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ABSTRACT

Robotic systems with six degrees of freedom (6-DOF) have become essential in high-precision
tasks such as industrial welding and surgical operations. These systems necessitate sophisticated
control strategies to address the complexities of nonlinear dynamics, actuator behaviors, and
external disturbances. In this research, a feedforward Adaptive Neuro-Fuzzy Inference System
(ANFIS)-PID controller was developed for the precise position and orientation control of a 6-DOF
robotic manipulator. The kinematic model of the robot was formulated using the Denavit-
Hartenberg (DH) convention, allowing for the derivation of forward and inverse kinematics. The
accuracy of the kinematic model was verified through simulations conducted in MATLAB. A
dynamic model, which integrated actuator dynamics for all six joints, was developed using MSC
Adams and validated in a co-simulation environment. This high-fidelity model enabled the realistic
simulation of the robot’s mechanical and dynamic behavior. The ANFIS-PID controller was
designed and tested within a MATLAB/Simulink co-simulation environment, which interfaced
seamlessly with the dynamic model from MSC Adams. The performance of the developed
controller was evaluated in terms of trajectory tracking and disturbance rejection. Results indicated
that the controller significantly outperformed traditional PID controllers, achieving position errors
below 0.3° under normal and disturbed conditions. These findings highlighted the ANFIS-PID
controller’s adaptability to nonlinear dynamics and superior performance in comparison to its
conventional counterparts. Despite its successes, limitations were identified. Factors such as link
elasticity and joint friction were not incorporated into the dynamic model, and the training of the
ANFIS model was constrained by computational resources. These omissions have been
recommended for future research to enhance the model’s accuracy and real-world applicability.
Nevertheless, the objectives of this research were achieved, and the potential of hybrid controllers

in addressing the challenges of robotic control systems was demonstrated.

Keywords: 6-DOF robot, kinematic modeling, dynamic modeling, ANFIS-PID controller.
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CHAPTER 1
INTRODUCTION

1.1. Background

Robotic systems, encompassing a broad range of technologies, have revolutionized various
industrial and medical applications with their capacity for precise and complex task execution,
Figure 1.1. Among these systems, manipulator robots, particularly those with 6 Degrees of
Freedom (6-DOF), stand out for their flexibility and capability to perform intricate operations with
high accuracy [1][2][3]. These robots are employed in diverse fields, including surgical procedures
and welding operations, where meticulous control over both position and orientation is essential
for achieving successful outcomes. The 6-DOF robot provides six independent motions typically
three translational and three rotational enabling it to reach a vast range of positions and orientations
in three-dimensional space. This capability makes 6-DOF robots highly suitable for tasks that

require a combination of movement and orientation adjustments[4].

———
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Figure 1.1: Common applications of 6 DOF robots [1]

The use of 6-degree-of-freedom (6-DOF) robots in both surgical and welding applications offers
significant advantages due to their ability to perform precise and complex movements in three-

dimensional space. In surgical robotics, this capability is crucial for enhancing the accuracy and
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control during delicate procedures, allowing surgeons to operate with a level of precision that
surpasses traditional manual techniques [5]. This precision is particularly beneficial in minimally
invasive surgeries, where the 6-DOF robots can maneuver surgical instruments with exceptional
accuracy, leading to improved patient outcomes and reduced recovery times. Similarly, in the
welding industry, 6-DOF robots play a critical role in executing welding tasks that demand exact
positioning and orientation of the welding torch [6]. The quality of the welds is highly dependent
on the robot's ability to maintain consistent positioning and alignment, which ensures the
production of strong, defect-free welds. The dynamic nature of welding environments,
characterized by factors such as heat, vibration, and material variations, highlights the necessity

for robust control systems that can adapt to these challenges while maintaining high performance

[7].

The criticality of accuracy and robustness in various robotic applications cannot be overstated,
especially in applications like surgical procedures and welding, where precision is paramount. In
surgical robotics, even minor deviations in the positioning of instruments can have significant
consequences for patient safety and surgical outcomes [8]. Similarly, in welding, inaccuracies can
lead to defects in the welds, affecting the structural integrity of the welded components [9].
Therefore, achieving precise control and maintaining robustness in the face of disturbances are
essential for ensuring the success of these applications. Traditional control methods, such as
Proportional-Integral-Derivative (P1D) controllers, have been widely used in various industrial and
robotics applications due to their simplicity and ease of implementation. While PID controllers are
effective in many scenarios, they often fall short in addressing the complex dynamics and

nonlinearities inherent in 6-DOF robotic systems.

