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ABSTRACT 

Agriculture is considered one of the most important economic activities in Ethiopia. About 

85% of the Ethiopian population are dependent on agriculture directly or indirectly through 

a traditional farming mechanism. Seed sowing using the human hand is a highly inefficient 

process that requires a lot of human effort, which leads to health concerns and is a time-

consuming as well as tedious activity for farmers. This thesis describes the development of 

the Row Seed Sowing Autonomous Agricultural Robot, which is an automated system of 

differential derive mobile robot for sowing the seed when the robot strictly follows the 

generated trajectory of the farmland to minimize the working cost, time for digging, sowing, 

and increase the agricultural productivity. The mathematical model of the nonholonomic 

differential derive mobile robot involves two identical series of DC Motors for deriving, 

robot dynamics and kinematics, sensors that provide information about the trajectory of the 

farmland according to the generated trajectory. Tracking errors where the robot sways off 

its path with one or more wheels lead to sowing the seed unproper out of the required 

trajectory on the farmland. The reference trajectory tracking nonlinearity and adjustments 

of the DC motor speed are both overcome using the controller for the motion model of the 

differential derive mobile robot that operates on different paths. This means controlling the 

velocity of the front two motors independently to control the two-wheel velocities. So, a PSO 

algorithm tuning of a fuzzy PID controller is proposed. The PID gains, the number of fuzzy 

control rules, the center, and the widths of the Gaussian membership functions are all 

parameters to be determined simultaneously to track the path and minimize tracking errors 

to sow the seeds properly. Tests are also carried out for different trajectories to evaluate the 

performance of the controllers. PSO FPID, FPID, and PID controller position and 

orientation tracking ability, tracking error of reference, and desired trajectory are also 

evaluated, and compared the POS tracking error as well as integral performance criteria of 

IAE and ISE with time through simulation studies in MATLAB/Simulink for different paths. 

The results of the position and orientation tracking error of the straight-line trajectory 

tracking for PSO FPID, FPID and PID are (0.525, 1.529, 2.992) and (-0.276, -0.515, -1.136) 

respectively. The result shows that the PSO-tuned FPID trajectory controller has better 

performance than fuzzy PID and conventional PID controllers. 

Keywords: Agricultural robot, Differential drive wheel Seed Sowing, trajectory Tracking, 

 FLC, FPID, Obstacle Detection, PID, PSO FPID.  
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CHAPTER ONE  

INTRODUCTION 

1.1 Background of the Study 

We all know that agriculture is the backbone of Ethiopia's economy and people. It 

contributes about 50% of GDP, employs 80% of the population, and is the main income-

generating sector for the majority of the rural population. Furthermore, Ethiopia's 

development strategy is ADLI because its economy is predominantly agrarian. The broad 

goals of ADLI are to modernize agriculture and increase its efficiency and productivity, as 

well as to assure food security and boost the country's economy profits from foreign 

exchange transactions will be used to promote the growth of a thriving manufacturing sector 

and increase overall economic growth. However, for many Ethiopians, food security remains 

a major concern, and the sector has remained at a subsistence level. Ethiopian agriculture is 

characterized by low production in general. In Ethiopia, to improve agricultural productivity 

and food security at the national and household levels, no efforts have been started to use 

agricultural robots for soil preparation, pesticide spraying, seed cutting, seed sowing, and a 

variety of other tasks. Several technologies, on the other hand, are striving to update a recent 

trend in globalization based on automation that operates with extreme precision, efficiency, 

and a short time (Amankrah, 2012). Agriculture 4.0 is a new paradigm that is being rapidly 

adopted by agricultural technologies. In this paradigm, agricultural production, including 

weeding, sowing, and pest management, is significantly influenced by digitalization, 

automation, and artificial intelligence. Diversifying crops, maintaining a permanent soil 

cover, and causing the least amount of soil disturbance are all components of conservation 

agriculture (CA). Agricultural soils become more productive and climate-change resistant as 

a result of CA's increased soil structure and organic matter, rich microbial diversity, retention 

of water and nutrients, and improved management of pests and diseases. But it calls for 

specific tools, such as direct drilling of agricultural seed into the soil at the proper depth and 

sowing density. Through the ability to precisely control nutrients, pests, diseases, and weeds 

through mechanical removal or localized chemical application, agricultural robotics can 

support these environmentally sustainable practices. In order to address some of the reasons 

why people migrate from rural to urban areas and to support the economic aspect of 

sustainability, Agriculture 4.0 will generate new opportunities that can draw young people 

and entrepreneurs to the industry (Santos, 2022). Today the environmental impact of 

agricultural production is a very hot topic and the demands on the industry are increasing. 
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The agriculture sector in most nations now lacks sufficient skilled people, which harms 

emerging countries' progress. As a result, farmers must employ innovative technologies in 

their crop production (digging, seed sowing, fertilizing, spraying, etc.). So, to solve this 

problem in Ethiopia, it's time to automate the sector. The progressive invention 

in the agriculture system is becoming an important task because of the rising demand  for 

quality agricultural products and declining labor availability in rural farming areas. Autono

mous agricultural robots are gradually replacing today's tractors. These robots could 

undertake duties such as sowing, spraying, fertilizing, harvesting, and soil preparation. For 

instance, tef, which is one of the basic food crops of Ethiopians, is believed to have 

originated, domesticated, and diversified in the country. Tef is a very important crop in 

Ethiopia, according to surveys, both in terms of production and consumption, accounting for 

around 15% of all calories consumed. Tef is grown by more than 6 million families in a 

country of more than 80 million people, and it is the main cereal crop in more than 30 of the 

83 agricultural woredas with high potential (Yonas, 2013). Ethiopian farmers are trying to 

increase the product of tef by planting in a row. Though it increases the product, the way 

farmers are practicing to sow tef seed in a row is very tedious, time taking, and inefficient. 

The development of automated agriculture concerning social desires needs to propose a new 

method for food production, especially in the fields of agriculture. Progress achieved in 

robotics allowed us to consider mobile robots as a promising solution to apply new 

methodologies. However, such a device must be precisely and safely controlled while 

utilizing relatively inexpensive sensors in order for it to be totally autonomous (Benet, 2018). 

Broadcasting and placing seeds behind plows are all classic practices, but these methods 

have many disadvantages like low speed, labor cost, and quality of the crop, seeds get 

damaged by the birds, and because of this use of traditional methods not gives us a proper 

production rate. To overcome this drawback, we have modern machines like two-wheel 

tractors, and technologies like electronic and mechanical seed metering are available. We 

can reduce human and animal effort by employing these methods. Developing 

multifunctional equipment that will help small-scale farmers reduce their human and animal 

labor. There are different methods for the seed sowing process to maintain row-to-row 

spacing, seed-to-seed spacing & depth of the seed. Experienced farmers are familiar with 

multi-row traditional seeding devices that include manual seed metering. In hand seeding, 

however, the seeds are not evenly dispersed (Pratik Hore. a, 2017). The control problem of 

the mobile robot caused by the motion of the wheels has three DOF in (x, y, θ), whereas for 

the mobile robot control, it needs only two control signals (UL, UR) under the kinematic and 
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non-holonomic constraints which are the signals on the right and left wheeled mobile robot 

actuators to control the velocity and angle of the DDMR (Dagher, 2014).  

  
 

Figure 1. 1: (a) put seeds behind plow (b), broadcasting of seeds (FEWS-NET, 2013), 

(Archive, 1855). 

 
 

Figure 1. 2: traditional row seed sowing in Ethiopia (Nuru, 2015), (John, 2022). 

  

Figure 1. 3: sowing of seeds in gullies by hand (Chia, 2008). 

The hybrid FPID controller is a fuzzy PID control scheme that incorporates both PID and 

fuzzy logic systems called the hybrid FPID controller. fuzzy logic PID control design is the 

process of modifying the PID controller's parameters utilizing fuzzy logic. PID controller-

based fuzzy logic systems with online parameter settings are more compliant. The beneficial 

hybrid FPID controller has drawn the attention of numerous researchers in a variety of fields, 

including controlling the speed of synchronous motors, mobile robots, and DC motors 
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(Bansal, 2013), (Conker, 2020). PSO is a population-based stochastic searching algorithm 

devised by Kennedy and Eberhart in 1995. The velocity value, which follows the current 

best particle, guides the particle around the problem space. Bird flocking and fish schooling 

are two examples of this. It starts with a random population matrix and iterates through 

generations until it finds the best particle. The particles are the rows of the matrix. They hold 

the values of continuous variables. Each particle has a velocity in the search space. The 

particle is steered throughout the problem space by the velocity value, which follows the 

current best particle. The particles' velocities and positions are updated depending on the 

best local and global solutions (Chia, 2008). As we have seen in the above explanation more 

than 85% of the Ethiopian population depends on the agricultural product directly or 

indirectly. Figure 1. 2 indicates that we have a traditional row seed sowing mechanism which 

is tedious and needs several labors. As a result, it is preferable to use and create technology 

that facilitates Ethiopian farmers' farming activities. So, the approach of this thesis is 

therefore to develop a row seed sowing autonomous agricultural robot that follows the 

generated trajectory to plant the seeds according to the reference path, seed space, and depth 

with the right distribution or appropriate manner in the process of farming in different paths. 

Trajectory tracking, position, orientation error, and velocity of the mobile robot are 

controlled by PSO tuned FPID Controller as the inputs are provided by sensors as feedback 

from the farmland. 

1.2 Statement of the Problem   

The farming area investigated in this thesis is used to sow a variety of seeds, and robot mo

bility is considered in different trajectories. The main challenge encountered during the 

agricultural mobile robot is tracking the reference trajectory, obstacle detection, and 

identifying the generated trajectory for attempting to follow them closely for the seed sowing 

application. Once the end of the reference trajectory is reached, the robot should turn around 

and follow the next generated trajectory to sow the seeds in the farming fields. It’s necessary 

to control the position and orientation of the DDMR. With standard conventional controllers 

like PID and FLC, which provide fewer smooth trajectories, are inaccurate to track the 

trajectory and long time to track the trajectory at the start point. Robots must follow their 

predetermined trajectories when planting seeds in rows for agriculture. Deviations, where 

the robot drifts off path on one or more wheels, may be planting the seeds unevenly and 

digging the farmland away from the desired trajectory. It needs to control the speed of the 

motors during the motion of the robot in the farmland resulting controlling of the velocity of 

the robot to maintain the required POS. So, it needs a combinational intelligent controller 
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with the best optimizer algorithms. As a result, designing DDMR that sows seeds in various 

generated trajectories, as well as PSO tuning fuzzy PID controller is preferred for the best 

trajectory tracking where PSO is used to tune the fuzzy logic control membership functions 

and gains of the PID parameters simultaneously and to search the optimal value input for the 

plant. Beside of this to sow seeds in a generated trajectory and return to the next trajectory, 

the robot needs an advanced controller to track the supplied generated trajectory, as well as 

a sensor to avoid obstacles and provide information about the trajectory in the farmland. So, 

a combination of the PSO algorithm with a fuzzy PID trajectory tracking controller is used 

to make the robot motion robust, and reduce the distance taken to reach the goal from the 

starting point, and able to track the different generated trajectories. PSO Tuned Nonlinear 

Fuzzy PID Trajectory Tracking Control Row Seed Sowing Autonomous Agricultural Robot 

with sensors design as feedback can solve the aforementioned problems of the trajectory 

tracking errors for a different path (straight-line and rectangular pulse), to minimize the 

position and orientation trajectory tracking errors and is very advantageous in several ways 

for farming activities in Ethiopia. In some areas of Ethiopia, there is a traditional row seed 

sowing farming mechanism in a row line. The traditional seed planting agricultural farming 

procedure in Ethiopia is most costly according to manpower, time management, and there is 

a problem in the placement of seed space, distribution of seeds, and concentration. When we 

sow the crops in a row line traditionally, a lot of labor is used, and overall costs rise due to a 

number of workers are needed. So, the proposed mobile robot design can solve the 

mentioned problems, the seed can be distributed inappropriate way with appropriate seed 

space following the path line using the proposed DDMR. As a result, not only Ethiopian 

farmers' lives, but also the life of all consumers of the farmer will be simple because they 

are guaranteed and safe from the product. 

1.3 Objectives 

1.3.1 General Objective   

The goal of this thesis is to develop, model, analyze and simulate PSO Fuzzy PID Trajectory 

Control of Row Seed Sowing Autonomous Agricultural Robot in which the PSO algorithm 

is used to tune the membership function and parameters of Fuzzy PID controller to provide 

an optimized output of an autonomous wheeled agricultural mobile robot.  

1.3.2 Specific Objectives 

To achieve the general objectives of the thesis, the following specific objectives are done:  

❖ develop the mathematical model of wheeled agricultural DDMR. 
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❖ To design a PSO non-linear fuzzy PID controller. 

❖ Tuning the parameters of FPID controller using PSO algorithm and detect obstacle. 

❖ To implement differential derived wheeled agricultural robot in MATLAB/Simulink.    

❖  To compares path tracking performance or POS error of PSO FPID, FPID, and PID 

controller in different trajectories.  

1.4 Scope of the Study 

The thesis focuses on the mathematical modeling and simulation design of PSO Non-linear 

Fuzzy PID Trajectory Control and compare the output with FPID and PID controller of row 

seed sowing autonomous agricultural robot that follows the generated trajectories. The scope 

of this study is to investigate how to improve the capability of path tracking to the desired 

position (x, y) and orientation (ɵ) of the DDMR to follow the generated trajectories where 

the robot is controlled by PSO-Tuned Fuzzy PID Controller. Last implement the system 

using the available mathematical computation tools of MATLAB/SIMULINK. This work 

does not have any hardware practical implementation. All things are done on the simulation 

of MATLAB/SIMULINK. The performance of the proposed controllers for position and 

orientation setpoint tracking is evaluated through simulation studies in MATLAB/Simulink 

by using performance index criteria IAE and ISE to comparing the performance of PSO 

fuzzy PID, fuzzy PID, and PID controllers to track the different reference trajectories. 

1.5 Delimitation of the Study 

The thesis is limited to the simulation of the system using MATLAB/Simulink by showing 

how the different components of the system interact with each other. This is because the 

implementation of a real system is difficult to procure the components. Along with it takes 

the additional time and cost incurred in making the actual prototype implementation. 

1.6 Motivation of the Study  

Due to the increasing population, decreasing agricultural products, and the traditional 

farming mechanism's high cost of human labor and slow time, many countries have an 

agreement to replace the traditional way of farming with a robotic system. Plenty of related 

research has been conducted, especially in the area of mobile robotics, and used different 

controllers, but most of them are considered classical controllers and they failed on the 

performance to track the generated trajectory and to detect obstacles. The future will have a 

huge market in the area of agricultural robotics specifically in Ethiopia, and it is important 

to be a professional in agricultural mobile robot propulsion design, modeling, and control. 
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1.7 Significance of the Study 

PSO-tuned FPID provided smooth trajectories and took less distance to reach the goal from 

the start point, more accurate to track the trajectory and detect obstacles because PSO 

algorithm tune the parameter offline. Most processes like agricultural robots are difficult to 

control with standard conventional controllers PID, FLC that provided fewer smooth 

trajectory tracking and taken large distances to reach the goal from the start point. In addition 

to this the tuning procedures of fuzzy system and PID depend still on the trial-and-error 

method as a result PSO algorithm is used to tune the fuzzy PID parameters membership 

functions and gain parameters automatically (Pandey A, 2020) (Chung, 2002). Ethiopia is 

repeatedly affected by food security problems due to the lack of modern agricultural 

technologies and repetitive occurrence of drought. Farmers are unable to store food crops 

and alike material which can be used for hazardous and unconditional time. Farmers mostly 

cultivate crops using the old broadcasting method, which uses a high seed rate of 25-50 kg 

per hectare, resulting in yield decrease and grain lodging (Vandercasteelen, 2014), (Yonas, 

2013). The row planting method which reduced the seed rate to 2.5-3kg per hectare allows 

minimum competition between a seedling and increase the growth of crops (Altaye, 2016), 

(Abebe, 2016). Implementing this thesis practically helps Ethiopian farmers to increases 

crop yields and they can secure food needs and save crops to their store for an unconditional 

time. Other benefits of row seed sowing agricultural robot which follows the generated 

trajectories are:  

❖ Reduce manpower in the field so that farmers can let their children go to school.  

