing robots for activities that can be automated. 

Table 5.1 Parameters of the WMR system [35] 

Parameter Value Unit 

r Wheel Radius 0.04 M 

mg Mass of the Rotation system 0.18 Kg 

JR Moment of inertia of the rotation system 0.000025 Kgm2 

FR 
Friction Coefficient of the rotation 

system 

0.2 Nrad-1s-1 

l 
Length measured from the wheel axis 

and mass center of the main body 

0.08 m 

mB Mass of the main body 1.16 Kg 

JB Moment of inertia of the main body 0.0015 Kgm2 

FB Friction Coefficient of the main body 0.002 Nrad-1s-1 

g Gravitational acceleration of the Earth 9.807 ms-2 

 

5.2. Scenario for Path Tracking 

Experiments were carried out on concrete terrain in an outdoor environment in this study, 

with various scenarios: 

Scenario 1 (Seesaw shape): In this case, the robot is programmed to follow a sinusoidal 

course. The program specifies the vertex coordinates. 

Scenario 2 (Circular shape): In this scenario, the robot follows a 10cm-radius circular 

trajectory with initial positions of (5,5). 

Scenario 3 (Rectangle Shape): The robot is meant to follow a rectangular trajectory in this 

scenario. The software defines all of the vertex points. 

Scenario 4 (Twisted Shape): In this scenario, the robot follows a common-point route. The 

entire point. 
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5.3. Path Tracking Result 

As seen in the Fig.5.1 below the robot trajectory follows the reference trajectory in 

sinusoidal shape form.  

   

Figure 5.1 Tracking the trajectory of a mobile robot in the shape of a seesaw 

 

Figure 5.2 Tracking the circular path of a mobile robot. 

Desired 

Real 

Desired 

Real 



 

 

50 

 

 

Figure 5.3 A mobile robot's rectangular trajectory tracking 

 

 

Figure 5.4 A mobile robot's tracking with overlapped points 

Desired 

Real 

Desired 

Real 
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Figure 5.5 Tracking a mobile robot's different shapes and trajectory 

This ANFIS controller is widely used for controlling the non-linear system. As this is the 

best controller as compared to conventional PID controller and other controller. 

5.4. Obstacle Avoidance Result 

In this case the mobile robot moves from its initial position (0,0) towards the goal without 

obstacle in its way. 

 

Figure 5.6 Getting to the goal without any difficulties 

Desired 

Real 

Desired 

Real 
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Figure 5.7 Getting to the goal with difficulties 

As can be seen, the robot's motion in the workplace is different with and without obstacles. 

The scene in fig.5.7 has three new obstacles. However, when it approaches the destination, 

the robot adjusts course to avoid obstructions. 

5.5. Simulation Results of DC motor 

 

Figure 5.8 Speed of DC motor 
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Figure 5.9 Angle of DC motor 

 

Figure 5.10 Current of DC motor 

Why ANFIS is used? 

The most significant advantages of ANFIS is it presents a much better learning ability for a 

similar network complexity, a much smaller convergence error is achieved, and although 

the convergence is slower the smallness of the error in ANFIS is able to compensate that 

fact. The ANFIS has also some advantages, including the ability to capture the nonlinear 

structure of a process, adaptation capability, and rapid learning capacity. 
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5.6 Comparative analysis of ANFIS controller and FIS controller   

The fuzzy controller is a time consuming process to get an accurate membership function. 

To track the given trajectory efficiently the controller must be ANFIS. The Mean Square 

Error (MSE) of the position controller and orientation controller for repeated sequence 

reference is shown in Table 5.2 to compare the deviation of simulated actual path from 

desired path between the FIS and ANFIS. 

Table 5.2 Comparison of MSE value 

MSE FIS ANFIS 

MSE in position x (m) 0.0013 0.0008 

MSE in position y (m) 0.0012 0.0010 

MSE in orientation theta (rad) 1.8556 0.0064 

 

5.7. Discussion 

According to related works for path tracking using fuzzy, unlike the ANFIS base controller 

fuzzy tracking has some loss precision with simple paths. These types of controllers are not 

able to follow the extremes curves along the simple path. In conclusion, ANFIS controller 

shows a better performance in following any kinds of paths by any degrees of complexity 

also have flexibility to different conditions like sudden turns. 

The ANFIS combines the neural networks and fuzzy systems techniques. When you mix the 

two clever ways, you'll get good quality and quantity reasoning. To put it another way, fuzzy 

inference and network computing will be available concurrently. The path tracking 

"Adaptive Neuro Fuzzy Inference System" (ANFIS) controller's job is to lead the robot to 

follow the route in a smooth, continuous, and precise manner. 

Obstacle avoidance robots are created to help robots navigate through unfamiliar 

environments by avoiding collisions. The robot can avoid obstacles and increase its target-

finding skills with the help of an intelligent controller for mobile robots. The robot's angular 

and linear velocity change as it moves towards the goal (using the obstacle avoidance 

approach). 
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CONCLUSION AND RECOMMENDATION 

6.1. Conclusion 

The related works are reviewed in this study, and data on mobile robots is acquired from the 

literature. In addition, both the proposed plant and controller have been mathematically 

modelled. 