One of the primary limitations of classical control methods is their inability to handle the dynamic
behavior of actuators accurately. Actuators, which are responsible for driving the robot's joints and
links, introduce additional dynamics that can significantly impact the system's performance.
Traditional control models often overlook these actuator dynamics, resulting in discrepancies
between the modeled and actual system behavior [10]. This oversight can lead to reduced accuracy,
stability, and robustness, ultimately affecting the quality and effectiveness of the robotic system's

operations.
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Classical control methods, including PID controllers, are designed with certain assumptions that
may not hold true in complex robotic systems. For instance, these methods typically assume linear
system behavior and neglect the impact of nonlinearities and uncertainties. In the context of 6-
DOF robots, these assumptions can lead to inadequate control performance, as the robots'
dynamics are often nonlinear and coupled. Additionally, classical controllers may struggle to
maintain performance in the presence of external disturbances, such as vibrations or changes in

the operating environment [11].

1.2. Statement of the problem

The development of a robust position and orientation controller for a 6-degree-of-freedom (6-
DOF) welding robot is a critical challenge in robotics, particularly in high-precision applications
such as surgical procedures and welding tasks. Traditional control methods, such as PID
controllers, often fail to provide the necessary accuracy and disturbance rejection required in these
highly dynamic and coupled systems. The challenge is exacerbated by the complex interactions
between the robot's multiple degrees of freedom, external disturbances, and the inherent
nonlinearities of the system. Moreover, a common issue in modeling such robotic systems is the
neglect of actuator dynamics, leading to inaccuracies in the control model and suboptimal
performance. Actuators, which drive the robot's movements, have their own dynamics that
significantly impact the robot's behavior, especially in fast and precise operations. Ignoring these
dynamics can result in controllers that are unable to achieve the desired precision and robustness

in real-world scenarios.

To address this problem, a feedforward adaptive neuro fuzzy inference system (ANFIS)-PID
controller is proposed, supported by a high-fidelity model of the robot that incorporates actuator

dynamics.

1.3. Objectives
1.3.1. General Objective

The objective of this research is to design a feedforward ANFIS-PID controller for
precise position and orientation control of a 6-DOF welding robot that, incorporating

actuator dynamics to enhance accuracy and robustness.
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1.3.2. Specific Objective

The specific Objectives of this research work are:

» To model the kinematic and dynamic model of the 6-DOF welding robot,
incorporating actuator dynamics.

» To design a feedforward ANFIS-PID controller tailored for the position and
orientation control of a 6-DOF welding robot.

» To evaluate the feedforward ANFIS-PID controller's performance against

traditional PID controllers.

1.4. Methodology: An overview

To achieve the objectives of this research, a series of scientific methods and methodologies were
followed. The process began with the development of the kinematic model for the 6-DOF welding
robot using the Denavit-Hartenberg (DH) convention and the right-hand rule for frame assignment,
Figure 1.2, to formulate the forward kinematics. Subsequently, the inverse kinematics solution was
derived analytically through geometric methods to provide precise control of the robot's end-

effector.

JOINT -1 JOINT 4 JOINT i+1

Figure 1.2: Denavit—Hartenberg kinematic parameters [12]
Both the forward and Inverse kinematics models were rigorously verified using MATLAB,

ensuring their accuracy and functionality in simulating the robot’s movements [2][12][13].
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Following the kinematic modeling, a high-fidelity dynamic model of the 6-DOF welding robot
was developed by integrating SolidWorks with MSC Adams [14]. This approach allowed for
detailed modeling of the robot's physical components and their interactions. Additionally, the
dynamic model incorporated the actuator dynamics of the servo motors driving the six joints,
enhancing the accuracy of the simulations. By integrating these actuator dynamics within MSC
Adams, the model provided a comprehensive representation of the robot’s behavior under realistic

operating conditions, facilitating more precise control and performance assessment.

MATLAB 4
SIMULINK

The multi body model of
the 6DOF robot was

B sxparmal

CAD of the 6DOF
welding robot was
developed in solidworks

\

developed in simulink
from the CAD

co-simulation of the

6DOF robot in the

MSC ADAMS
software

Figure 1.3: Software configuration used for the design, modeling and simulation of system

Subsequently, an ANFIS-PID controller was designed, with its model developed in
MATLAB/Simulink co-simulation with MSC Adams, where MSC Adams provided the virtual
environment and the high-fidelity dynamic model of the robot [15]. In contrast,
MATLAB/Simulink was used for developing the control algorithms and trajectory computations.
This integrated approach enabled seamless interaction between the control system and the dynamic
model, allowing for comprehensive evaluation of the controller's performance in a simulated

environment that accurately reflected the robot's real-world behavior.
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Finally, the performance of the ANFIS-PID controller was evaluated through co-simulation,
combining the capabilities of MATLAB/Simulink and MSC Adams. The co-simulation focused
on position and orientation control of the 6-DOF welding robot, where MATLAB/Simulink
implemented the control algorithms and trajectory computations, while MSC Adams provided the
virtual environment and dynamic model of the robot. This integrated approach enabled a
comprehensive evaluation of the ANFIS-PID controller's effectiveness in achieving precise
positioning and orientation, as well as a comparison with traditional control methods, such as
standalone PID controllers. The results were analyzed to highlight the advantages of the ANFIS-
PID controller in terms of accuracy, adaptability to non-linear dynamics, disturbance rejection,

and overall system performance.