❖ It makes farming activities very easy and simple according to time management. 

❖ It can distribute a seed in the desired space and cover the seed with soil so that the 

seed will not be attacked by erosion (wind and water) and birds. 

❖ Decreases seed rate (due to proper seed distribution) and make wedding process easy.  

In addition, this thesis upgrades the detailed knowledge of the characteristics of the controller 

during the mobile robot following the generated trajectory by comparison of the advanced 

controller of PSO FPID with FPID and PID controllers. It also increases the knowledge of 

the PSO algorithm to tune the parameters of the FPID Trajectory Controller for higher 

performance to track the established trajectory on the farmland. Besides this, the PSO 

algorithm optimization tunes fuzzy PID controller parameters based on fuzzy rules, center 

and width of membership functions and gain parameters. After its implementation, which is 

used to solve the problem according to time consumption, manpower management, healthy 

and easy living style of our farmers, and increase agricultural productivity according to the 
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real implementation. Furthermore, it solves the POS trajectory tracking error of DDMR that 

is test in rectangular pulse, straight-line path due to the high-performance tuning of the PSO 

algorithm to the FPID parameters.  

1.8 Thesis Organization  

This thesis is broken down into five sections, which are listed below. 

Chapter 1: Present an introduction of the research work, a statement of the problems, 

objectives, significance, scope, and delimitations of the research. 

Chapter 2 is a literature review on the background of the wheeled mobile robot and different 

control mechanisms for the application of mobile robotics. 

Chapter 3: Explain the methodology used in this research thesis as well as the mathematical 

modeling of the DDMR. 

Chapter 4: Present the proposed results and discussions. 

Chapter 5 discusses the conclusions and recommendations. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Review of Related Works 

The development of agricultural robots and the ideas used to implement them start with the 

studying, modeling, and designing of controller strategies as presented in various papers or 

research in which the following is a review of research for an agricultural robot. 

Mobile robots are an exciting new technology dedicated to enhancing human comfort in 

every way possible. However, nonlinearity makes it extremely difficult to operate a mobile 

robot's wheels. Classical PID controllers have recently been widely used in robotics because 

of their high precision and smooth parameter determination. In today's industrial system 

control, a resilient methodology known as the "fuzzy logic control," This method, which is 

based on converting linguistic inference sets into appropriate control values, is widely used. 

The authors believe that in future works, optimization algorithms such as particle swarm 

optimization or genetic algorithms will be used to adapt the FPID parameters, as well as 

developing motion control approaches in a dynamic environment and the mobile robot 

embedded with navigation and obstacle avoidance (Chenxiao, 2020), (Yousfi, 2021). The 

author investigates the issue of designing motion and control laws for a mobile robot moving 

through a partially unknown environment under the assumption of parametric uncertainty in 

the model describing the robot's motion. This paper deals with a fuzzy-based intelligent 

mobile. A robotic system utilizing of a hierarchical structure that requires various 

capabilities normally associated with intelligence. The ability to avoid mobile obstacles, plan 

optimal paths, and reduce travel time will be emphasized in the future (Hung, 2006). The 

PID controller has been widely used in industrial control processes for linear and non-linear 

systems due to its simple construction and good performance in a wide variety of operating 

scenarios. However, it is quite difficult to determine the optimum PID parameters when the 

system’s parameters are coupled, non-linear, and time-dependent. Since FLC has a 

linguistically based structure and provides extremely stable performance for non-linear 

systems, it is a widely used technique that has attracted rising interest in recent years. FLC 

does, however, have some parameters, including the sorts of membership functions that must 

be tuned for a particular system as well as linguistic control rules and limits. The fact that 

FLC requires more time and effort to tune as the number of system inputs and outputs rises 

is a significant disadvantage. PSO is a relatively new evolutionary algorithm that may be 

used to find optimal or near-optimal solutions in a large search space (Zafer Bingül, 2011). 
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A battery-powered seed sowing machine that contains wheels and dc motors built into the 

system. It identifies the extent of storage seed when the seeds are empty and sounds an alarm. 

When any obstacle comes within the front of the machine or diverts a path, the seed sowing 

machine will find this obstacle simply. In every complete rotation of the rotating wheel, 

some seeds fall from this seed drum, Furthermore, the seed planting procedure will run 

smoothly, with no seed waste. The end of the system machine is reached and it produces an 

alarm (Thulasimani, 2018). An indigenous, low-cost semi-automatic robot that does some 

farming tasks. The semi-automatic robot created in this study will be able to water plants 

appropriately and sow seeds according to the depth and spacing of the seeds. This has 

numerous applications, including research and backyard gardening as well as efficient and 

intensive commercial farming. Using the built-in GUI, the robot may automatically seed and 

water in accordance with the user's path. A soil moisture sensor reading taken between the 

two plants is used to determine how much watering is needed. The constructed robot can be 

enhanced by installing it on a DC motor chassis that allows it to move over the field. But 

this author does not consider the nonlinear behavior of the agricultural mobile robot and used 

an open-loop control system (Ramesh, 2020). This paper proposes a two-variable controlled 

automatic seed planting robot. Using length and breadth as two variables, the seed planting 

robot sows the seeds in the selected area. Once it reaches the desired planting area, the 

suggested robot performs soil digging, seed planting, and soil covering automatically. The 

proposed seed planting robot also has the capability of watering and fertilizing the seed after 

it has been planted. To control and automate the entire planting process, the seed planting 

robot is controlled and automated by a smartphone utilizing Bluetooth and Arduino. This 

system does not consider how to smooth the nonlinearity and disturbance of the environment 

(Raj, 2019). A solar-powered autonomous seed sowing machine has been developed in order 

to save operational costs and decrease the time required for digging and seed sowing 

operations. In this machine, a solar panel captures solar energy and converts it to electrical 

energy, which is then used to charge a 12V battery, which then provides power to a DC 

motor. This power is subsequently sent to the DC motor, which drives the wheels. 

Additionally, IR sensors are utilized to control field robots in order to further reduce 

manpower dependency. Here, the territory is defined by four post sensors, and the robot 

observes the length and angle of the track as it moves from line to line. The digging and 

sowing seed robot will move along various grounds to perform digging, sowing seed, and 

watering the land after closing. This author does not consider how the machine tracks the 

generated path, and how to control the nonlinearity behavior of the machine (Swetha, 2015).  
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Improvements in agriculture technology such as automatic sowing of seed products on 

plowed land by using an automatic robot. It is designed as a robotic four-wheeled vehicle 

that is driven by DC motors. The seed planting tool is attached to the automobile to evenly 

distribute the seed products. According to different seed products, the device will cultivate 

the plantation by taking into account certain rows and specific columns at predetermined 

distances. An IR sensor is used to recognize obstacles and detect them. A 12V rechargeable 

battery pack powers the entire assembly. Solar power, which is also coupled to a robot, can 

be used to recharge the battery pack. This robot can perform seed mapping, seed placement, 

and reseeding operations (Chavan, 2015). The design, development, and fabrication of an 

automatic robot that can dig the ground, but the seed products, leveler to compact the soil, 

and sprayer to apply water, these complete systems of the automatic robot work together 

with the power supply and the solar-powered energy. The robot's steering is controlled by a 

rack and pinion system. The relay switch controls the motor's power input. Obstacle 

detection is done using an IR sensor. More than 40% of people worldwide chose agriculture 

as their primary field of work, and the use of autonomous vehicles in agriculture is gaining 

traction  (Nithin P V, 2017). The three types of studies that have been published to address 

the control difficulties with mobile robot navigation systems are as follows: The position 

estimation control approach for navigational issues is the first type. Planning and execution 

a path is the second category. While trajectory tracking control is the third type. Various 

controllers have been proposed for the trajectory tracking of mobile robots; Some of the 

proposed controllers use linear or nonlinear feedback control, which is a common technique 

for conventional controllers, Others, on the other hand, employ approaches such as 

predictive control (Dagher, 2014).  The mobile robot based on the PID controller uses the 

course angle error as the input of the controller, and the output of the controller is the robot's 

driving angle. But in fact, the robot's course angle is also affected by its velocity, rotational 

inertia, center-of-gravity position and the front and rear wheel's cornering coefficients 

(caused by the wheel which is not strictly perpendicular to the ground). And the difference 

between the diameter of driving wheels with friction and the number of changes and other 

factors which are difficult to determine in practical road conditions make it difficult to obtain 

global coordination of PID controller. The parameters gained from the small turning angle 

experiment are inappropriate when used in a large turning angle experiment, and vice versa 

(Takeuchi, 1988). After interpolating the mobile robot's dynamics using two linear systems, 

a general analysis and design strategy for stabilizing it with two fuzzy rules is proposed. The 

technique is based on translating a fuzzy control system's stability analysis to an Overvaluing 
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System's (OS) stability analysis for the mobile robot. A sufficient criterion based on the 

utilization of a comparison system is determined in to ensure the stability of the mobile robot 

(Bentalba, 1997).  In this the author, it's better to use a fuzzy self-tuned PID controller to 

control the nonlinearity and instability condition of the mobile robot to stabilize the whole 

system. Fuzzy control is useful for controlling objects with complicated mathematical 

models, nonlinearity, latency, and coupling. In general, fuzzy relation is a fuzzification 

concept of relationship in mathematics while a fuzzy controller can well adapt to the 

nonlinear and time variability of the controlled object and exhibit good robust properties, its 

stable control accuracy is poor and not delicate enough. It is difficult to achieve high control 

precision, especially near the equilibrium point. Meanwhile, it lacks integral control, and it 

is hard to eliminate system static errors. To deal with these shortcomings, the basic fuzzy 

controller is often combined with the PID controller in practice to use their characteristics 

and make the effect more perfect to meet the needs of a variety of industries (Jung, 2013) 

(Mohamed MJ, 2018). A unique tuning technique is presented for the design of FPID 

controllers for multivariable systems. According to the suggested method, a PID controller 

is represented in terms of fuzzy rules, with error signals and derivatives as input variables 

and PID gains as output variables. The FPID controller offers more flexibility and capability 

than traditional versions with fixed gains since the PID gains are adaptive in this way. The 

PID gains, the centers and widths of the Gaussian membership functions are all parameters 

that must be computed simultaneously using a PSO method for tuning the parameters. 

Meanwhile, based on the concept of multi-objective optimization, ways of defining the 

fitness function of the PSO to include different performance criteria are also explained. 

Illustrative experimental findings for a multivariable seesaw system are presented to 

demonstrate the feasibility and validity of the resulting fuzzy PID controller (Kaya, 2014). 

A two-wheeled mobile robot's geometric path and time rule are used in trajectory tracking. 

Mobile robots offer a wide range of applications due to their large work areas. The WMR's 

trajectory tracking capability allows the robot to follow a predetermined course. To further 

investigate this characteristic, the author uses a kinematic model to create a two-wheeled 

mobile robot mathematical model, and then analyzes the trajectory performance of two 

controllers, PID and Fuzzy Logic, finding that the Fuzzy Logic controller outperforms the 

PID controller by 50%. Because of its capacity to minimize the error created during the 

WMR trajectory tracking, the Fuzzy Logic Controller outperforms the PID controller, 

according to the results (Adzni, 2021). An interesting area of robotics is the control of precise 

mobile robots. Three fuzzy logics are employed by the author. PI controllers are modified 
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for trajectory tracking and target achievement. A traditional PI controller and a fuzzy 

inference system with two inputs and two outputs are designed for each controller. The error 

and its derivative are the inputs, whereas the fuzzy unit's outputs are the gains of the PI 

controller's parameter corrections. Such controllers are intended to control our mobile robot's 

motor velocities. The classical PI controller is very sensitive to initial conditions, which are 

resolved by the proposed fuzzy PI controller. The goal of the author’s future work is to 

provide optimized results using one of the known methods (gradient, genetics, or PSO) while 

also taking into account the environment, including obstacles (Allagui, 2018 ). Most of the 

review papers were not explaining how to track the trajectory for seed sowing in a row, how 

to control POS error, and not explain how to stabilize the entire system for sowing seeds 

along the created trajectory by controlling the nonlinear behavior of the robot and how to 

tune the parameters for optimizing the output of the mobile robot. In this work, the velocity, 

position, and path tracking of the mobile robot wheel which is very dynamic and difficult to 

control will be controlled by PSO tuning FPID Controller. The parameters that need to be 

simultaneously computed are the PID gains, the number of fuzzy control rules, the centers 

and widths of the Gaussian membership functions, by using a PSO method for tuning the 

FPID parameters in which the PSO is used to choose the membership function's size, center, 

and number to provide an optimal tuning mechanism for the PID gains. According to the 

feedback error, the PID controller's parameters such as Kp, Ki and Kd can be tuned. As a 

result, the controller can reduce the challenges of PID parameter tuning, improve the 

accuracy of trajectory tracking control, and improve the adaptability, rapidity and optimal 

input voltage of the robot of the controlled system. The availability of the method can be 

ensured by simulation in MATLAB/SIMULINK. 

2.2 Agricultural Robot 

Agriculture, forestry, greenhouses, horticulture, and other biosystems are all obvious 

applications of autonomous agricultural robotics technology. In agriculture, the possibilities 

for robot enhanced productivity are immense, and robots are appearing in various designs to 

perform specific tasks such as sowing, pruning, weeding, irrigation, fertilization, pest 

control, harvesting, handling, and storage. These are the core duties that the robot must 

execute, but the robot must also perform other supporting functions such as navigation, path 

planning and so on to complete these tasks. The flow of information between the systems 

controls the results of the main and supporting tasks in the ineffective working of a robotic 

system. A vehicle meant to automate agriculture is referred to as an agricultural robot. It is 

attracting new professionals, new companies, and new investors. The agricultural robot 
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being developed soon will not only increase the production capabilities of farmers but also 

improve robotics and automation technology. Agricultural robots are increasing production 

yields for farmers in many ways. The technology is being implemented in creative and 

innovative application areas like drones, autonomous tractors, and robotic arms. Farmers can 

concentrate more on boosting overall output yields by using agricultural robots to automate 

slow, repetitive, boring, and dull chores (Rushali Pant, 2019).  

2.2.1 Three Wheel Agricultural Robot Design 

WMR is generally used for flat areas or smooth trajectories. In the event of a significant 

height difference, the robot will stop or be programmed to look for another way. One of the 

unique and multipurpose robots that are designed to address the challenges above is a robot 

with wheels arranged in a triangular form, so there are three sets of wheels on each wheel. 

Tri-Star wheels is the common name for this design. Technically, the three WMR have two 

primary wheels that are driven independently, and a third castor wheel. Those wheels are 

placed at the back or front of the robot, which serves as a counterweight and for the balance 

of the robot. The robot will move straight ahead if both drive wheels spin at the same rate; 

however, if one drive wheel spins more slowly than the other, the robot will move in a curved 

trajectory in the direction of the slower-spinning wheels (Rafiuddin Syam, 2014). The design 

of the DDMR meets the following criteria: These are being able to move along a guidance 

path autonomously with wheel velocity control on a flat field, having an open control system 

and platform for simple extension and reconstruction, which implying that several 

agricultural operations such as sowing, spraying, weeding, cutting, and so on could be 

conducted on the same platform by integrating or removing sensors and switching control 

software (Dørum, 2015). Two powered wheels from a single source, plus a third free rotating 

wheel that hold the body for balance are used. The robot's direction can be changed by 

adjusting the proportional rotation rate of the two wheels that are driven separately. 

Depending on the rotation speed and direction, the center of rotation may otherwise fall onto 

the line connecting the two wheels. The center of gravity of this type of robot must be located 

within the triangle formed by the wheels. If a heavy load is placed on the side of the freely 

moving wheel, the robot will topple.  