An adaptive neuro-fuzzy inference system (ANFIS) may be used to learn FIS and identify 

and refine various parameters in membership functions and fuzzy rules using values from 

the training data set. The adaptive tracking controller of today learns and develops the 

information required for the mobile robot's tracking trajectory. Different simulation results 

should be used to demonstrate the trajectory controller's capabilities. MR can track specific 

specified reference paths thanks to this neuro-fuzzy controller. The simulation results 

suggest that the proposed strategy is adequate for solving the problem of target monitoring. 

The fuzzy logic control system is utilized to analyze the mobile robot's obstacle avoidance 

system, and the design process of the mobile robot's obstacle avoidance algorithm based on 

fuzzy logic is also discussed. The speed of the left and right wheels is its output to the fuzzy 

control system, and the angle between the obstacle's position and the robot's target position 

is its input variable. 

Proposed ANFIS controller is mainly focused on future Path curvature to produce linear and 

angular velocities signal for smooth motion of robot discovers that the designed ANFIS base 

controller has more abilities and better performance in tacking paths with any kinds of 

complexities, such as sudden turns, successive curves, and slopes. In conclude that designed 

ANFIS base control system shows great precision and tracking ability. In addition to online 

network, it has noticeable resistance to noise because of its intelligent algorithm. 

6.2. Recommendation 

By including trajectory tracking control into the trajectory planning algorithm, future work 

on tracking the tracking of mobile robots will be possible. When we deploy several mobile 

robots instead of a single mobile robot, future study on this mobile robot platform will be 

more intriguing. In addition, developing more powerful hybrid technologies to accomplish 

better trajectory control will be advocated in the future. 
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APPENDIX 

APPENDIX A: MATLAB CODES 

MATLAB code for Circular Trajectory 

%% Tracking trajectory for test signal 2 

function test2 

clf 

global Ra L 

load('U1_fis') 

load('U2_fis') 

Ra= 0.2; L= 0.4; 

t= 0; x= [5; 5; 0*pi/180]; h= 0.1; wt= 2*L; ht= 4*Ra; 

buf= [t x'];  

xx= linspace(5,25,100); 

yy= 15+sqrt(100-(xx-15).^2); 

trline= [x(1) x(2);[xx' yy']]; 

xx= linspace(25,5,100); 

yy= 15-sqrt(100-(xx-15).^2); 

trline= [trline;[xx' yy']]; 

hold on 

plot(trline(:,1),trline(:,2),'r'); % Draw the target line 

[xx,yy]= DrawCar([x(1) x(2) wt ht],x(3)); 

gh2= plot(x(1),x(2),'k--'); % Draw the trajectory 

axis equal 

axis([-2 30 -2 30]) 
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xlabel('x_1(t)'), ylabel('x_2(t)') 

grid on 

hold off 

for i= 2:size(trline,1) 

    xd= trline(i,:); 

    d= 50; 

    while d > 0.03 

        d= sqrt((xd(1)-x(1))^2+(xd(2)-x(2))^2); 

        E1= Saturation(d,[0 10]); 

        beta= atan2(xd(2)-x(2),xd(1)-x(1)); 

        gam1= beta-x(3); 

        if gam1 > pi 

            gam= gam1-2*pi; 

        elseif gam1 < -pi 

            gam= gam1+2*pi; 

        else 

            gam= gam1; 

        end 

        E2= Saturation(gam,[-3 3]); 

        u(1)= evalfis(U1_fis,[E1 E2]); 

        u(2)= evalfis(U2_fis,[E1 E2]); 

        x= RK4(@ModelCar,t,x,u,h); 

        t= t+h; 

        buf= [buf;t x']; 
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        [xx,yy]= DrawCar([x(1) x(2) wt ht],x(3)); 

        set(gh2,'xdata',buf(:,2),'ydata',buf(:,3)); % Draw the trajectory 

        drawnow 

    end 

end 

MATLAB Codes for Twisted Shape 

%% Tracking trajectory for test signal 3 

function test3 

clf 

global Ra L 

load('U1_fis') 

load('U2_fis') 

Ra= 0.2; L= 0.4; 

t= 0; x= [0; 15; 0*pi/180]; h= 0.1; wt= 2*L; ht= 4*Ra; 

buf= [t x'];  

th= linspace(0,pi,100); r= 15*cos(2*th); 

xx= r.*sin(th); yy= r.*cos(th); 

trline= [xx' yy']; 

hold on 

plot(trline(:,1),trline(:,2),'r'); % Draw the target line 

[xx,yy]= DrawCar([x(1) x(2) wt ht],x(3)); 

gh2= plot(x(1),x(2),'k--'); % Draw the trajectory 

axis equal 

axis([-20 20 -20 20]) 

xlabel('x_1(t)'), ylabel('x_2(t)') 
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grid on 

hold off 

for i= 1:size(trline,1) 

    xd= trline(i,:); 

    d= 50; 

    while d > 0.03 

        d= sqrt((xd(1)-x(1))^2+(xd(2)-x(2))^2); 

        E1= Saturation(d,[0 10]); 

        beta= atan2(xd(2)-x(2),xd(1)-x(1)); 

        gam1= beta-x(3); 

        if gam1 > pi 

            gam= gam1-2*pi; 

        elseif gam1 < -pi 

            gam= gam1+2*pi; 

        else 

            gam= gam1; 

        end 

        E2= Saturation(gam,[-3 3]); 

        t= t+h; 

        [xx,yy]= DrawCar([x(1) x(2) wt ht],x(3)); 

        set(gh2,'xdata',buf(:,2),'ydata',buf(:,3)); % Draw the trajectory 

        drawnow 

    end 

end 