1.5. Scope and Limitation of the Research

The research primarily focused on the development and implementation of a feedforward ANFIS-
PID controller for the position and orientation control of a 6-degree-of-freedom (6-DOF) welding
robot. Despite the comprehensive approach, the research is subject to several limitations. The
kinematic and dynamic models are built on assumptions such as rigid body dynamics and ideal
joint actuations, which may not fully capture real-world complexities like flexibility in the robot's
links or joint friction. The research is predominantly simulation-based, and the findings from the
co-simulation environment may differ from real-world hardware implementations due to factors
like sensor noise and unmodeled dynamics that are not fully addressed in simulations.
Additionally, the high fidelity of the dynamic model, while offering detailed insights, increases
computational complexity, potentially limiting the real-time applicability of the controller in
scenarios requiring rapid response. Finally, the reliance on a virtual environment for validation
means that certain practical challenges, such as mechanical wear and tear, thermal effects, and
unexpected disturbances, are not tested within this research, pointing to areas where further

investigation and practical trials are necessary to fully realize the controller's potential.
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1.6. Thesis Outline

This thesis is organized into five chapters. Chapter 1 introduces the research background, problem
statement, objectives, and methodology, highlighting the challenges in precise position and
orientation control of 6-DOF robotic manipulators. Chapter 2 reviews relevant literature, focusing
on kinematic and dynamic modeling techniques, current control strategies, and the gaps in
addressing nonlinearities and actuator dynamics. Chapter 3 presents the methodology, detailing
the development of kinematic and dynamic models using the Denavit-Hartenberg convention,
SolidWorks, and MSC Adams, alongside the design and training of the ANFIS-PID controller in
MATLAB/Simulink. Chapter 4 discusses the results and analysis, comparing the performance of
the proposed controller with traditional PID controllers and evaluating its trajectory tracking and
disturbance rejection capabilities. Finally, Chapter 5 provides conclusions and recommendations,
summarizing the achievements, limitations, and potential directions for future research to enhance

the control system's real-world applicability.

17



CHAPTER 2
LITERATURE REVIEW

2.1. Introduction

The field of robotics has seen significant advancements over the past few decades, with 6-degree-
of-freedom (6-DOF) robotic systems playing a pivotal role in various high-precision applications,
such as surgical procedures and industrial welding. These robots require sophisticated control
systems to manage their complex kinematics and dynamics, ensuring precise position and
orientation control [16][17]. However, the challenges associated with nonlinearities, actuator
dynamics, and external disturbances necessitate the development of robust control strategies [18].
Traditional controllers often struggle to meet the demanding requirements of such systems,
particularly in environments where accuracy, robustness, and disturbance rejection are critical
[19].

This literature review examined advancements in control strategies for 6-DOF robots, with an
emphasis on the role of feedforward ANFIS-PID controllers in addressing these challenges.
Additionally, it delves into the kinematic and dynamic modeling techniques used to accurately
represent these robots, along with the applications of these systems in the fields of surgery and
welding [20][21]. Finally, a critical analysis of existing research highlights the gaps and areas for
further exploration in developing high-fidelity models and robust controllers for 6-DOF robotic
systems [22].

2.2. Kinematic and Dynamic Modeling Techniques

Accurate kinematic and dynamic modeling is crucial for the effective control of 6-degree-of-
freedom (6-DOF) robotic systems. Kinematic modeling involves the description of the robot’s
motion without considering the forces and torques that cause this motion. The Denavit-Hartenberg
(DH) convention is widely used for this purpose, providing a systematic method to represent the
robot's joint and link parameters and establish the forward and inverse kinematic relationships
[23]. The forward kinematic model computes the position and orientation of the end-effector given
the joint angles, while the inverse kinematic model determines the joint angles required to achieve
a desired end-effector pose [24]. These models are essential for controlling the robot’s movements
with high precision and are typically verified through simulation tools such as MATLAB to ensure

accuracy and reliability [25].
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Dynamic modeling, on the other hand, incorporates the forces and torques that drive the robot’s
movement, providing a more comprehensive representation of the robot's behavior. High-fidelity
dynamic models are developed to capture the complex interactions between the robot’s joints and
actuators, including factors like friction and inertia[26]. The integration of actuator dynamics is
critical, as servo motors and other actuators introduce additional complexities that can affect the
robot's performance. Simulation tools such as MSC Adams are employed to develop these dynamic
models, allowing for detailed analysis and validation under various operational conditions [27].
The combination of kinematic and dynamic modeling is crucial for designing and testing advanced
control strategies, ensuring that the control algorithms account for both the motion and forces
involved. The use of co-simulation, where tools like MSC Adams and MATLAB/Simulink are
integrated, enhances the modeling process by combining the strengths of each platform. MSC
Adams provides a detailed virtual environment for simulating the robot’s dynamic behavior, while
MATLAB/Simulink offers powerful capabilities for control algorithm development and trajectory
planning[28]. This approach allows for a more accurate and comprehensive evaluation of the

control strategies in a realistic simulation environment.