2.2.2 Differential Derive Robot Wheel Scheme. 

An agricultural robot with a differential drive wheel is a mobile robot with separate motors 

driving the left and right sides of the robot, allowing for differential speeds. A common 

configuration of a differential drive wheel agricultural robot uses two independent primary 
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drive motors, one for each side wheel, and one or two caster wheels at the rear or front of 

the platform to stabilize the robot. 

 

Figure 2. 1: Differential drive wheel scheme (Dørum, 2015). 

The combined speed and direction of the motor connected to each wheel determine the 

overall direction and speed of the robot. If the speed of the two wheels is the same then the 

robot either moves forward or in the reverse direction without turning. The difference in 

speeds on the drive wheel results in the rotation of the robot. The differential derives wheel 

robot will turn toward the side that has less speed than the speed of the other wheel. If one 

wheel moves forward and the other wheel either remains stationary or moves backward, then 

the differential robot will spin around the stationary wheel or the center of the axle of the 

two wheels, respectively. When the robot is moving in a straight line, the center of rotation 

is an infinite distance from the robot. The rate and direction of rotation of the two driven 

wheels determine the direction of the robot, so it is important to properly measure and control 

these values (Dørum, 2015). 

2.2.3. Straight-Line and Angular Motion of Deferential Derive Mobile Robot. 

 
A 

 
b 

Figure 2. 2: (a) Illustration of the navigation problem (Dørum, 2015), (b) Maize crop field 

(Hassan, 2016 ) 

The robot starts in the lower right corner and follows the black-colored front wheel row paths 

and the central path for the caster rear wheel until the end is reached, and then turns around 

to begin following the next row until the field's end, or left end position, is reached, as shown 
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in Figure 2. 2 a. While the wheeled mobile robot follows the trajectory and moves from one 

end to the other end of the row line, the seeds are sowing. The field has established tractor 

wheel tracks that the wheeled mobile robot should follow, and in between the wheel tracks 

are three rows that are two reddish-colored, indicating where the seeds are planted and one 

middle row line, which is the path for the back wheel. The approach used here for navigation 

is to identify the farmland and follow the straight row trajectory to sow the seeds in the row 

line and return to the next line by following the next path. The wheel that is placed at the 

back of the robot serves as a counterweight, keeping the robot's balance. 

2.2.4 Dc Motor in Series Connection Dynamics  

The actuator modeling is required to find the relationship between the control signal and the 

mechanical system robot input. Hysteresis and the voltage drop between the motor brushes 

are neglected when modeling DC motors in order to get a linear model (Leena, 2016). An 

electrical device called a DC series motor is employed in applications where high torque 

operating conditions are required. It is a machine where the armature winding of the motor 

is connected in series with its winding. Compared to other motors, the motor can produce a 

larger starting torque because of this series arrangement. The circuit schematic for a DC 

series motor, in which the armature and field windings are connected in series, is shown in 

Figure 3. 4. The fundamental characteristic of a series DC motor is that the flux is directly 

proportional to the armature current, at least until saturation is reached, and that the line 

current and series winding current remain constant because the field winding is connected 

in series with the armature winding. As the load on the motor increases, its flux also 

increases. That’s why DC motors are commonly used in robotic applications and are the 

main type of actuators used in mobile robots because of their high starting 

torque. Consequently, it is important to analyze and integrate their dynamics into the robot 

model speed. In mobile robots, the number of loads supplied to these types of motors 

determines their armature current. Because it is hard to start a motor without a load, the 

armature current drawn by the motor is extremely low. However, if a big load is added 

immediately while the motor is starting, the motor operates at an extremely high speed 

indirectly high current, which causes the winding to burn. The input voltage, va(t), is the 

voltage delivered by the amplifier to move the motor. The back EMF vb(t) is induced by the 

rotation of the armature windings in the fixed magnetic field. To derive the model, the DC 

motor, the system is divided into three major equations. These are electrical, mechanical and 

electro-mechanical equations (Craig, 2009). 
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2.2.5 Speed Control of DC Series Motor 

The greatest significant advantage of DC motors could be speed control. Since speed is 

directly proportional to armature voltage and inversely proportional to the magnetic flux 

generated by the poles, adjusting the armature voltage or the field current will affect the rotor 

speed. Different techniques exist for controlling the speed of dc series motors: - I. Armature 

Resistance Control: - The armature resistance control circuit schematic is shown in Figure 

3. 4. As the resistance varies, it is clear from the diagram that the speed varies as well. Since 

the field and armature windings in a series DC motor are connected in series, the line and 

field currents are equal. As a result, the current flow is regulated by the resistance value. If 

more resistance is linked in series to the armature, the flow of current will be reduced, and 

vice versa for less resistance. The speed is reversely proportional to the field current when 

the field current has increased the speed is decreased and vice-versa.  II. Armature Terminal 

Voltage Control: - The speed control of DC series motors can be accomplished by providing 

power to the motor from a different variable voltage source. This method generates a large 

speed range with any desired amount of speed points. Because the output provided by the 

motor decreases with a decrease in applied voltage and a matching fall in speed, it is 

effectively a constant-torque system (Shubham Sharma, 2014). 

2.2.6 Working Principle of LIDAR Sensor and Performance Criteria Index. 

LiDAR's fundamental operating principle is to measure the time between the light's emission 

and return. LiDAR is an optical scanning technology that determines the distance and 

angular information from an obstacle and targets a trajectory by measuring the qualities of 

radiated light. As a result, the time difference is used to calculate the distance. It is also a 

technique that determines the separation between a target position and an obstacle by 

illuminating the target with pulsed light and detecting the reflected pulses (Chenxiao, 2020). 

 

Figure 2. 3: Working Principle of LiDAR Sensor. 

The LiDAR sensor has various benefits due to its compact size, flexibility, and better 

accuracy. The correct angle between the moving obstacle and the DDMR is returned. The 
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fitness function or performance index of the controllers is also compared by using the error 

signal for POS by using the performance criteria comparison of IAE and ISE. These two 

integral performance criteria have their advantages and disadvantages. The disadvantage of 

the IAE and ISE criteria is that its minimization can result in a response with a relatively 

small overshoot but a long settling time because the ISE performance criterion weights all 

errors equally independent of time.  
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2.2.7 Components of Differential Derive Wheel Agricultural Robot 

The components of the differential drive wheel agricultural robot are divided into four parts. 

Those are a sensing unit, a control unit, an actuating unit, and a mobile platform. The sensing 

unit involves some sensors for target identification, navigation, and operations. Sensors such 

as vision, encoder, gyro, laser radar, camera, or their combination, etc. can be used to acquire 

the necessary information for navigation and operation. The control unit analyzed the data 

and sent commands to the mobile platform for robot movement and the actuation unit for 

field activities (Dørum, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4: Components of Agricultural Autonomous Agricultural Robot. 
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2.3 Summary of Literature Review 

Table 2. 1summary of literature review including achievement and drawback 

 

 

 

 

 

 

 

 

 

 

 

Authors, year Topic Methodology Achievement  drawback 

Yousfi et al. 

2021 

Artificial Fuzzy-PID 

Gain Scheduling 

Algorithm Design for 

Motion Control in 

DDMR Platforms. 

The presented 

methodology is based 

on three hybrids fuzzy 

logic PID controllers 

which are adapted to 

guarantee target 

achievement and 

trajectory tracking. 

a tuning value A is 

introduced to 

improve the 

resulting response in 

terms of speeding up 

and reducing error, 

overshoot, and 

oscillation 

authors suggest 

that optimization 

algorithms like 

PSO GA will be 

used to adapt the 

FPID parameters  

Aqeel 

Rehman et al. 

2020 

fuzzy-PID controller 

for a laser sensor-based 

mobile robot 

The researcher is 

working on a fuzzy-

PID controller for a 

laser sensor-based 

mobile robot that can 

identify and avoid 

obstacles 

tune the gains 

automatically using 

fuzzy laws even if 

the parameters of the 

vehicle are changed. 

robots embedded 

with Navigation 

and obstacle 

detection 

Ramesh et.al 

2020 

Design,Development 

of an Agri-bot for 

Automatic Seeding and 

Watering Applications 

building up a low-cost 

semi-automatic robot 

that carries out a couple 

of farming processes.  

The robot can seed 

according to the path 

set by the user’s 

graphical interphase 

GUI.  

The system is 

semi-autonomous 

and not used 

advanced 

controllers. 

Hutabarat 

et.al 2019  

Lidar-based obstacle 

avoidance for the 

autonomous mobile 

robot 
 

In this study, an 

autonomous mobile 

robot has been 

developed equipped 

with a LiDAR sensor to 

avoid obstacles. 

 the sensor measures 

distance consistently 

and is not affected 

by the object's 

colour. the robot 

avoids coloured 

objects. 

However, the 

robot cannot 

avoid transparent 

objects.  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Introduction  

This chapter deals with the methods used to complete the research work, kinematics, actuator 

and robot dynamic mathematical modeling and controller design and fix the parameters of 

the DDMR to follow the reference trajectory for row seed sowing applications. In addition 

to this, the ground can be considered as regular, the robot is a rigid body that the deformation 

of it can be ignored; wheels and the ground can meet the pure rolling conditions. 

3.2 Proposed Research Methodology   

The agricultural mobile robot for seed sowing concept design is made up of two parts: -A 

hardware-based system for crop sowing application and the robot facilitating various tasks 

for the motion of the system. This thesis considers how to control the DDMR to track the 

generated trajectory for seed sowing agricultural applications, specifically the angular and 

linear velocities of the robot. To achieve the precise objectives indicated above, the approach 

adopted throughout this thesis study included the following phases. The first phase to be 

conducted is to describe the statement of the problem and conduct a literature survey, which 

means reviewing what has been done before this proposed thesis about row seed sowing 

agricultural robot modeling and designing of controllers for trajectory tracking control of the 

DDMR, obstacle avoidance in the navigation system of different trajectories for row line, 

and any angular or nonlinear generated trajectory. 

3.2.1 Data Collection and Data Analysis 

The second phase to be completed is data collection and analysis of various approaches. 

a) Data collection: - Data can be acquired through published articles, the internet, published 

journals, international conferences, books on the issue, and experienced and expert people 

related to the topic of this thesis. b) data analysis: - Data analysis of LiDAR sensors as 

feedback, PSO algorithm for tuning parameters, FPID controller, driving the mathematical 

model of the DDMR including the series DC motor dynamics, the robot chassis dynamics, 

and considering the kinematics of mobile robots utilizing the Lagrange dynamic. Due to their 

high torque characteristics, superior reliability, and minimal maintenance needs, DC motors 

were chosen for this DDMR application. The DC motors' strong torque and accurate speed 

regulation ensure that the robot can easily navigate loose soil, muddy areas and uneven 

terrain in agricultural fields. The motor drivers act as current amplifiers by receiving a low-
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current control signal from the controller and converting it into a higher-current signal that 

can drive a motor. 

3.2.2 Controller and System Architecture Design 

A controller is required to govern the movement of the DDMR for path tracking. Then, the 

design system architecture of the proposed system sets the parameter values of the DDMR 

to identify the input and output state of the robot. For this application, it’s better to design 

the PSO Tuned Fuzzy PID Controller to track the generated trajectory. Specifying the 

control, input, and output values of the DDMR to control the robot's trajectory, path tracking 

and obstacle avoidance. Indirectly, it’s the process of controlling the angular and linear 

velocity of two wheels to track the targeted trajectory of the generated path. First, the 

environmental data will be perceived from the sensor reading, and this data will be grafted 

into the other set of modules called controllers. The sensors provide the current information 

about the map of farming land and the pose of the DDMR. The controller provides a 

guideline to control the motion of the DDMR based on the reference trajectory and the 

feedback from the sensors. 

3.2.3 Result and Discussion  

Simulate the modeled robot in MATLAB/Simulink to observe and compare the reference 

and the desired trajectory in different paths by using the PSO Tuning Fuzzy PID trajectory 

Controller, fuzzy PID, and PID controllers based on the performance to track the different 

generated trajectories. Then observe if the DDMR is tracking the trajectory or not, and 

compare the robot's pos tracking error with the generated reference and desired trajectory in 

different paths. Finally, if the desired position and orientation trajectory tracked by the PSO 

Tuned FPID trajectory controller design is better than the trajectory tracked by the FPID and 

PID controllers, then the system design is finished. If not, go back and check the controller 

design to control the angular and linear velocity of the wheel for the best trajectory tracking 

and check comparisons of PSO FPID with FPID and PID controllers on different trajectories. 

3.2.4 Materials  

This research makes use of software such as MATLAB 2020 and Microsoft Office 2019 and 

Math Type is used. MATLAB 2020a is a computer program that includes technical toolboxes 

and Simulink. The thesis documentation is edited with Microsoft Office 2019. In the 

Microsoft Office Word and PowerPoint presentation tools, Microsoft Office Math Type 7 is 

used to write mathematical formulas and equations. 
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3.2.5 Flow Chart of The Proposed Method 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 1: flowchart of the research methodology 

3.3 General Block Diagram of the Proposed System  

The sensor provides information about the farmland-generated path and obstacles. The robot 

must achieve the required POS of the generated trajectory in the farmland by using motion 

controller. For knowing the generated path and the field to be sowing fits to them on the 

farmland, detection and sensing POS of reference path on the field from one end to the other 

end, is an important part of robot motion. The goal is to develop a model that explains how 

the DDMR tracks the generated trajectory to sow the seeds in a targeted line on the farmland 

and return autonomously to plant the remaining field. To track the reference path of the 

farmland by the robot, it’s better to control the velocity of the right and left motors and 

indirectly the source voltage of both drive motors. The dynamic and kinematic model 

combined is used for the design and showing the robot’s motion control to track the 

generated line for seed sowing operation. A set of controllers and optimizers is in charge of 

Define statement of the problem 

Background of related literature surveys are reviewed 

Data collection, data analysis, and mathematical modeling 

Design the system architecture and set parameter values of the DDMR 

Design the PSO-tuned fuzzy PID trajectory controller by specifying the control inputs of the 

DDWMR for controlling the angular and linear speeds (velocity). 

Simulate the model in MATLAB SIMULINK for PSO FPID, FPID and PID 

Compare the DDMR tracked pose with the generated reference trajectory for different paths 

to see if the DDMR is tracking the trajectory or not. 

If the desired pose of the robot (trajectory tracked) 

by the PSO FPID controller is better than the FPID 

and PID controllers, then the design is finished. 

If the desired pose of the robot or 

trajectory is not tracked, and the 

comparison is not as expected, 
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controlling the DDMR, which is the PSO FPID controller, and compared with the FPID and 

PID controllers, the right and left reference control signal uR, uL and the right and left control 

error output signals UcR and UcL from the controller is adding together to providing the 

actuators. Then the average output of the actuator VR and VL are the input to robot motion 

control signals. The feedback system of the controller is summed with the reference inputs 

to get the error signal, while the error signal and its derivative are the input to the FLC. 

                                                             ɷr                    uR 

                                        xr                  xr                                                VR                        Xd         

                                       yr                  vr              UcR  
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Figure 3. 2: General Block diagram of the system 

The PSO is used to choose the number of fuzzy rules, width and center of the MF and PID 

parameters gain simultaneously. The reference generator is when the robot is at a steady state 

of its dynamic equation, or it is the reference trajectory. The model of the plant is based on 

a state space model design. The state variables are based on the difference between the actual 

and reference robot's states. 

3.3.1 Configuration of The Proposed Mobile Robot 

In this final thesis, the configuration of a DDMR is used, and the robot is equipped with two 

motors that connect to the two wheels on a common axis. Two DC motors with independent 

control and a common voltage source are used to derive the described DDMR. A chassis 

with two wheels positioned on the same axis is used in the DDMR’s model. Furthermore, 

sensor 
Reference 

path 

Refer

ence 

signal 

gener

ator  

different

ial 

derives 

wheeled 

agricultu

ral robot 

 +    +    + 

-     -     - 

Fuzzy 

Logic 

Controller  

PID 

Contr

oller  

PSO 

A

c

t

u

a

t

o

r 

prec

alcul

ation 

+ 

+ 

+ 

+ 



Page | 24  

 

the robot's chassis has caster wheels, which do not affect the motion and are used for 

balancing during robot’s motion on the generated path. 