2.3. State-of-the-Art and Challenges: Dynamic Modeling and Control of

Manipulators

In the realm of robotic control, particularly for 6-degree-of-freedom (6-DOF) systems,
considerable attention has been directed toward developing advanced control methods to ensure
precision and robustness. Conventional control techniques, such as Proportional-Integral-
Derivative (PID) controllers, have remained prevalent due to their straightforward implementation
and proven effectiveness in handling linear system dynamics [29], [30]. These controllers are
particularly suitable for applications with minimal system complexity and limited non-linear
interactions. However, in scenarios involving intricate, non-linear, and coupled dynamics
hallmarks of 6-DOF robotic systems the performance of PID controllers is often inadequate. This
inadequacy is especially pronounced in applications demanding high accuracy and fast response
times, such as industrial welding and surgical robotics, where even slight control errors can
significantly affect overall system performance [31], [32], [33]. To address these limitations,
advanced control strategies like ANFIS, Fuzzy Logic Control (FLC), and Model Predictive
Control (MPC) have been proposed [33], [34], [35], [36], [37], [38].
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Among those Feedforward ANFIS-PID controllers have emerged as a promising alternative to
conventional PID and standalone ANFIS controllers, offering significant improvements in control
performance. These controllers combine the strengths of ANFIS's adaptability and the simplicity
of PID control, resulting in a hybrid approach capable of addressing the limitations inherent in
each method. Compared to traditional PID controllers, feedforward ANFIS-PID systems provide
superior handling of non-linear and time-varying dynamics, enabling more accurate tracking of
complex trajectories and rejection of disturbances in real-time applications [39], [40], [41].

The integration of a feedforward mechanism further enhances performance by compensating for
predictable disturbances and improving the system's response time, particularly in applications
with rapidly changing dynamics. This proactive compensation reduces overshoot and settling time,
achieving smoother and more precise control compared to PID controllers alone [40].
Additionally, ANFIS-PID controllers surpass standalone ANFIS systems by leveraging the PID
component for improved stability and robustness, particularly in scenarios involving high-
frequency disturbances or model inaccuracies[42], [43]. Moreover, feedforward ANFIS-PID
controllers exhibit enhanced computational efficiency when compared to advanced control
methods such as MPC. Their hybrid nature reduces the design complexity, making them more
feasible for real-time applications and systems with limited computational resources [42], [44].
These attributes position feedforward ANFIS-PID controllers as a robust and efficient solution for
addressing the challenges associated with controlling dynamic, non-linear systems, particularly in
robotics and other high-performance applications.

Despite the advancements in control strategies, there are notable gaps in the literature, particularly
concerning the control of 6-DOF robots [45]. Many existing studies focus on the theoretical
development of advanced control algorithms but often do not incorporate comprehensive models
that accurately reflect the dynamics of the robotic system, including the actuator dynamics [3],
[16],[46]. Actuator dynamics, which include the effects of inertia, friction, backlash, and non-
linearities of servo motors, play a critical role in the precise control of robotic joints [47], [48],[49].
Neglecting these dynamics in the modeling phase can lead to discrepancies between the simulated
control performance and real-world outcomes [50], [51]. This oversight is particularly problematic

in applications like surgical robotics, where precision and reliability are paramount, and in
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welding, where the quality of the final product is highly dependent on the accuracy of the robot's
movements.

The implications of these gaps are significant for the development of high-fidelity models and
controllers. Without an accurate model that includes all relevant dynamics, even the most
sophisticated control algorithms may fail to deliver the desired level of performance in practical
applications. High-fidelity modeling, which incorporates detailed representations of both the
robot's mechanical structure and its actuator dynamics, is essential for developing effective control
strategies. These models enable more accurate simulations, allowing for the rigorous testing and
validation of control algorithms under realistic conditions [2], [16], [52]. This approach ensures
that the controllers can handle the complexities of real-world operations, such as non-linearities,
disturbances, and variations in load conditions. For instance, in surgical robotics, the ability to
accurately model and control the robot's movements can lead to safer and more effective surgeries.
In the welding industry, such advancements can result in higher quality welds, reduced defects,
and increased production efficiency. Therefore, addressing the existing gaps in the literature
through comprehensive modeling and the application of advanced control techniques is essential
for the continued evolution of 6-DOF robotic systems.

2.4 Summery of literature review

The literature review highlights the advancements in 6-DOF robotic control, emphasizing the role
of feedforward ANFIS-PID controllers in improving precision, robustness, and disturbance
rejection. Traditional PID controllers are effective for simple linear systems but struggle with
nonlinearities and actuator dynamics, which are crucial in applications like welding and surgical
robotics. Advanced control strategies, such as ANFIS, Fuzzy Logic, and MPC, have been
proposed, but they come with computational complexities or lack real-time feasibility.

Despite these advancements, a critical gap exists in the accurate modeling of actuator dynamics in
6-DOF robotic control. Many existing studies focus on control algorithms without fully
incorporating actuator dynamics, including inertia, friction, backlash, and nonlinearities of servo
motors. This omission can lead to a mismatch between simulated and real-world performance,

limiting the controller’s effectiveness in high-precision applications.

21



CHAPTER3
METHODOLOGY

3.1. Introduction

This chapter focuses on the development and simulation of the kinematic and dynamic models, as
well as the design of the controller for the ABB IRB 2600, a 6-degree-of-freedom (6-DOF)
industrial robot. The ABB IRB 2600 has been selected for this research due to its widespread
application in various high-precision and demanding tasks, particularly in surgical robotics and
industrial manufacturing sectors, including welding [53]. The robot’s versatility, coupled with its
advanced motion capabilities, makes it an ideal subject for developing and testing sophisticated
control algorithms [54]. Understanding the kinematics and dynamics of this robot is essential for
accurate simulation and control, ensuring that it meets the rigorous demands of these applications.
This chapter details the process of deriving the mathematical models necessary for effective

control design and implementation.
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Figure 3.1: ABB IRB 2600 Versatile Robot
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To achieve accurate modeling, a series of established methodologies were employed. The Denavit-

Hartenberg (DH) convention was utilized to develop the forward kinematic model, while the

inverse kinematics was derived analytically using geometric methods. These models were

subsequently verified using MATLAB to ensure their accuracy.

CAD of the 6DOF

robot was developed
in solidworks

Co-simulation of the
6DOF robt in the
MSC ADAMS

MATLAB 4
SIMULINK

The ANFIS-PID
controller was

developed
matlab/simulink

For the dynamic modeling, a high-fidelity model was constructed by integrating SolidWorks and

MSC Adams with MATLAB/Simulink, incorporating the actuator dynamics of the servo motors

for all six joints, Figure 3.2. Following the kinematic and dynamic modeling, the controller design

was developed with the objective of ensuring precise and smooth movements of the robot’s joints,

thereby allowing accurate execution of tasks. This chapter elaborates on the methodologies applied
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across each phase of the modeling and design processes, offering a detailed account of the

systematic approach undertaken to achieve the desired robotic functionalities.

3.2. Kinematic Modeling

Kinematic modeling is a cornerstone of robotic systems analysis, serving as the foundation for
understanding and controlling the movement of robots. It involves the study of motion without
considering the forces that cause it, focusing primarily on the relationships between the various
parts of a robot as they move [2],[52]. In essence, kinematic modeling allows to predict the position
and orientation of a robot's end-effector based on the configurations of its joints and links. For
robotic manipulators, kinematic modeling is divided into two main components: forward
kinematics and inverse kinematics. Forward kinematics deals with determining the end-effector's
position and orientation given the joint parameters, such as angles or displacements, Figure 3.3.
This process is vital for tasks where the exact position of the end-effector needs to be known for

each possible configuration of the robot's joints.
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Figure 3.3: Role of forward and inverse kinematics

Inverse kinematics, on the other hand, involves calculating the necessary joint parameters to
achieve a desired position and orientation of the end-effector. This is particularly important for
path planning and task execution, where specific positions need to be reached by the robot [1],[4].
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Kinematic modeling is not only critical for the design and simulation of robots but also for real-
time control during operations. In applications such as surgical robotics and industrial automation,
the ability to precisely control the robot's movements is essential. Any errors in the kinematic
model can lead to inaccuracies in the robot's motion, potentially causing significant issues in tasks
that require high precision. Therefore, a robust kinematic model is indispensable for the
successful implementation of any robotic system, ensuring that it operates as intended in a variety

of environments and conditions.
3.2.1. Forward Kinematics

The forward kinematics of a robotic manipulator involves determining the position and orientation
of the robot's end-effector based on the joint parameters [16]. This aspect is fundamental to
understanding how the robot's structure influences its ability to reach specific points in space,
which is critical for tasks requiring high precision, such as welding and surgical procedures. The
importance of forward kinematics extends beyond mere position calculation; it is essential for
implementing joint space control architectures [2]. In such architectures, control algorithms
operate within the joint space, where each joint's movement is controlled individually but with the

understanding that all joints collectively determine the end-effector's final position and orientation

In the context of a 6-DOF robot, such as the ABB IRB 2600, the forward kinematics problem is
complex due to the multiple joints and axes of rotation. Each joint contributes to the overall
position and orientation of the end-effector, making the calculation of these parameters critical for
the robot's operation. The Denavit-Hartenberg (DH) convention is used to address this complexity

by providing a systematic method for modeling the kinematic chains [55].