3.4 Mathematical Model of Differential Drive Wheel Mobile Robot  

This mathematical model expands the basic model with a dynamic part describing wheel 

speed relations with motor supply voltage by respecting dynamics, construction, geometry, 

and parameters of the chassis and motors. Motor supply voltage actuating the wheel creates 

driving torque and then the wheel rotates. Both driving torques are influenced by each other 

as a result of inertial and resistance forces, which act in opposition to driving torque. 

                
Figure 3. 3: three-wheel global and local (robot) velocity coordinate representation. 

The above Figure 3. 3 Illustrates a line l defined in global coordinates that the robot is set to 

be tracked. An orthogonal projection from the location 
,( )b bx y = (0, 0) onto l giving the 

distance d, while the angle ɵ is the angle difference between the robot and line. The controller 

makes an effort to make (d, ɵ) = (0, 0). In the DDMR control system design, the main 

objective is to order the robot to follow the generated path on the predefined farmland. The 

fundamental principle of the controller is motor voltage control, in which the motor speed 

on either side between the left and right motors, which are attached to the front wheels, 

controls the linear and angular velocity of the robot. As a result, the POS of the robot will be 

tracked. The DDMR's planar curvilinear motion is the result of time-variant wheel rotation 

velocities. Planar curvilinear motion is a sum of linear and rotational motion. Forces balance 

is the starting point for the development of motion equations. In curvilinear motion, if "F" is 

an actual force on a mass point with weight "m" and a distance "r" from the axis of rotation. 

2 ( ) 0
dv d dr

F m m m m r
dt dt dt


  = + +  +  + =  (3. 1) 

where F, mdv/dt, mdω/dt, 2mωxdr/dt, and mωx(ω+r) are actual force, inertial, Euler’s, 

Coriolis and centrifugal force respectively. Application of this general equation requires a 

specification of individual forces according to actual conditions or other acting forces must 
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eventually be implemented. The center of the join between wheels is used as the selected 

chassis point. This choice leads to the easiest recalculation of actual wheel speeds to motion 

equations at that point is chosen as the center of gravity projection to join the wheels.  

3.4.1 Dynamics of The Actuators 

Two DC motors with a common voltage source and independent control are used to derive 

the described DDMR. The driving wheels are connected to the motors through a gearbox 

which is used to change the speed and torque of the robot according to a variety of road 

conditions with a constant gear ratio. Rotation speed is proportional to losses in the motor 

and gearbox. In this, DC motors are presented which show the dependency between 

translation and rotation speed of the selected point on moments acting on the driving wheels 

are evaluated. The model is transformed to a simpler form, which is more suitable for the 

next use and for calculating the trajectory of arbitrary points.  

3.4.1.1 Electrical Equation of Series DC Motor  

The electrical equation for the equivalent circuit can be derived by applying the KVL around 

the electrical loop. According to KVL, the sum of all voltages around the loop has to be zero. 

Field current is generally kept in a constant and steady state. The armature circuit voltage 

equation from KVL is shown below where the equation derived as: - 

0a Ra La bv v v v− − − =  (3. 2) 

 

Figure 3. 4: Electrical series DC motor. 

The voltage across the resistor can be shown as follows using Ohm's law: 

( )Ra a av i t R=  (3. 3) 

where, 𝑖𝑎 is the armature current. The back emf is proportional to the motor speed, and the 

voltage across the inductor is proportional to the change in current through the coil over time 

that formulated as: 

a
La a

di
v L

dt
=  (3. 4) 

( )b b mv k t=  (3. 5) 
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where, La is the inductance of the armature coil, kb is the velocity constant, this is defined 

by the permanent magnet flux density, the armature's iron core's resistance, and the number 

of turns in its winding; 𝜔𝑚 is the rotational velocity of the armature winding. Substituting 

equation.(3. 3),(3. 4),  (3. 5) into equation. (3. 2) Provide: 

0a
a a a a b m

di
v i R L K

dt
− − − =  (3. 6) 

3.4.1.2 Mechanical Equation of  Series DC  Motor  

The mechanical equation (Newton low of motion) is obtained as follows: 

2

2

( )( )
( ) r

m m

k d td t
t J

dt dt


 = +  (3. 7) 

where, 𝜏𝑚 is the motor torque produced by the motor shaft, 𝐽𝑚, kr is denoted as the moment 

of inertia and motor friction coefficient angular displacement. Based on the previous two 

equations (3. 6) and (3. 7), when the input voltage 𝑣𝑎(𝑡), is applied, the armature current 𝑖𝑎(𝑡) 

goes through resistance 𝑅𝑎 and inductance 𝐿𝑎 producing magnetic flux and causing the 

motion of the rotor according to the motor torque as illustrated in equation (3. 8) below. 

Ignoring the inductance of the armature circuit and considering the relation between torque 

and armature current is given as. 

( ) ( )m t at k i t =  (3. 8) 

The torque constant, Kt, Similar to the velocity constant, it depends on the flux density of 

the fixed magnets, the iron core's resistance, and the number of turns in the armature winding. 

As load increases, the armature current, field current, and flux increase. As a result, torque 

also increases, but the speed decreases until the flux reaches saturation. The equations (3. 5), 

(3. 6),(3. 7) and (3. 8) are combined as follows: 

2

2

( ) ( ) ( )
( ) ( ) ( )

( ) ( )
( ) ( ) ( )

a
a a a a b m

m r
t a t a m

di t d t d t
L R i t v t k where t

dt dt dt

J d t k d t
k i t wherek i t t

dt dt

 


 



 + = − =



 + = =


 (3. 9) 

3.4.1.3 State Space Representation of The Series DC Motor  

The differential equation derived above can also be represented by a state space model that 

includes load torque, resulting in a state space with two inputs of load torque (M) and 

terminal voltage Va. The rotor generates an electrical voltage with the opposite polarity of 

the source voltage (kb(t)), This is proportional to the angular speed of the rotor. The twisting 

moment of the rotor 𝑀𝑚 is proportional to the current 𝑖𝑎(𝑡). Ideal behavior means that the 

whole electric energy used to create a magnetic field is transformed without any loss to 

the mechanical energy moment of the motor. Losses in the magnetic field are not considered,   
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electric losses in the winding, mechanical losses proportional to rotor speed are considered. 

( )
( ) ( ) ( )

( ) ( ) ( )

( )
( ) ( )

( ) ( ) ( )
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a a b m a a
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m m m
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k t M k i t
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d t k i t k t M

dt J J J








 


 + = −



 = − −




 + + =




= − −



 (3. 10) 

The rotor position results in the 3rd- differential equation of the motor model. 

( )
( )m

d t
t

dt


=

 
(3. 11) 

The state space representation of differential equations (3. 10) ,and (3. 11) is shown as fellow. 
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 (3. 12) 

where,  [ ]T

m  are outputs and  [ ]T

av M  are inputs. 

3.4.1.4 DC Motor Wiring and Coupling with The Chassis of DDMR.  

The DC motor electric component frequency domain function relating armature current, and 

voltage, is given in equation (3.13): whereas the DC motor Mechanical component frequency 

domain in terms of output torque and input rotor speed is given in equation (3.14) below: 

( ) ( ) ( ) ( )a a a a a bL si s R i s v s k s s+ = −  (3. 13)  

2 ( ) ( ) ( )m r t aJ s s k s s k i s + =  

 
(3. 14) 

 

Once the motor id is modeled, and used two identical DC series motors in the robot. The 

dynamics of the two-series DC motor used in the system can be derived from the balancing 

of voltages (Kirchhoff’s law) and the balancing of moments. From Kirchhoff’s voltage law, 

( )
( ) ( ) ( ) ( ( ) ( ))

( )
( ) ( ) ( ) ( ( ) ( ))

a L
b L L a a L Z L R

a R
b R R a a R Z L R

L di t
k t u v t R i t R i t i t

dt

L di t
k t u v t R i t R i t i t

dt






 = − − − −



 = − − − −


 

 

(3. 15) 
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where, Rz [Ω] is internal resistance, 𝑅𝑎 [Ω] is motor winding resistance, 𝐿𝑎 [H] is motor 

inductance, 𝑘𝑏 [V/m
1s− ] is the back EMF constant, 𝑉𝑎[V] is source voltage,                                  

ω𝐿 [rad.
1s− ] is left motor angular velocity, ω𝑅 [rad.

1s− ] is the right motor angular velocity, 

U𝑅 and U𝐿 are the corresponding control voltages for the right and left motors. 𝑖𝐿 and 𝑖𝑅 [A] 

are the left and right currents that run through the winding. Each motor has power supply 

voltage (V𝐿, V𝑅) disbranched from the common source of voltage 𝑉𝑎 Control of the supply 

voltage of both motors using an amplifier with control (U𝑅 and U𝐿) is shown in Figure 3. 5 

below. Because both engines are powered from a common source, it was also taken into 

account the effect of the internal resistance R𝑍. Both motors have the same parameters, and 

the second equation is electric energy, a moment of inertia, rotation resistance proportional 

to rotation speed (mechanical loss), load moment of the motor M𝑥 and moment M𝑚 caused 

by magnetic field, it has a proportionate relationship with the current. 

 

Figure 3. 5: DC motor wiring of the robot 
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( ) ( )

( )
( ) ( )

m L

L b L r L L

m R

R b R r R R

J d t
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dt

J d t
k i t k t M

dt


 


 


 = = + −



 = = + −


 (3. 16) 

where, 𝐽𝑚 [kg.
2m ] is a moment of inertia, kr [N.ms] is the coefficient of rotation resistance 

and 𝑀𝑥 [kg. 
2 2.m s− ] is load moment, M𝐿 and M𝑅 are the load moments on the left and right 

wheels. Since in the DDMR the motors are mechanically coupled to the robot wheels through 

the gears, the mechanical equations of motion of the motors are linked directly with the 

mechanical dynamics of the DDMR. Therefore, each DC motor will have the total dynamic 

equations of the DDMR with the actuator obtained by combining equations (3. 15) and (3. 

16) for each motor with the mechanical Kinematics and dynamics of the DDMR. 
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3.4.2 Kinematic Model of Differential Derives Wheel Mobile Robot 

It is the mathematical model that studies the motion of a system without considering forces 

that affect the motion and deals with geometrical relationships which govern the system and 

relationship between control parameters and the behaviors of system in state space model.  

3.4.2.1 Differential Derive Mobile Robot Coordinate Systems representation 

To describe the position of the DDMR in this environment, two distinct coordinate systems 

need to be defined.  1. Inertial Coordinate System: In the environment where the DDMR 

moves, this coordinate system serves as a global frame that is fixed. Moreover, this is 

considered as the reference frame and is denoted as ( , )i ix y . 2. Robot Coordinate System: 

This coordinate system is a local frame attached to the DDMR, and thus, moving with it. 

This frame is denoted as ( , )B Bx y . Figure 3. 6 below shows the two defined frames.  

 

Figure 3. 6: global inertial reference frame and local robot reference frame cartesian 

Coordinate representation. 

The robot has a designated point B, as shown in Figure 3. 6. It is chosen to be at the midpoint 

between the two wheels on a line drawn through the wheel axles such that any variation in 

angular velocity between the two driving wheels results in a rotation about point B. The 

center of mass “C” defined as ( , )c cx y of the robot is assumed to be on the axis of symmetry, 

at a distance “d” from the origin of the robot body “B”. The DDMR operates on a horizontal 

plane which is performed by three components that are the position and the angular 

difference between the global and local reference frames. The robot's position is determined 

by the relationship between the global reference frame “O”: ( , )i ix y , the robot reference 

frame “B”: ( , )B Bx y and the angular difference between the global and robot reference frames 

is given by “ ”. We can describe the POS of the robot in the above Figure 3. 6 of a point 

“B”as a vector with these three elements ( , , )x y   and the robot POS in the GIF is: -       

[ ]T

I b b bq x y =  (3. 17) 

yb Yi 

Xi 

 l 
xb 

yb 

xb O 

v 
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when Iq  represents the POS of the DDMR concerning the inertial reference frame whereas 

( , , )b b bx y   represents the local reference frame. The position of any point on the robot can 

be defined in the robot frame and the inertial frame is also defined on the inertial frame as 

follows. In the robot reference frame and the global reference frame, the position of any 

point on the robot can be defined as follows. Let [ ]T

I i i iq x y = && & &  and [ ]T

b b b bq x y = && & & are the 

coordinates of the given point in the global inertial reference Iq& frame and local robot 

reference frame bq& respectively. Following that, the transformation shown below is used to 

relate the two coordinates: Mapping the motion along the axes of the global reference frame 

to move along the axes of the robot reference frame will be required to explain robot motion. 

This mapping is accomplished using the orthogonal rotation matrix which is a standard 3x3 

matrix for rotation of angle “ ” in the x-y plane and it projects velocity in the robot frames 

onto the base of the inertial frame. 

( )I bq R q=& &  (3. 18) 

Equation  (3. 18) is very important in deriving the DDMR kinematic and dynamic models as 

it describes the relationship between the velocities in the inertial frame and the Robot frame.    

when 

cos sin 0

( ) sin cos 0

0 0 1

R

 

  

 − 
  

=  
 
 
  

is the orthogonal rotational matrix derived from the above 

Figure 3. 3 by projecting on the x and y axis of the velocity information. So, we have got the 

orthogonal rotational matrix as / cos sinb bdx dt x y = −& &  similarly 

/ sin cosb bdy dt x y = +& &  whereas &  the angular velocity between the inertial and robot 

reference frame respectively then the orthogonal rotational matrix is provided as. 
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sin cos

cos sin cos sin 0
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 (3. 19) 
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then the relation can be written as ( )I bq R q=& &  Where  

cos sin 0

( ) sin cos 0

0 0 1

R

 

  

 − 
  

=  
 
 
  

 is the 

orthogonal rotational matrix where the matrix which used to transform rectangular plane 

coordinate system to robot’s coordinate system. 

3.4.2.2 Kinematic Constraints of the Differential-Drive Mobile Robot           

The motion of a DDMR is characterized by two non-holonomic constraint equations, which 

are obtained by three main assumptions: In which non-holonomic constraints don’t reduce 

the degree of freedom but only limit the motion, velocity constraint can’t integrate to get the 

configuration or POS constraint whereas holonomic mobile robots are omnidirectional 

wheeled. A) Symmetrical:- Robot is symmetrical along the longitudinal axis bx  that means 

equivalent wheels with axel 2L when L is each wheel distance to point the origin , and that 

has an identical wheel with a radius of ( l rR R R= = ) when the center of mass cx at a distance 

of “d” from B as well as the robot is considered as a rigid body distance between any two 

points of the robot does not change in time. B) No lateral slip motion: - In automotive robot 

dynamics, slip is the relative motion between a tire and the road surface it is moving 

on. Whenever the wheel is spinning the arc length ( ) is much greater than the horizontal 

distance xb that the wheel moved so the robot is not translated to the targeted line. So, no 

lateral slipping motion can be described as the constraint simply means that the robot can 

move only forward and backward but not sideward. In the robot frame, this condition means 

that the velocity of the center-point of the origin B is zero along the lateral axis whereas no 

skidding motion is just the robot is in transitional motion not sidewards. The orthogonal axis

( )b

Ry  skidding constraint: d/dt ( ) 0b

Ry =  from the orthogonal rotational matrix ( )R  , the 

velocity inertial frame is given by     

sin cos 0b bx y − + =& &  (3. 20) 

C) Pure rolling constraint: - When the angular difference of the wheel is exactly equal to 

the transitional horizontal distance along the ground. The pure rolling constraint represents 

the fact that each wheel maintains a one contact point P with the ground as shown in Figure 

3. 7 below. There is no slipping of the wheel in its longitudinal axis xb and no skidding in 

its orthogonal or vertical axis yb. The velocities of the contact points P in the robot frame 

are related to the wheel velocities by the below equation (3. 21): 
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Figure 3. 7: Pure rolling motion constraint 

pR R

pL L

v R
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&
 (3. 21) 

When equation (3. 21) is slipping constraint for the right and left wheel, respectively.                                                                                       

In the inertial frame, these velocities can be calculated as a function of the velocities of the 

robot center-point B: 

cos
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x x L

y y L

x x L

y y L
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     (3. 22) 

Using the rotation matrix R(θ), the rolling constraint equations are formulated as follows: 

cos sin

cos sin

pR pR R

pL pL L

x y R

x y R

  

  

 + =

 + =


&& &

&& &
 (3. 23) 

Using the contact point velocities from equation (3. 22) and substituting in (3. 23) the three 

constraint equations can be written in the following matrix form: - 

2 2

2 2

2 2

( cos )cos ( sin )sin

cos cos sin sin

cos sin cos sin 0

( cos )cos ( sin )sin

cos cos sin sin

c
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x L y L R

x

      

      
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+ + + =

+ + + =

& & && &

& & && &

& & && &

& & && &

& & && &

& 2 2os sin cos sin 0b Ly L L R      
















 + + + − =

& &&

 (3. 24) 

we have    sin cos 0b bx y − + =& &   from equation (3. 20). 

2 2

2 2

cos sin cos sin 0

cos sin cos sin 0

b b R

b b L

x y L L R

x y L L R

      

      

 + + + − =

 + + + − =

& & && &

& & && &
 (3. 25) 

Equating the above two equations (3. 21) and (3. 25) we have gotten a matrix form that is 

given in equation (3.26) of the two lower terms:  
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(3. 26) 

T

b b R Lq x y    =   
& & && & & and 

sin cos 0 0 0

( ) cos sin 0

cos sin 0

q L R

L R
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 

 

 − 
  
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 − −  

 (3. 27) 

When   is the constraint matrix, q is generalized coordinates, ,R L & & is the right and left 

wheel angular speeds and  is the degree between the robot frame and the inertial frame. 

3.4.2.3 Kinematic Model of Differential Derive wheeled Mobile Robot 

Kinematic modeling is the study of the motion of mechanical systems without considering 

the forces that affect the motion that is used to transform the robot from a polar (r,θ) to a 

rectangular (x,y) coordinate system. The linear velocity of each driving wheel is determined 

from the average of the linear velocities of both wheels, so the goal is to represent the robot 

velocities as a function of the driving wheel velocities along with the geometric parameters 

of the robot according to the predefined constraints or the global frame (Sultan, 2018). To 

characterize the current localization of the mobile robot in its operational space of evolution 

on a 2D plane ( , )x y we must define first its POS. Assuming the orientation of a wheel is 

defined by θ, between the instant linear velocity of the mobile robot v and the local reference 

axis as we have seen in the above Figure 3. 6. The linear instant velocity of the mobile robot 

v, is a result of the linear velocities of the left driven wheel Lv and the right driven wheel Rv  

respectively. These two drive velocities Lv and Rv are permanently two parallel vectors and, 

at the same time, they are permanently perpendicular on the common mechanical axis of 

these two driven wheels. The linear velocity of each driving wheel in the robot frame is 

therefore, the average of the linear velocities of the right and left wheels of the DDMR in the 

robot frame and the angular velocity of the DDMR is given by: -.  

( )
2 2

R LR Lv v
v R

 ++
= =

& &
 (3. 28) 

( )
2 2

R LR Lv v
R

L L

 


−−
= =

& &
 (3. 29) 
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where  ,R L   are right and left wheel angular velocities respectively, and   are average 

linear and angular velocities, V𝑟 and V𝑙 are right and left wheel linear velocities, R is the 

radius of the wheels and the distance between the wheels is 2L.  Error position, orientation, 

velocities and the final position can be estimated as follow:  

2 2

p g g

g2

g

g

E = (x -x) +(y -y)

( )cos( ( )), ( )sin( ( ))

y -y
=arctan

x -x

( ) ( ) cos( ( )) , ( ) ( )sin( ( )) , ( ) ( )

x yv v t t v v t t

x t v t t dt y t v t t dt t t dt

 


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
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 
  
 


 = = =   

 (3. 30) 

where error orientation ge = -     corrected error 
2E =arctan (sin(e),cos(e)) g is referring 

to the global or targeted POS. In the robot coordinate system and inertial coordinate system, 

the DDMR velocities in the robot frame can now be represented in terms of the center-point 

B velocities in the robot coordinate frame and inertial coordinate frame as follows: 
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this rearranging as    
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(3. 31) 
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 (3. 32) 

Equation (3. 32) above represents the forward kinematic model of the DDMR in terms of 

both inertial frame, linear and angular velocities in the Robot frame. Another alternative 

form for the kinematic model can be obtained by representing the DDMR velocities in terms 

of the linear and angular velocities of DDMR in the Robot frame that is explained as or term. 

3.4.2.4 Dynamic Modeling of the Differential Derive Mobile Robot 

Dynamics modeling is the study of the motion of a mechanical system taking into 

consideration the different forces that affect its motion including the motor derive dynamics. 
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The dynamic model of the DDMR is essential for simulation, analysis of robot motion, and 

for the design of the motion control algorithm. This can be done based on the Lagrange 

dynamic approach, in which the Lagrangian dynamic is the well-known to formulating the 

equations of robot motion, and which is a very powerful method to formulating equations of 

mechanical systems motion. This method, which is introduced by Lagrange, is used to derive 

equations of motion considering the kinetic and potential energies of the system given by: -  

( ) ( )T

i i

d L L
F q

dt q q

 
+ = −

 & &
 (3. 33) 

Where L=T-V is the Lagrange function, T, is the kinetic energy, V is the potential energy, qi 

is the generalized coordinates, F is the generalized force vector, Λ is the constraints matrix, 

and λ is the vector of Lagrange multipliers associated with the constraints (Dhaouadi, 2013). 

The first step in deriving the dynamic model using the Lagrange approach is to find the 

kinetic and potential energies that govern the motion of the DDMR. Since the DDMR is 

moving in the x-y plane, the potential energy of the DDMR is considered to be zero and 

knowing the DDMR kinetic energy which is the sum of the kinetic energy of the robot 

platform without wheels and the kinetic energies of the wheels including the actuators. The 

kinetic energy of the robot platform, right and left wheel is given by: - 

2 2

2 2 2

2 2 2

1 1
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1 1 1
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 = + +


&

& &

& &

 (3. 34) 

where, Tc kinetic energy of the robot platform, TwR, TwL, are the kinetic energy of the right 

and left wheel, mc is the mass of the DDMR without the driving wheels and actuators, mw is 

the mass of each driving wheel and rotor of its motor, Iw is the moment of inertia of each 

driving wheel and rotor of its motor about the wheel axis, Ic is the moment of inertia of the 

DDMR about the vertical axis through the center of mass and Im is the moment of inertia of 

each driving wheel with actuator about the wheel diameter (Bouzoualegh, 2018). The 

dynamic model of the non-holonomic DDMR with “n” generalized coordinates 1 2, ... nq q q

subject to “m” constraints can be described by the following equations of motion. 

( ) ( , ) ( ) ( ) ( ) ( )T

dM q q V q q q F q G q B q q  + + + + = −&& & & &  

  
(3. 35) 

Where M(q) a n n symmetric positive definite inertia moment matrix, ( , )V q q& is the 

centripetal and Coriolis matrix, ( )F q& is the surface friction matrix, G(q) is the gravitational 
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vector matrix,τd is the vector of bounded unknown disturbances including unstructured 

unmodeled dynamics matrix, B(q)τ is the input matrix, ( )T q is the matrix associated with 

the kinematic constraints, and λ is the Lagrangian multipliers vector matrix. For the DDMR, 

the generalized coordinates for the dynamic modeling are selected as: - 

( )T

b b R Lq x y   =  (3. 36) 

All velocities will be first expressed as a function of the generalized coordinates using the 

general velocity equation in the inertial frame and xi, yi components of the center of mass 

and wheels can be obtained in terms of the generalized coordinates as follow. 

2 2 2

i i iv x y= +& &  (3. 37) 

cos sin

sin cos

sin cos

c b c b

wR b wR b

wL b wL b

x x d and y y d

x x L and y y L

x x L and y y L

 

 

 

 = + = +


= + = +

 = − = +

 (3. 38) 

Equation (3. 34) along with (3. 38) the total kinetic energy of DDMR can be determined as: 

2 2 2 2 21 1 1
( ) ( cos sin ) ( )

2 2 2
b b c b b w R LT m x y m d y x I I     = + − − + + +& && && & & &  (3. 39) 

where the new parameters are introduced 2c wm m m= +  are the total mass of the robot, and 

2 22 2c c w mI I m d m L I= + + +  it is the total equivalent inertia of the DDMR. Using equation 

(3. 33) along with the Lagrangian function L=T the equations motion of DDMR is given by:  
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 (3. 40) 

where (C1, C2, C3, C4, C5), are coefficients related to the kinematic constraints, which can 

be written in terms of the Lagrange multipliers vector λ and kinematic constraints matrix Λ. 

( )q =  [ 1 2 3 4 5C C C C C ] T  (3. 41) 

Now, the obtained equations of motion (3. 40) can be represented in the general form given 

by equation (3. 35)  as: - 

( ) ( , ) ( ) ( )TM q q V q q q B q q + = −&& & &  (3. 42) 
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3.5 State Space Representation of Differential Derive Mobile Robot 

The system described by equation (3. 42) is transformed into an alternative form that is more 

convenient for the purpose of control and simulation. The main aim is to eliminate the 

constraint term ( )T q    in equation (3. 42) since the Lagrange multipliers i are unknown. 

This is done first by defining the reduced vector next, by expressing the generalized 

coordinates velocities using the kinematic model from equation (3. 32) we have: - 

 
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It’s important to write the kinematic and dynamic model equation of motion to robot in a 

form easier and more convenient for control system analysis and design. Here, we shall 

achieve this by employing the concept of state space realization. Firstly, let us recall the two 

input most important system equations of the DDMR from equations (3. 32) and (3. 42).Let’s 

put this differently that means in the kinematic model above, can be written in the form of:  
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( )q S q =&    (3. 45) 

It can be verified that the transformation matrix ( )S q is in the null space of the constraint 

matrix ( )q  and next, taking the time derivative of equation (3. 45) Therefore, we have: - 

( ) ( ) 0T TS q q =  (3. 46) 

( ) ( )q S q S q = +& &&&  (3. 47) 

Substituting equations (3. 45) and (3. 47) in the main equation (3. 42) we obtain 

 ( )( )[ ( ) ( ) ] ( , ) ( ) ( ) ( )TM q s q s q V q q S q B q q    + + = −&& &    (3. 48) 

Next, rearranging the equation and multiplying both sides sT(q) leads to  

( )( ) ( ) ( ) ( )[ ( ) ( ) ( , ) ( )] ( ) ( ) ( ) ( )T T T T TS q M q S q S q M q S q V q q S q S q B q S q q   + + = − && &  (3. 49) 

where the last term is identically zero ( ) ( ) 0T TS q q  = . Now defining the new matrices 
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The constraint term  ( )T q   is eliminated and the dynamic equations are reduced to: - 

( ) ( , ) ( )M q V q q B q  + =& &  (3. 51) 
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 (3. 52) 

This shows that the DDMR dynamics are expressed only as a function of the right and left 

wheel angular velocities ( , )R L & &  , &  and the driving motor torques ( , )R L  .  

Table 3.  1: Kinematic and dynamic including actuator parameters of DDMR 

(DEMİRBAŞ, 2017). 

DDMR Parameters Motor Parameters 

Parameters  Unit  Value  Parameter  Unit  Value  

mc 

mw 

Ic 

Iw 

Im 

d 

R 

L 

 

kg 

kg 

kg*𝑚2 

kg*𝑚2 

kg*𝑚2 

m 

m 

m 

 

27 

0.5 

0.732 

0.0025 

0.0012 

0.05 

0.0975 

0.164 

V(t) 

I(t) 

Ra 

La 

Kb 

Kt 

τ 

w(t) 

V 

A 

  
H 

V*s 

N*m/A 

N*m 

rpm 

12 

2.85 

1.01 

0.088*10
3

 

12,939*10
3

 

12,939*10
3

 

0.1537 

6640 

3.6 Obstacle Avoidance of DDMR Using PSO FPID and LiDAR Sensor. 

For obstacle identification and collision avoidance, a LiDAR sensor and a PSO-tuned FPID 

controller are utilized simultaneously. One of the goals of control is to maintain a safe 

distance between the robot and the item, provide information about the farmland's target 

path, and force the robot to follow the trajectory. To fulfill this capability, a sensor that can 

detect the distance between the robot and the obstacle must be installed so that the controller 

can calculate and determine the appropriate distance to control the robot actuator. As a result, 

sensors are fixed at the top-front edge of the DDMR to detect obstacles and send input signals 

of the obstacle's distance, position, and angle to a fuzzy PID controller. The controller then 

processes the information from the input signal and calculates the necessary distance and 
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direction, which is then sent to an output device to avoid the obstacle and follow the 

generated trajectory. The DDMR model's output devices, which include the left and right 

DC series motor actuators, receive the command signal and avoid the obstacle by adjusting 

or controlling the speed of two motors, which indirectly control the speed of the left and 

right wheels to follow the desired trajectory. For DDMR, a LiDAR sensor is used to construct 

a real-time obstacle avoidance system that allows the robot to continuously sense its 

environment, avoid obstacles, and advance toward the goal region. The DDMR consists of 

LiDAR as a scanner sensor for obtaining the angle and distance of obstacles around the 

robot's path. This sensor can measure distance consistently, which is not affected by the 

object's color and ambient light intensity, which has different lux. The mobile robot can 

avoid colored objects of different sizes. The ambient light intensity and the surface color of 

the object does not significantly influence the LiDAR measurements (Hutabarat, 2019, July). 
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Figure 3. 8: Flowchart of LiDAR sensor obstacle avoidance system. 
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3.6.1 LiDAR with PSO FPID for Path Tracking and Obstacle Avoidance. 

A reactive control system is developed by using a PSO-tuning fuzzy PID controller that is 

equipped with a sensor to avoid obstacles. The obstacle avoidance system implements a 

strategy of intelligent reactive control in the sense that the immediate environment reacts 

when sensory data from LiDAR reading is available. The existence of a goal enables us to 

concentrate fully on two fundamental behaviors: collision avoidance and the achievement of 

a target goal. This controller receives as input the angle between the axis carrying the 

obstacle and the reference trajectory mark center and the distance between the robot and the 

obstacle to generate two control parameters, the speed and turning rate of the robot. These 

two orders allow the change of the robot's direction to avoid the nearest obstacle and follow 

the target trajectory (Melik, 2015, December).  
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Figure 3. 9: Sensor PSO fuzzy PID Obstacle Avoidance of DDMR. 

The information is processed in the PSO-tuned fuzzy PID controller after the distance 

between the robot and the obstacle is measured. If the distance is greater than the threshold 

distance, the controller gives drive to the motor, and the robot moves forward. If the distance 

is less than the threshold, the robot moves to the left or right side. The combination of LiDAR 

and a PSO-tuned fuzzy PID controller gives an inspiring result. For the two error inputs and 

three PID gain output variables dri, ɵri and their derivative the membership functions 

presented in Figure 3. 14 and Figure 3. 15 are used whereas Inference rules for the obstacle’s 

avoidance or situation-action dri, ɵri and their derivatives, Kp, Ki and Kd suggested are 

represented in Table 3.  2 and Table 3.  3 respectively.  

Behavior to go to the 

target 

Behavior obstacle 

avoidance 

Sensor reading  

FPID DDMR  

PSO algorithm 
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3.7 Controller Design of Differential Derive Mobile Robot. 