JOINT -1 JOINT ¢ JOINT i+1

Figure 3.4: Denavit—Hartenberg kinematic parameters [12]
25



Prior to the development of the homogeneous transformation matrices, the kinematic chain of the
robot was carefully developed, and reference frames were assigned to each link according to the

DH convention and right-hand rule.
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Figure 3.5: Frame assignment of the robot using right hand rule

Following the successful development of the kinematic chain and frame assignment, the DH
parameters were parameterized and tabulated, Table 3.1, based on the geometric properties of the
ABB robot. These parameters include four key variables: the link length (ai), which is the distance
between the z-axes of two consecutive frames along the x-axis; the link twist (ai), representing
the angle between the z-axes of two consecutive frames about the x-axis; the link offset (di), which
is the distance along the z-axis from one x-axis to the next; the joint angle (8i), denoting the

rotation around the z-axis from one x-axis to the next; and the joint offset.
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Table 3.1: DH table of the Robot with its range of movements

a; a; d; 0; offset | Range of movements
Joint-1 150 90 445 6, 0 +180° to -180°
Joint -2 700 0 0 0, 90 +155° to -95°
Joint -3 115 90 0 0, 0 +75° to -180°
Joint -4 0 -90 795 0, 0 +175%to -175°
Joint -5 0 90 0 0 0 +120° to -120°
Joint -6 0 0 400 O 0 +400° to -400°

Before diving into the forward kinematics computation, the developed DH parameters and the
kinematic chain were validated for accuracy using Peter Corke's Robotics and Computer Vision
Toolbox[56]. This validation step was crucial to ensure that the mathematical models accurately
represent the physical robot, providing a reliable foundation for subsequent kinematic analysis and
control algorithm development.
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Figure 3.6: MATLAB Verification of the kinematic chain and the DH table

After the validation of the developed kinematic chain and DH parameters, the individual
homogeneous transformations from each joint to the next, starting from joint 1 through to joint 6,
were computed using the DH homogeneous transformation matrix,(3.1). This step provided a
sequential mapping of the robot's joint configurations, allowing for the accurate determination of

the position and orientation of the end-effector relative to the base frame.
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cosO; —sinf;cosa; sinb;sina; a;cos0;

Tl-i_l _ |sint; cosQicosai —cosf;sina; a;sinb; (3.1)
0 sina; cosa; d;
0 0 0 1

By Substituting the respective DH parameters of each of the links of the ABB robot in to equation
(3.1), the respective transformation matrices of each joint to their respective frames were found to
be:

cos(6;) 0 sin(6;) 150cos(6,)
TO — sin(;) 0 —cos(6;) 150sin(6;)
! 0o 1 0 445
0 0 0 1
[cos (92 E) cos (6, ) 700cos (92 +§)]

) cos (6,42
o) cos(0+7)

0
. T
0 700sin (6,+7)
l 0 0 1 0 J
0 0 0 1
cos(f3) 0 sin(f;) 115cos(63)
T32 — Sin(93) O _COS(93) 115511](93) (32)
0 1 0 0
0 0 0 1

cos(8,) 0 —sin(6,) O

T3 = sin(,) 0 cos(6,) 0
0 -1 0 795

0 0 0 1

cos(Bg) —sin(fg) O

TS = sin(f,) cos(s) O O
0 0 1
0 0 0
cos(8s) —sin(fg) O

TS = sin(f,) cos(s) O O
0 0 1
0 0 0

The homogeneous transformation matrix of the end-effector, the tip of the welding torch, relative
to the base of the robot, T2, was computed by multiplying the successive individual

transformations from the tip of the end-effector to the base frame.
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(3.3)
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where:

n, = cos(Bg) (cos(@s) (cos(94)(cos(@l)cos(93)cos (92+%)—sin(03)cos(91)5in (92+%))+sin(91)51n(94)>
— sin(6s) (sin(63)cos(61)cos (92+%)+cos(91)cos(03)sin (92+%)>>

+ sin(6) <(—sin(94))(cos(@l)cos(93)cos (92 +%)—sin(03)cos(91)sin (02 +%))+sin(01)cos(04)>

n,, = cos(6) <cos(95) (cos(94)(sin(@l)cos(03)cos (92 +%)—sin(01)sin(93)sin (02 +%))—sin(04)cos(01)>
n

— sin(6s) <sin(91)sin(93)cos (62+2>+sin(91)cos(93)sin (02+%))>

— sin(6g) (sin(64)(sin(@l)cos(93)cos (62 +%)—sin(91)sin(03)sin (02 +%))+cos(01)cos(94)>

n, = cos(6y) (cos(94) cos(6s) (sin(93)cos (92 +§)+cos(93)sin (92 +§)) +

sin(6s) (cos(eg)cos (92 +§)—sin(63)sin (92 +§))> — sin(6,)sin(0) (sin(93)cos (92 +§)+cos(93)sin (92 +§))
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/A

0, = (—sin(8g)) (cos(@s) (cos(64)(cos(@l)cos(93)cos (92+%)_sin(03)c08(91)5m (92+7)>+Sin(91)5m(94)>
n

— sin(6s) (sin(93)c08(91)cos (92+2)+cos(91)cos(93)sin (92+%)))

+ cos(6y) ((—sin(04))(cos(@l)cos(93)cos (02 +%)—sin(93)cos(91)sin (02 +%))+sin(01)cos(94)>

0, = (—sin(6s)) (cos(95) <cos(94)(sin(@l)cos(93)cos (92 +%)—sin(91)sin(03)sin (92 +%)>—sin(94)cos(01))

— sin(6s) <sin(91)sin(63)cos (62+%>+sin(91)cos(93)sin (92+%)>>

— cos(6y) (sin(64)(sin(@l)cos(93)cos (62 +%)—sin(91)sin(03)sin (92 +%)>+cos(01)cos(94)>

0, = (—sin(96)) (cos(94) cos(6s) (sin(93)cos (92+§)+cos(63)sin (92+§)) +

sin(6s) (cos(eg)cos (92 +§)—sin(93)5in (92 +§))> — sin(6,)cos(8g) (sin(93)cos (92 +§)+cos(93)sin (92 +§)>
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a, = sin(6fg) <cos(94) (cos(@l)cos(ﬁg)cos (92+§)—sin(63)cos(91)sin (02+§)> + sin(6;) sin(94)> +

cos(6s) (sin(93)cos(91)cos (02 +§)+cos(01)cos(93)sin (02 +g)>

a, = sin(fs) (cos(94) (sin(@l)cos(93)cos (02+§)—sin(01)sin(93)sin (92+§)) — sin(6,) cos(01)> +
cos(6s) (sin(@l)sin(93)cos (02 +§)+sin(91)cos(93)sin (92 +§))

a, = sin(fs)cos(6,) (sin(93) cos (02+§) + cos(63) sin (92+§)) +
cos(6s) (cos(03)cos (92 +§)—sin(93)sin (62 +§))

P, =1, (sin(95) <cos(94)(cos(@l)cos(93)cos (62+§)—sin(93)cos(01)sin (92+§))+sin(01)sin(94)> +

cos(6s) (sin(83)cos(91)cos (02 +§)+COS(91)COS(93)Sin (92 +§)>> +

ls <sin(93)cos(91)cos (92 +§)+cos(91)cos(93)sin (92 +§)> + [,cos(6,)cos(63)cos (92 +§) —

l,sin(65)cos(6,)sin (62+§) + l3cos(6,)cos (62+§) + l,cos(6,)
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P, =1 <sin(95) <cos(94)(sin(@l)cos(93)cos (62+§)—sin(61)sin(93)sin (02+§))—sin(94)cos(91)> +

cos(6s) (sin(@l)sin(93)cos (02 +§)+Sin(91)COS(93)Sin (92 +§))> +

ls (sin(@l)sin(93)cos (02 +§)+sin(91)cos(93)sin (92 +§)) + 1,sin(6;)cos(63)cos (02 +g) —

l,sin(6;)sin(03)sin (92+§) + I3sin(6,)cos (92+§) + 1,sin(6,)
. . [ . [
P, =1 <sm(95) cos(6,) (sm(03)cos (02+E)+cos(93)sm (62+E)) -

cos(6s) (COS(eg)COS (92 +§)—sin(03)sin (92 +§))) + I (sin(93)sin (92 +§)—cos(93)cos (92 +§)) +

l4sin(63)cos (92+§) + [,cos(63)sin (62+§> + I3sin (62+§> + 1
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And
[n, n, n,]: The unit vector indicates the direction of the X-axis at the robot end tip to the base
coordinate system.
[o, 0, 0,]: The unit vector indicates the direction of the Y-axis at the robot end tip to the base
coordinate system.
[a, a, a,]: The unit vector indicates the direction of the Z-axis at the robot end tip to the base

coordinate system.