3.7.1 Fuzzy Logic Controller  

The FLC is commonly adopted in engineering applications since it has a relatively simple 

structure and its performance is quite robust for nonlinear systems. The fuzzy logic control 

principle is used to control systems or processes that are complicated or difficult to model or 

nonlinear and complex (Mohamed MJ, 2018). The control process of FLC is described by 

linguistic knowledge, and a precise mathematical model of the object is not needed. Fuzzy 

control is based on a fuzzy logic mathematical system that processes crisp values in terms of 

logical variables that take on continuous values between 0 and 1. Lotfi Zadeh from the 

University of California introduced the concept of fuzzy logic as a way of processing data 

by allowing partial set membership rather than crisp set membership. In conventional 

control, even if the design of the system is possible or the mathematical model of the 

complicated system is achievable, the model may be too complex to use in controller design. 

In particular, some conventional techniques for the construction of controllers require some 

assumptions while linearizing a nonlinear system. As a result, fuzzy control has been 

invented to discover some optional control strategies for control theory rather than struggling 

with failure models. In general, the FLC is composed of four major components. For the 

trajectory control of the DDMR, two identical FLC is considered to control two series DC 

motors which are distance and angle FLC, in right and left side of the DDMR respectively. 
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Figure 3. 10: General structure of FLC. 

3.7.1.1 Fuzzification  

Fuzzification is the first step of the fuzzy inference process that decomposes crisp inputs 

measured by sensors into fuzzy sets. The crisp inputs such as height, temperature, pressure, 

or velocities are evaluated by the inference engine as fuzzy inputs. Each crisp input has its 
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own group of membership functions or sets that are to be processed by the fuzzy inference 

unit. Different fuzzy sets can be defined linguistically for different systems. 

3.7.1.2 Rule Base  

Fuzzy rules are linguistic IF-THEN constructions that have the general form of "if A then 

B", where A and B are conditions and conclusion, respectively. The controller can be applied 

to either MIMO or SISO problems. The controller needs three different crisp inputs, which 

are the error, the change of error, and the integrated error. In principle, the third variable, the 

integral of error, is hard to define by the operators and engineers. Therefore, it is generally 

preferred to use two inputs, the error and the change of the error. To simplify, the control 

objective is to regulate some process output around a prescribed set point or reference. 

3.7.1.3 Inference Mechanism  

By using different fuzzy rules like if-then or if-else, the fuzzy input is converted to the fuzzy 

output or truth-value for which the premise of each rule is computed and applied to the 

conclusion part of each rule. This results in one fuzzy subset being assigned to each output 

variable for each rule. The inference mechanism has two main tasks; the first is to determine 

the firing strength of each rule. Crisp inputs that passed through the fuzzification and became 

fuzzy inputs are evaluated for each rule in the rule base. Depending on the defined 

membership functions of the inputs, some of the rules will be fired. The other task is to 

combine the outputs of the fired rules to obtain a fuzzy set as the overall output of the 

inference mechanism. This output will be the input of the defuzzification stage where it is 

converted to a crisp value. In this thesis, the Mamdani system is used in which the output of 

each rule is a fuzzy set. Those output fuzzy sets are combined into a single fuzzy set using 

the aggregation method of the FIS, which is based on the concept of fuzzy logic and 

approximate reasoning. For getting an output distribution, it’s necessary to combine the 

consequences by using the max or min operator, which is called aggregation.  

3.7.1.4 Defuzzification  

For a given fuzzy set and corresponding membership degrees, defuzzification is the 

technique of producing a quantified output in crisp logic. It is the procedure that converts a 

fuzzy set into a crisp set. The fuzzy logic controller must convert its internal fuzzy output 

variables into crisp values that can be used by the controlled system, and the output of the 

inference engine is the input of the defuzzification stage. The fuzzy set, which is the output 

of the inference mechanism, is converted to a crisp value by using defuzzification methods 

to get a scalar value as the control input to the system. Defuzzification can be done in several 

ways. One of these is the center of gravity (COG) approach, which creates the element (crisp 

value) where the fuzzy set's center of gravity is positioned.  
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3.7.2 PID Controller 

It is the most fundamental control strategy in the control area and the most commonly used 

controller for the applications of process control. The PID controller is generally preferred 

for control actions because of its simple algorithm and ability to adapt to a wide range of 

applications. Recent research has indicated that even though PID controllers may not provide 

optimal control, they provide satisfactory control (Dørum, 2015). 

 

 

                      r(t)          e(t)                                                    u(t)                           y(t) 

                                                                                                         

                                                                                       

 

Figure 3. 11: Block diagram of the PID controller. 

The most important effects of PID controllers in process control are the elimination of 

steady-state errors and the generation of adequate corrective signals through the derivative 

action. The PID controller is used to control the rotational speed of the right and left DC 

motors. Indirectly, it controls the angular speed of the DDMR wheel with the help of the 

values of the constants Kp, Ki, and Kd. Kp depends on present errors, Ki depends on the 

accumulation of past errors, and Kd is a prediction of future errors. They provide control 

signals that are proportional to the error between the reference signal and the desired output 

to the integral of the error, and the derivative of the error (derivative action) (Hirpo, 2017). 
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 = + +  (3. 54) 

where U (t) = control signal, e (t) = error signal, Kp = proportional gain, Ki = integral gain, 

Kd = the derivative gain. The PID controller mainly adjusts the Kp, Ki and Kd to achieve 

optimal control performance. In a classical PID controller, the PID gains are always fixed 

after tuning. Therefore, the designed PID controllers lack flexibility and cannot efficiently 

control systems that have changing parameters. The PID gains are always fixed after 

parameter tuning, which is done by selecting values of KP, KI, and Kd that provide the desired 

output response. To effectively regulate systems with changing parameters, PID controllers 

are not flexible enough in their design. A self-tuning fuzzy PID controller is presented to 

address the issue. For larger values of kp the system has a faster response since the larger the 
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error, the larger the proportional term compensation. An excessively large proportional gain 

will lead to process instability and oscillation. When larger values of Ki mean steady-state 

errors are eliminated more quickly and larger values of Kd apply to the system that reduces 

the overshoot, slows down the transient response this may lead to instability due to signal 

noise amplification in the differentiation of the error (Singhal, 2017). 

3.7.3 Self Tuning Fuzzy PID Controller for DDMR 

To address the issues of the classical PID controller and ensure the accuracy of the whole 

control system, it is better to design a self-tuned FPID controller for a DDMR. Combining 

fuzzy auto-tuning PID control and fuzzy control, achieving nonlinear function or performing 

a nonlinear transfer between the two inputs error e(t) and error rate Δe(t) to tune the output 

gain parameters Kp, Ki, Kd through a fuzzy inference system. The fuzzy obtained PID 

parameters after modification are Kp, Ki, and Kd that applied to the system for controlling 

the linear velocity v and driving the angular velocity ω of the DDMR. Kp, Ki, Kd is the value 

of controller parameters before modification.  
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Figure 3. 12: Structure of fuzzy tuned PID controller for mobile robot 

The block diagram of the self-tuning FPID controller is represented in the above  

Figure 3. 12 in which the LiDAR sensor is a feedback system, the reference input is 

represented by r(t), the controller output is denoted by u(t), and the desired output is indicated 

by y(t).in which  r(t)=[xr yr r ]Tand e(t)=[ex ey e ]T, Δ(t)=[ Δ ex Δ ey Δ e ]T whereas(t)=[v 

ω]T and the output y(t)=[ xd yd d ]T and the Mobile robot consists of both dynamic and 

kinematic design of the DDMR. The feedback of the fuzzy PID controller is essential to 

stabilize the error of the path tracking system when the mobile robot output deviates from 

Mobile 

Robot 
 

Fuzzy Logic Controller 

 

 

 

 

 

Rule Base 

DefuzzificatioFuzzification 
Inference 

mechanism 

𝑑𝑒

𝑑𝑡
 

LiDAR sensor 

PID 



Page | 45  

 

the desired trajectory. The controlled object can achieve good dynamic and static 

performance even if the dynamics of the plant change during operation by continuously 

detecting error e(t) and change of error Δ(t) and modifying PID parameters in real time 

according to the fuzzy control rules. The major role of the integral signal is to eliminate the 

steady state error, whereas the transient response is affected mostly by the proportional signal 

and the derivative signal, in which the proportional signal provides a fast response to the 

system, while the derivation signal is used to reduce the maximum overshoot on the transient 

response. As a result, a decrease in integral time constant or an increase in proportional gain 

leads the system to higher oscillations.  

3.7.3.1 Design of Fuzzy Rules for DDMR. 

The Gaussian membership function is a common technique for designing fuzzy sets where 

it is used in this work because it has the advantage of being smooth and nonzero at all points  

(Mohamed MJ, 2018). Where, a gaussian MF is specified by two parameters {𝑐, 𝜎}: 

Gaussian
21

( )
2( : , )

x c

x c e 
−

−

=                                                                                      (3. 55) 

A gaussian MF is specified completely by 𝑐 and 𝜎; which represent the MFs center and MFs 

width respectively. In terms of the fuzzy structure, fuzzy inference has two inputs: error e(t) 

and the derivative of error de(t) for both distance and theta, and three outputs for each PID 

controller parameter, Kp, Ki, and Kd. The Mamdani model is applied as the structure of fuzzy 

inference because of its simple min-max structure, and for defuzzification, the centroid 

method is used to obtain the best value for Kp, Ki, and Kd. The representation of the input 

fuzzy membership function is angle error and distance error, whereas the representation of 

the output fuzzy membership function is position and theta error for seven linguistic 

membership variables of the Fuzzy PID controller for both input and output are given below 

in Figure 3. 14 and Figure 3. 15. In this case, the inputs to the membership functions are NB 

(negative big), NM (negative medium), NS (negative small), Z (zero), PS (positive small), 

PM (positive medium), and PB (positive big), while the outputs are GS (great small), VS 

(very small), S (small), M (medium), F (far), VF (very far), and GF (great far). According to 

the number of input and output membership functions, the fuzzy PID controller rules for 

distance input and for theta inputs are shown below in Table 3.  2 and Table 3.  3. 
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(a). MF of distance error and change of 

distance error inputs. 

(b). MF of velocity Kp, Ki, and Kd outputs. 

Figure 3. 13: (a). Membership functions of input variable distance error and change of 

distance error. (b). Membership functions of output variable Kp, Ki, Kd velocity of right 

and left motor for distance error and change of distance error. 

Table 3.  2: Fuzzy rule for distance error & change of distance error Kp, Ki, Kd. 

edist Kp, Ki, Kd                                              dedist Kp, Ki, Kd                       

 NB NM NS Z PS PM PB 

NB GF/GS/F        GF/GS/S VF/VS/GS VF/VS/GS F/S/GS M/M/VS M/M/F 

NM GF/GS/F GF/GS/S VF/VS/GS F/S/VS F/S/VS M/M/S S/M/M 

NS GF/GS/M GF/VS/S F/S/VS F/S/VS M/M/S S/F/S VS/F/M 

Z VF/VS/M VF/VS/S F/S/S M/M/S S/F/S S/VF/M VS/GF/M 

PS F/VS/M F/VS/M M/M/M S/F/M S/F/M VS/VF/M VS/GF/F 

PM F/M/GF M/M/F S/F/F VS/VF/F VS/VF/F VS/VF/F GS/GF/GF 

PB M/M/GF M/M/VF VS/VF/VF VS/VF/VF VS/VF/F GS/GF/F GF/GF/GF 

 

 
 

(a). MF of theta and change of theta error inputs. (b). MF of theta Kp, Ki, Kd outputs. 

Figure 3. 14: (a). Membership functions of input variable of theta error and change of theta 

error. (b). Membership functions output variable of Kp, Ki, Kd velocity of right and left 

motor for theta error and change of theta error. 
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Table 3.  3: Fuzzy rule for velocity of theta error & change of theta error Kp, Ki, Kd. 

etheta Kp, Ki, Kd  detheta Kp, Ki, Kd 

 NB NM NS Z PS PM PB 

NB GF/GS/F        GF/GS/VS VF/GS/GS VF/VS/GS F/S/GS F/M/PS M/M/F 

NM GF/GS/F GF/GS/S VF/VS/GS F/S/VS F/S/VS M/M/S S/M/F 

NS VF/GS/M VF/VS/S VF/S/VS F/S/VS M/M/S S/F/S VS/F/M 

Z VF/VS/M VF/S/S F/S/S M/M/S S/F/S VS/VF/S VS/VF/M 

PS F/S/M F/S/S M/M/M S/F/M S/F/M VS/VF/M VS/VF/F 

PM M/M/GF M/M/S S/F/F VS/F/F VS/VF/F VS/GF/F GS/GF/GF 

PB M/M/GF S/M/S VS/F/VF VS/F/VF VS/GF/F GS/GF/F GS/GF/GF 

 

3.7.4 Overview of Particle Swarm Optimization (PSO) 

PSO is a stochastic searching technique that is inspired by social behaviors of animals such 

as bird flocking and fish schooling, which is described by James Kennedy and Russell 

Eberhart in 1995. PSO is a recently proposed heuristic search method for optimization of 

continuous nonlinear functions, inspired by the swarm methodology. The abilities of fish 

schools and bird flocks to adapt to their surroundings, avoid predators, and discover rich 

food supplies by implementing an "information sharing" strategy attracted the inventors of 

the methodology in which every bit of information is shared inside flocking. Many different 

types of problems, including fuzzy logic and PID control systems, have been addressed 

effectively via PSO. The basic PSO algorithm consists of three steps: generating particles, 

positions, and velocities, where velocity update and position update are adjusted according 

to their own flying experience and the other particle’s flying experience.  A particle in this 

algorithm, which may be shown as a point in design space, has a tendency to move from one 

place to the next depending on velocity updates. The PSO is initialized to be a group of 

random values in the solution space, and then it follows the present optimal particles to 

search in the solution space. In the N-dimensional solution space, each particle updates its 

velocity and position based on self-cognitive and social experience. In each iteration, 

particles update themselves by tracking two optimal values. One is the local best (Pbest) which 

is the particle itself, and the other is global best (gbest) which is the whole particle swarm 

found that’s so far (Ko, 2008), (Liu, 2022), (Boubertakh, 2013).  

1 1 2 2

max max
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where V(k) and V(k+1) denote the particle velocities at iterations k and k+1, Vmax denote the 

maximum velocity of a particle, and Pk, P (k+ 1) denote the particle positions at iteration k and 

k+1, ω(k+1) denotes the inertia weight at iteration k+1, r1 and r2 are random numbers between 

0 and 1, c1(k+1) and c2(k+1) denote the self-cognitive parameter and social experience 

parameter, pbest(k) is the local best solution at iteration k, gbest(k) is the global best solution. The 

inertia coefficient ω(k+1) represents capability of maintaining the momentum of the particles.  
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Figure 3. 15: Flowchart of Fuzzy PID algorithm based on PSO. 

In this, a dynamic inertia coefficient is employed, which starts with a large value ωmax 

decreases to ωmin at maximum number of iterations. The ω(k+1) can be calculated from: 

max min
max .

max

( 1) . currk iter
iter

 
 

−
+ = −  (3.57) 

where itermax, itercurr are the maximum and current number of iterations respectively. The 

parameters c1 and c2 represent the acceleration coefficient that pulls each particle toward the 

pbest and gbest positions. In the initial iterations, since the particles have little social 

experience, a large self-cognitive coefficient and a small social experience coefficient are set 

so the particles can move around the search space to find the gbest solution. Latter these 

iterations, a small self-cognitive coefficient, a large social experience coefficient are used to 

make particles converge on gbest and self-cognitive. c1(k+1), c2(k+1) can be expressed as follows: 

1max 1min 2 max 2 min

1 1max 2 2 min

max max

( 1) . , ( 1) .curr curr

c c c c
c k c iter c k c iter

iter iter

 − −
+ = − + = +




 (3.59) 
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coefficient c1 starts with a large value of c1max and decreases to c1min, while the social 

experience coefficient c2 starts with a small value of c2max and increases to c2min.  

3.7.5 Searching Procedures of Particle Swarm Optimization. 

The process of tuning for FPID membership function and parameter gain based on PSO are: 

1) Initialize, run particle swarm optimization, and retain Gbest. 2) The initial number of 

particles is 100, and the asynchronous learning factor parameters are C1max, C1min, C2min and 

itermax is 500, then setting value Kp, Ki, and Kd. 3) Determine whether the inertia weight is 

an integer with a positive sign. 4) To update the particle's velocity and position using Eq 3.58 

and Eq 3.59 respectively. 5) Calculate the particles' fitness values after evaluating each 

particle in the population. population of all-particles fitness is compared to Gbest, and the 

current particle fitness is compared with pbest.  6) analyzing and updating Gbest. 7) A fuzzy 

rule is used to dynamically adjust Kp, Ki, and Kd. 8) Examine whether the termination 

requirement has been satisfied. The test comes to an end when the fitness threshold or 

maximum number of iterations is reached; if not, move to 3. 

3.7.5 The Proposed System Architecture Controller  

In the last section, an initial design of input FPID sets for trajectory control of DDMR is 

proposed. It's very time-consuming and inaccurate to tune all the parameters of the 

membership functions and gains of FPID controllers. To ensure the accuracy of the whole 

control system, it is required to design a PSO-tuned FPID Controller for a DDMR. The PSO 

algorithm is used to search for the optimal parameters in the fuzzy tuning rules and for tuning 

the PID controller gains as well as the crips values of a gaussian Mamdani type rule base for 

the FPID controller. The parameters of PID and the values of Mamdani-type rules that are 

to be optimized have been obtained offline with the help of the implementation of fuzzy 

controller and PSO technique together. PSO algorithm is used to find the optimal parameters 

for the two fuzzy PID controllers’ distance and theta of the DDMR. A PSO method is 

proposed for the tuning of the fuzzy PID controller, in which the centers and the widths of 

the Gaussian membership functions, the number of fuzzy controls and the PID gains are all 

parameters to be determined simultaneously. As we know, two FPID controllers are utilized 

for the system to control the position and theta of the wheeled mobile robot, which are called 

the distance and theta FPID. The deviation between the mobile robot’s position and the target 

position error e(t) and change of rate error ( )e tV  are inputs of the fuzzy logic controller, 

whereas Δkp, Δki and Δkd are the outputs of the PID controller parameter variables which 

are the value of changes and called as correction parameter. 
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Figure 3. 16: Structure of PSO tuning fuzzy PID trajectory control of mobile robot 

The parameters of the PID controller Kp, Ki and Kd can be gotten from: - 

 ' , ' 'p p p i i i d d dk k k k k k and k k k= +  = +  = +   (3.59) 

Both of the FPID controllers have two input errors and a change of error of distance and 

angle as well as three outputs gains of the PID controller (Kp, Ki, and Kd), in which each 

FPID control has seven fuzzy sets and 21 membership functions with 49 rules that have a 

total of 42 membership functions and 98 rules. Each fuzzy set is a gaussian shape and is 

represented by three parameters, which are the x-coordinates of the three vertices of the 

gaussian (left, center, and right sides). Consequently, there are 42x3=126 parameters that 

can be tuned for each of the Fuzzy logic controllers and 6 gain parameters of PID (Kpd, Kid, 

and Kdd, and Kpt, Kit, and Kdt), which means 132 parameters for each of the two FPID 

(distance and theta fuzzy) controllers to be tuned. PSO searches all of the antecedent and 

consequent parameters of fuzzy controllers and their PID gains in 132-dimensional space for 

each of the distance and theta fuzzy PID parameters. Therefore, each particle in the swarm 

population has 132 parameters for each distance and theta in the following order: If b, a, and 

c represent the center and both the left and right deviations from the center of gaussian 

membership (x-coordinate of the three vertices), We have a total of 132 parameters for each 

of membership functions of two inputs and the corresponding output of FPID controllers. 

The interval of performance from elements 1 to 132 will be the interval of adjustment for 

correspondent variable and is described in detail as follows. The variables a, b and c from 

each fuzzy set have intervals of performance that are: ( , ), ( , ) ( , )l r l r l ra a a b b b and c c c    

where those variables are described as follows. 

[ , ] [ , ], [ , ] [ , ]
2 2 2 2

[ , ] [ , ]
2 2

l r l r

l r

b a b a b a c b
a a a a a b b b b b

c b c b
c c c c c

 − − − −  = − +  = − +


 − −
  = − +
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CHAPTER 4  

RESULTS AND DISCUSSIONS 

This chapter includes the result and analysis of the proposed PSO fuzzy PID trajectory 

control and compares the result with fuzzy PID and conventional PID controllers on the 

trajectory tracking performance and tracking error to the different generated paths of the 

DDMR on MATLAB/Simulink. This is to show the best in terms of finding and tuning the 

parameters of the controller that lead to generating optimal and smooth motion control action 

and minimizing the tracking error. In this thesis, the DDMR is considered a two-wheel 

mobile robot. The motion and orientation of the two-wheeled DDMR are provided by 

independent actuators such as DC series motors (left- and right-DC motors that are coupled 

with the wheel of the robot), and the motors provide the necessary angular and linear velocity 

input to the two front wheels, while a freely moving rear wheel is used to keep the robot 

balanced. The mobile robot's movement is controlled by the input signal of two DC series 

motors, indirectly by the speed of the right and left wheels. The linear and angular speeds of 

the wheels are controlled by the PSO FPID, FPID, and PID controllers, which generate the 

correct input signal UL and UR which are the left and right average controlled signals that 

controls angular and linear speeds of the two-wheel DDMR through optimization and 

training of fuzzy rules. In general, the feedback control signal based on the LiDAR sensors 

very important in the structure of the proposed system in terms of stabilizing and minimizing 

the tracking POS error of the wheeled mobile robot which provides information during the 

mobile robot’s POS is drifted from the reference path and used for obstacle avoidance. For 

all simulations, the DDMR robot kinematic and dynamic models are employed, and the 

values of the robot, actuator and PSO parameters are chosen from Table 3.  1. 

4.1 PSO FPID Based DDMR Modeling for Row Seed Sowing Application. 

A PSO-based method is proposed to automatically tune the appropriate width and center of 

fuzzy membership functions and the PID gain parameters simultaneously. The results are 

PSO fuzzy PID, fuzzy PID and PID are compared for various trajectories, which are 

rectangular pulse, straight-line trajectories. For the given trajectory below, the PSO 

algorithm with one of three different cost functions is processed for 132 generations based 

on the below equations.  The following simulation block diagrams are designed for the PSO 

FPID trajectory tracking of mobile robots that are tested for different trajectories. Figure 4. 

1 shows the Simulink block diagram of the various trajectory tracking control systems of the 

PSO fuzzy PID controller. In this system, x, y, and θ are calculated based on the linear 
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velocity and angular velocity of the DDMR. As a result, left and right wheel velocities are 

calculated to follow the targeted trajectory. The selected parameters for the PSO tuned fuzzy 

PID controller are: -number of populations 132, maximum iteration 100, Wmax=0.9, 

Wmin=0.2 and C1=C2=0.12. 

 

Figure 4. 1: Simulink block diagram of the various trajectories tracking control system of 

PSO fuzzy PID controller. 

4.1.1 PSO FPID Rectangular Pulse Path Tracking and Orientation of DDMR 

The desired and reference rectangular pulse trajectory tracking of a mobile robot by using 

PSO fuzzy PID controller is shown in Figure 4. 2. There is a very small trajectory tracking 

errors, higher path tracking performance at the turning corner of the rectangular pulse 

trajectory and starting time compared to fuzzy PID and PID controller. But the mobile robot 

tracked all the remaining parts of the rectangular pulse trajectory. Desired and reference 

orientation of the rectangular pulse trajectory for the PSO fuzzy PID controller is shown in 

Figure 4. 2 (d). The results shown in Figure 4. 2 (c) indicate that the PSO fuzzy PID trajectory 

tracking control of DDMR for rectangular pulse trajectory provides faster response and high 

tracking accuracy when compared to the DDMR with the fuzzy PID and conventional PID 

controllers, respectively. The PSO fuzzy PID controller provides the most accurate and 

efficient trajectory tracking control for mobile robots with differential drives when compared 

to traditional PID and fuzzy PID controllers. In addition to this as we have seen in Table 4. 

1 by utilizing the performance index criteria and the small value indicates high performance. 

So, the resulting good tracking capability and small IAE and ISE values of the three error 

cases show that the PSO fuzzy PID method is more effective than fuzzy PID and PID 

methods in rectangular pulse trajectory. The negative values are a result of the planned path's 

symmetry about the x-y axis, where the robot will eventually change course. 
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(a) (b) 

 

 

(c) (d) 

Figure 4. 2: (a) rectangular pulse reference trajectory, (b) PSO FPID rectangular pulse 

desired Trajectory, PSO FPID rectangular pulse actual and desired trajectory, (d) PSO fuzzy 

PID, FPID, PID rectangular pulse reference and desired orientation. 

Table 4. 1: IAE and ISE POS error of rectangular pulse trajectory tracking. 

 

 

 

 

4.1.2 PSO FPID Straight Line Path Tracking and Orientation of DDMR. 

The desired and reference straight-line trajectory tracking of a DDMR by using PSO fuzzy 

PID shows in Figure 4. 3. The robot moves from its initial position (0,0) and tracks the given 

straight-line trajectory as shown in Figure 4.3 (b) and (c). There is a very small trajectory 

tracking error or higher path tracking performance at the starting time of the straight-line 

trajectory when compared to the FPID and conventional PID controllers. But the mobile 

robot tracked the remaining part of the straight-line trajectory. The desired and reference 

orientation of the straight-line path for the PSO fuzzy PID controller is shown in Figure 4. 3 

(d). The results shown in Figure 4. 3 (c) indicate that the PSO fuzzy PID trajectory tracking 

Controller IAE ISE Orientation Error 

 ex ey ex ey eɵ 
PSO FPID  23.83 44.45 3.131 6.88 61.298xe−−  
Fuzzy PID  28.78 56.63 4.729 10.71 52.885xe−−  

PID  42.46 84.32 9.398 22.2 -0.001749 
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control of DDMR for straight-line trajectory provides faster respons and high tracking 

accuracy when compared to the DDMR with the fuzzy PID and conventional PID 

controllers, respectively. When compared to the fuzzy PID and conventional PID controllers, 

the PSO fuzzy PID controller is the best choice for path tracking control of mobile robots. 

  

(a) (b) 

  

(c) (d) 

Figure 4. 3: (a) straight-line reference Trajectory, (b) PSO fuzzy PID straight-line Desired 

Trajectory, (c) PSO fuzzy PID straight-line actual and desired trajectory, (d) PSO fuzzy 

PID, FPID and PID straight-line reference and desired orientation. 

Table 4. 2: IAE and ISE POS error of straight-line trajectory tracking. 

 

 

 

 

In addition to this as we see in Table 4. 2 the resulting good tracking capability and small 

IAE and ISE values of the three error cases show that the PSO fuzzy PID method is more 

effective than fuzzy PID and PID methods in straight-line trajectory. The negative values are 

Controller IAE ISE Orientation Error 

 ex ey ex ey eɵ 
PSO FPID  9.922 10.04 0.784 0.792 157.105xe−−  
Fuzzy PID  9.972 10.14 1.231 1.377 142.842xe−−  

PID  24.88 26.87 4.980 6.449 141.421xe−−  
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a result of the planned path's symmetry about the x-y axis, where the robot will eventually 

change course. 

4.2 Fuzzy PID Based DDMR Modeling of Row Seed Sowing Application. 

As for a control system based on fuzzy PID, add a fuzzy controller in front of the PID 

controller. The inputs of the fuzzy controller include feedback of position error, orientation 

error, and both error rates. The outputs are the results of the parameters Kp, Ki, and Kd in real 

time tuning. The PID parameters gains are tuned using FLC to control the velocity and 

angle of the differential derive mobile robot. Figure 4. 4 shows the Simulink block diagram 

of the various trajectories tracked control system of the fuzzy PID controller.  In this system, 

x, y, and θ are calculated based on the linear velocity and angular velocity of the differential 

derive mobile robot. As a result, left and right wheeled velocities are evaluated to follow the 

targeted trajectory.  

 

Figure 4. 4: Simulink block diagram of the various trajectories tracking control system of 

FPID controller. 

4.2.1 FPID Rectangular Pulse Trajectory Tracking and Orientation of DDMR. 

The below  Figure 4. 5 shows the desired and reference rectangular pulse trajectory tracking 

of a DDMR by using fuzzy PID controller. There is a bigger trajectory tracking error or 

lower path tracking performance in the turning corner and at the starting point of the 

rectangular pulse trajectory when compared to the PSO fuzzy PID and a small trajectory 

tracking error or higher path tracking performance when compared to the conventional PID 

controller. But the DDMR tracked the remaining part of the rectangular pulse trajectory. The 

reference and desired orientation of the rectangular pulse trajectory for the fuzzy PID 

controller are shown in Figure 4. 5 (d). The results shown in Figure 4. 5Figure 4. 5 (c) 

indicate that the fuzzy PID trajectory tracking control of DDMR for rectangular pulse 

trajectory provides faster response, high stability, and high tracking accuracy when 

compared to the DDMR with traditional PID controllers but less performance with the PSO 
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fuzzy PID controller in all aspects. The fuzzy PID controller provides less accurate and 

inefficient trajectory tracking control for mobile robots with differential drives when 

compared to PSO fuzzy PID controllers but provides more accurate and efficient trajectory 

tracking when compared to the conventional PID controller for rectangular pulse trajectories. 

  
(a) (b) 

 
 

(c) (d) 

Figure 4. 5: (a) rectangular pulse reference trajectory, (b) fuzzy PID rectangular pulse 

desired trajectory, (c) fuzzy PID rectangular pulse actual and desired trajectory, (d) 

rectangular pulse actual and desired orientation. 

4.2.2 Fuzzy PID Straight Line Trajectory Tracking and Orientation of DDMR.  

The below  Figure 4. 6 shows that the desired and reference straight-line trajectory tracking 

of a differential derive mobile robot by using FPID controller. There is a bigger trajectory 

tracking error or lower path tracking performance at the starting time of the straight-line 

trajectory when compared to the PSO fuzzy PID and a small trajectory tracking error or 

higher path tracking performance when it is compared with the conventional PID controller. 

But the mobile robot tracked the remaining part of the straight-line trajectory. The reference 

and desired orientation of the straight-line trajectory for fuzzy PID is shown in Figure 4. 6 
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(d). The results shown in Figure 4. 6 (c) indicate that the fuzzy PID trajectory tracking control 

of deferential derive mobile robot for straight-line trajectory provides faster response, high 

stability, and high tracking accuracy when compared to the differential derive mobile robot 

with PID controllers but less performance with the PSO fuzzy PID controller is used in all 

aspects. The fuzzy PID controller provides less accurate and inefficient trajectory tracking 

control for mobile robots with differential drives when compared with PSO fuzzy PID 

controllers but provides more accurate and efficient trajectory tracking when it compared to 

conventional PID controller for straight-line trajectories.  

  
(a) (b) 

 

 

(c) (d) 

Figure 4. 6: (a) straight line reference trajectory, (b) fuzzy PID straight line desired 

trajectory, (c) fuzzy PID straight line actual and desired trajectory, (d) fuzzy PID straight-

line reference and desired orientation. 

So, the combination of fuzzy PID controller have lower performance than PSO tuned fuzzy 

PID and higher performance than PID controllers in tracking trajectory of differential derive 

mobile robot for agricultural applications. 
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4.3 PID Based DDMR Modeling of Row Seed Sowing Application. 

In this section, a PID utilizing an easy and effective solution for the path tracking of mobile 

based on the trial-and-error technique is discussed to tune the six PID parameters.  A PID 

controller's parameter tuning issue can be viewed as choosing Kp, Ki, and Kd values that 

provide the appropriate output response. Even though various tuning techniques have 

previously been suggested, the PID gains are always fixed after tuning. Because of this lack 

of flexibility, PID controllers cannot effectively control systems with changing parameters. 

The error function e(t) is the difference between the output and the set point. The PID model 

can be used from equation 3.5. The following simulation block diagrams are designed for 

the trajectory tracking of mobile robots. Figure 4. 7 shows the Simulink block diagram of 

the various trajectories tracked by the PID controller. In this system, x, y, and θ are calculated 

based on the linear velocity and angular velocity of the differential derive mobile robot. As 

a result, left and right wheeled velocities are evaluated to follow the targeted trajectory.  

 

Figure 4. 7: Simulink block diagram of the various trajectories tracking control system of 

PID controller. 

4.3.1 PID Rectangular Pulse Trajectory Tracking and Orientation of DDMR. 

The below  Figure 4. 8 shows that the desired and reference rectangular pulse trajectory 

tracking of differential derive mobile robot by using a PID controller. There is a bigger 

trajectory tracking error or lower path tracking performance in the turning corner of the 

rectangular pulse trajectory when compared to the PSO tuned fuzzy PID and fuzzy PID 

controllers. There is a higher error at the starting time too. But the mobile robot tracked the 

remaining part of the rectangular pulse trajectory. The desired and reference orientation of 

the rectangular pulse trajectory of the PID controller is shown in  Figure 4. 8 (d). The results 

shown in Figure 4. 8 (c) indicate that the PID trajectory tracking control of differential derive 

mobile robot for rectangular pulse trajectory provides a slower response, low stability, and 
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minimum tracking accuracy when compared to the differential derive mobile robot with PSO 

tuned fuzzy PID and fuzzy PID controllers. PID controllers are the least efficient for path 

tracking control of differential derive mobile robot when compared to the PSO tuned fuzzy 

PID and fuzzy PID controllers in the agricultural robot applications. 

  
(a) (b) 

  
(c) (d) 

Figure 4. 8: (a) PID rectangular pulse actual trajectory, (b) PID rectangular pulse desired 

trajectory, (c) PID rectangular pulse actual and desired Trajectory, (d) PID rectangular 

pulse actual and desired orientation. 

4.3.2 PID Straight Line Trajectory Tracking and Orientation of DDMR. 

The desired and reference straight line trajectory tracking of mobile robots by using a PID 

controller is shown in below Figure 4. 9 (a) and Figure 4. 9 (b). There is a bigger trajectory 

tracking error or lower path tracking performance at the starting time of the straight-line 

trajectory when compared to the PSO tuned fuzzy PID and fuzzy PID controllers. But the 

mobile robot tracked the remaining part of the straight-line trajectory. The reference and 

desired orientation of the straight-line trajectory for the PID controller is shown in Figure 4. 

9 (d). The results shown in  Figure 4. 9 (c) indicate that the PID trajectory tracking control 

of DDMR for straight-line trajectory provides a slower response, low stability, and minimum 

tracking accuracy when compared to the DDMR with PSO fuzzy PID and fuzzy PID 
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controllers. When compared with the PSO fuzzy-PID and fuzzy PID controllers, the 

conventional PID controller is the least preferred choice for path tracking control of DDMR. 

  

(a) (b) 

  

(c) (d) 

Figure 4. 9: (a) PID straight line actual path, (b) PID straight line desired path, 

(c)  PID straight-line actual and desired path, (d) reference and desired PID orientations. 

4.4 POS Tracking Error Performance Comparison of DDMR.  

4.4.1 Rectangular Pulse POS Tracking Error Performance of DDMR 

As we see in Figure 4. 10 (a), (b) and (c) the tracking error curves of the mobile robot for 

rectangular pulse trajectory in x-y coordinates, the overshoot and settling time for the PSO 

fuzzy PID are smaller than those of the Fuzzy PID and conventional PID controllers 

respectively. Including the angle, a mobile robot controlled by a PSO fuzzy PID controller 

can track target trajectory faster with a smaller overshoot and small steady-state error and 

higher tracking accuracy when compared with a Fuzzy PID and PID controller, respectively. 

Figure 4. 10 (a), (b), and (c) show the error in x and y coordinates and orientation tracking 

errors while the robot executed the behaviors in a rectangular pulse trajectory. As we see in 

the below Figure 4. 10  for the same value of controller parameters for rectangular pulse 

trajectories has an influence on errors in the x and y coordinates and on the orientation 
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tracking error. So, the rectangular pulse trajectory of position and orientation tracking errors 

that are controlled by the PSO tuned fuzzy PID controller is less than the POS trajectory 

tracking error of the fuzzy PID and conventional PID controllers, respectively. 

  

(a) (b) 

 
(c) 

Figure 4. 10: rectangular pulse Position tracking error of (a) in X- coordinate; (b) in Y-

coordinate; (c) Orientation tracking error. 

As we see in the below Table 4. 3Error! Reference source not found. the position and 

orientation error of the PSO tuned fuzzy PID has smaller value of POS errors when compared 

to fuzzy PID and PID controllers that indicates PSO tuned fuzzy PID has high tracking 

performance than fuzzy PID and PID controllers respectively on rectangular pulse trajectory. 

Table 4. 3: Position and orientation error of rectangular pulse trajectory tracking. 

Controller        Position and orientation trajectory tracking error 

 X-Coordinate Y-Coordinate Orientation Error 

PSO Fuzzy PID -0.2137 95.471xe−−  
61.298xe−−  

Fuzzy PID -0.2568 71.895xe−−  
52.885xe−−  

PID -0.3593 52.055xe−−  -0.001749 

4.4.2 Straight Line Trajectory Tracking and Orientation Error of DDMR 

As we see in Figure 4. 11 (a), (b) and (c) the tracking error curves of the mobile robot for 

straight-line trajectory in x-y coordinates, the overshoot and settling time for PSO fuzzy PID 
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are smaller than those of the Fuzzy PID and the conventional PID controller, respectively. 

Including the angle, a DDMR controlled by a PSO fuzzy PID controller can track target 

trajectory faster with a smaller overshoot and steady-state error and higher tracking accuracy 

when compared with a Fuzzy PID and PID controller, respectively.  

 
 

(a) (b) 

 
(c) 

Figure 4. 11: Straight-line Position tracking error of (a) in X- coordinate; (b) in Y-

coordinate; (c) Orientation tracking error. 

Table 4. 4: Position and orientation error of straight-line trajectory tracking. 

Controller        Position and orientation trajectory tracking error 

 X-Coordinate Y-Coordinate Orientation Error 

PSO Fuzzy PID  122.316xe−
 

122.316xe−
 

157.105xe−−  

Fuzzy PID  158.438xe−
 

158.438xe−
 

142.842xe−−  

PID  77.525xe−
 

77.525xe−
 

141.421xe−−  

As we see in the above Figure 4. 11Figure 4. 11 and Table 4. 4 for the same value of 

controller parameters for straight-line trajectories have an influence on errors in the x and y 

coordinates and on the orientation tracking error. So, the straight-line trajectory of position 

and orientation tracking errors that are controlled by the PSO fuzzy PID controller is less 

than the POS trajectory tracking error of the fuzzy PID and conventional PID controllers, 

respectively. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions  

An autonomous mobile robot for seed sowing agricultural purposes in which a DDMR is 

implemented successfully using MATLAB/Simulink interface in various reference 

trajectories. In this thesis, a PSO-based approach algorithm for auto-tuning of a FPID 

controller parameter is proposed. The PSO-based technique is adopted because it can 

generate a high-quality solution with lower calculation time or fast response. The nonlinear 

fuzzy PID controller with PSO algorithm technique for nonholonomic deferential derive 

seed sowing wheeled mobile robot motion model has been presented. The modified PSO 

fuzzy PID controller is applied to the DDMR kinematic and dynamic model and also is 

verified with the computer simulation using MATLAB 2020a. In the simulation, study 

rectangular pulse and straight-line paths are used as reference trajectories to measure the 

difference between the mobile robot’s desired path and reference path. The two-wheeled 

mobile robot’s physical description was explained, where the wheeled mobile robot has two 

motors for two wheels and a third wheel for stability and balance. As mentioned before PSO 

algorithm is applied to regulate the fuzzy PID controller's parameters depending on the error 

signal between the mobile robot’s desired path and reference path. The result is obtained in 

the last iteration of the PSO algorithm. Two Fuzzy PID controllers have been implemented 

which are distance fuzzy and theta fuzzy system. PSO algorithm control is used to tune the 

fuzzy membership function and PID gains simultaneously based upon the tracking error 

between the reference position, desired position, reference theta and desired theta throughout 

the DDMR motion. This error and change of error are fed to the fuzzy PID controller to 

generate correction signals to the controller's parameters to minimize tracking error. Then 

those correction signals from the controller are provided to the actuators, and the speed of 

the left and right motors is controlled. Indirectly, this controls the motor voltage and finds 

the optimal velocity for each driven wheel of the DDMR to track the targeted line. PSO 

algorithm is used offline to tune fuzzy PID parameters (width, rules and PID gains). The 

performance of the proposed algorithm has been analyzed based on the POS tracking 

performance error, IAE and ISE for PSO FPID, FPID and conventional PID controller for 

different trajectories. As we see in chapter four the simulation results from MATLAB for 

different Trajectories and the error performance indices show clearly that the PSO FPID 

controller model can produce suitable and smooth velocity (U𝐿 and U𝑅) and have a smaller 

error of trajectory Tracking, orientation error, fast response and high tracking accuracy when 



Page | 64  

 

it comparing with FPID and conventional PID controller and it gives a good result in short 

time relatively to FPID and PID controller. Whereas the PID controller has lower path 

Tracking performance, higher orientation error, slower response and lower tracking accuracy 

when it comparing to PSO FPID and FPID controller. FPID also has lower trajectory tracking 

performance and higher orientation error when compares with PSO FPID controller and 

higher trajectory tracking performance and lower orientation error than PID controller 

trajectory especially when the robot has been started from an arbitrary initial position and a 

disturbance (turning curve places) term is added to its model. So, as indicated in section 4.1, 

4.2,4.3, and 4.4 the competency of PSO FPID Simulation results shows a good tracking 

performance, faster response, more effective and accurate than FPID and conventional PID 

controller. The resulting good tracking capability value shows that the proposed method PSO 

tuning FPID is more effective, precise and accurate than FPID and PID controller trajectory 

tracking and obstacle avoidance of a differential derived wheeled mobile robot for row seed 

sowing applications. So, this shows the robustness and adaptation performance of the proposed 

controller highly accurate in terms of keeping on minimum tracking POS error for the DDMR 

and stabilizing the POS of the mobile robot when the mobile robot motion to the targeted 

trajectory and tries to drift from the desired path because of the effect of the bounded dynamic 

disturbances to the system. 

5.2 Recommendations 

The models built and studied in this thesis focus on the trajectory tracking performance of 

autonomous agricultural row seed sowing differential derive wheeled mobile robot, 

competence, robustness and effectiveness of the controller based on minimizing position and 

orientation errors to track the targeted trajectories, obstacle avoidance and automatic 

controller parameter tuning methods by applying different trajectories. So, I recommended 

that interested researchers design and analyze the hardware implementation of the modeled 

row seed sowing wheeled autonomous mobile robot. In addition, in this work, the controller 

is designed by considering some assumptions (such as, the structure of the robot is rigid and 

symmetrical, pure rolling constraints and no lateral slipping) in the dynamic model of row 

seed sowing autonomous agricultural robot. For further investigation, obtaining a dynamic 

model and design control system without these assumptions helps to reduce unmodeled 

disturbance and provide more accurate results. 
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Appendix A 

A.1 Distance Fuzzy Logic Membership functions 

 

 

 

A.2 Theta Fuzzy Logic Membership functions 
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Appendix B 

B.1 Distance Fuzzy Logic Rule, Sarface and Rule Viewer. 
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 B.2 Theta Fuzzy Logic Rule, Sarface and Rule Viewer. 
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Appendix C 

C.1 Program for Particle Swarm Optimization 
% Define the details of the table design problem 
nVar = 250;  
ub = [10 10]; 
lb = [-10 -10]; 
fobj = @ObjectiveFunction;  

  
% Define the PSO's paramters  
noP = 250; 
maxIter = 100; 
wMax = 0.9; 
wMin = 0.2; 
c1 = 0.12; 
c2 = 0.12; 
vMax = (ub - lb) .* 0.2;  
vMin  = -vMax; 
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% The PSO algorithm  

  
% Initialize the particles  
for k = 1 : noP 
    Swarm.Particles(k).X = (ub-lb) .* rand(1, nVar) + lb;  
    Swarm.Particles(k).V = zeros(1, nVar);  
    Swarm.Particles(k).PBEST.X = zeros(1,nVar);  
    Swarm.Particles(k).PBEST.O = inf;  

     
    Swarm.GBEST.X = zeros(1,nVar); 
    Swarm.GBEST.O = inf; 
end 

  

  
% Main loop 
for t = 1: maxIter 

     
    % Calculate the objective value 
    for k = 1: noP 
        currentX = Swarm.Particles(k).X; 
        Swarm.Particles(k). O = fobj(currentX); 

         
        % Update the PBEST 
        if Swarm.Particles(k). O < Swarm.Particles(k). PBEST.O  
            Swarm.Particles(k). PBEST.X = currentX; 
            Swarm.Particles(k). PBEST.O = Swarm.Particles(k). O; 
        end 

         
        % Update the GBEST 
        if Swarm.Particles(k). O < Swarm.GBEST.O 
            Swarm.GBEST.X = currentX; 
            Swarm.GBEST.O = Swarm.Particles(k).O; 
        end 
    end 

     
    % Update the X and V vectors  
    w = wMax - t .* ((wMax - wMin) / maxIter); 

     
    for k = 1 : noP 
        Swarm.Particles(k). V = w.* Swarm.Particles(k). V + c1. * rand 

(1, nVar). * (Swarm.Particles(k). PBEST.X - Swarm.Particles(k).X) ... 
                                                                                     

+ c2. * rand (1, nVar). * (Swarm.GBEST.X - Swarm.Particles(k).X); 

                                                                                  

         
        % Check velocities  
        index1 = find (Swarm.Particles(k). V > vMax); 
        index2 = find (Swarm.Particles(k). V < vMin); 

         
        Swarm.Particles(k). V(index1) = vMax(index1); 
        Swarm.Particles(k). V(index2) = vMin(index2); 

         
        Swarm.Particles(k).X = Swarm.Particles(k).X + 

Swarm.Particles(k).V; 

         
        % Check positions  
        index1 = find (Swarm.Particles(k).X > ub); 
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        index2 = find (Swarm.Particles(k).X < lb); 

         
        Swarm.Particles(k).X(index1) = ub(index1); 
        Swarm.Particles(k).X(index2) = lb(index2); 

         
    end 

     
    outmsg = ['Iteration# ', num2str(t), ' Swarm.GBEST.O = ' , 

num2str(Swarm.GBEST.O)]; 
    disp(outmsg); 

     
    cgCurve(t) = Swarm.GBEST.O; 
end 
semilogy(cgCurve); 
xlabel('Iteration#') 
ylabel('Weight') 

%%close 
loop   

 s = tf('s');   
% Define the TF of the plant DC motor   
%plant = 69.49135/(0.00000015154*s^2+0.00445525*s+1);   
plant = 1/(0.222866*(s^2) + 0.77067*s + 1);   
% Input the optimized gain parameters   
kpt  = gbest(1);    
ki t  = gbest(2);   

kdt = gbest(3);   

kpd = gbest(1);  

kid = gbest(2);   
kdd = gbest( 3);  

C.2 Program for Objective Function 
function [ o ] = ObjectiveFunction ( x ) 
open('pso3.slx') 
sim('pso3.slx') 
err = 1-x_err; 
err=1-y_err; 
ise=abs(sum(err)); 
o = ise; 

  
end 