After computing the forward kinematics of the robotic manipulator, which resulted in the end-
effector's transformation matrix, it was essential to determine the orientation of the end-effector in
a more intuitive manner. To achieve this, Euler angles were extracted, providing a clear
representation of the orientation through three sequential rotations about the coordinate axes.
Specifically, using the ZY'X"' Euler angle convention, the orientation was described by a yaw ()
about the Z-axis, followed by a pitch (8) about the Y-axis, and finally a roll (¢p) about the X-axis,
Figure 3.7.

R(z,9)

Figure 3.7: z y'x"" Euler rotation angles

These angles were obtained from the rotation matrix component of the forward kinematics matrix,

effectively characterizing the spatial orientation of the end-effector and are given by;

Y = atan2d(o,,n,)

0 = atan2d(—a,, /ayz + a,?) (3.4)

¢ = atanZd(ay, az)
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With the development of the forward kinematic model for the 6-DOF robot, a custom function
block, Figure 3.8, was created in MATLAB Simulink for integration into the joint-space controller.
This function block allows for seamless implementation of the forward kinematics within the
control architecture, enabling precise calculation of the end-effector's position and orientation

during simulation.

function A = Forward Kinematics(thetal,
theta2, theta3, theta4, theta5, theta6)
% Short forms for cosine and sine in
degrees

cl = cosd(thetal); si1
sind(thetal);11=445;12=150;

c3 = cosd(theta3); s3
sind(theta3);13=700;

c4 = cosd(thetad); s4
sind(theta4d);14=115;

c5 = cosd(theta5); s5
sind(theta5);15=795; i T

c6 = cosd(thetab); s6 Z::::::: et 2 ,
sind(theta6);16=400; ; S
% Additional cosine and sine for theta2 +
90

c2_p90 = cosd(theta2 + 90); s2_p9o =
sind(theta2 + 990);

Forward_Kinematics

P theta_4

rll = c6 * (c5 * (c4 * (cl *c3*c2_p9e

cR ¥ (c2 *,1% 72 nOO 4+ R

Figure 3.8: Forward kinematics Simulink model function block
3.2.2. Inverse Kinematics

Inverse kinematics is the process of calculating the joint angles needed to position and orient a
robot's end-effector at a desired location. In a joint-space control architecture, inverse kinematics
is essential because it translates the desired end-effector movements into specific joint commands,
enabling precise control of the robot's motion. Inverse kinematics is inherently complex, especially
for 6-DOF robots, due to the multiple degrees of freedom that result in redundancy and multiple
potential solutions. In most cases, the problem presents more than two solutions, making it

challenging to determine the optimal joint angles for a given end-effector position and orientation.
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To address this complexity, various analytical, geometrical, and numerical methods have been

developed.

If certain requirements are met, kinematic decoupling provides the simplest method for solving
the inverse kinematics of higher-DOF robots. These key requirement for achieving this

simplification is that the robot must feature a spherical wrist characterized by [57], [58], [59]:

» The last three rotational axes of the robot should intersect at a single point,
facilitating the decoupling of orientation and positioning tasks

» At least three of the rotational axes must be parallel, ensuring that the orientation
of the end-effector can be controlled independently from its position.

Since the 6-DOF robot meets the key requirements of having a spherical wrist, its inverse
kinematics were solved through kinematic decoupling. The 6-DOF robot was decoupled into two
distinct segments: the first three joints for positioning and the last three joints for orientation,
Figure 3.9. The first segment, consisting of the initial three joints, was designated for controlling

the robot's position in space.

X3
x5 X5
y y3
1 8 22 P
zZ 2 3 4
Vs 7.
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x, for position | Decoupled for
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Y1 '
% j’ 563
Zo
9/1' Yo

Figure 3.9: Kinematic decoupling of the 6 DOF robot

These joints determine the location of the end-effector by adjusting its x, y, and z coordinates. The

second segment, comprising the last three joints, was responsible for controlling the orientation of
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the end-effector. This decoupling allowed for a more straightforward approach to solving the
inverse kinematics by addressing the positioning and orientation tasks independently, leveraging
the spherical wrist configuration to isolate and solve each part separately. This approach facilitated
a more manageable solution process by separating the positioning and orientation tasks,
simplifying the otherwise intricate inverse kinematics problem[57], [59], [60], [61].

Prior to decoupling the robot into two independent sections, the position of the wrist was computed
based on the end-effector's position. This step was crucial as it provided the necessary coordinates
for the wrist center, which serves as the pivotal point for separating the tasks of positioning and

orientation in the kinematic analysis.

The position of the end-effector is given by [P, P, , P, ]” and since the end effector is located about

de along the z direction from the wrist position; the wrist position, [W, , W,,,W, 1", is given by:

Wy Px 1 T2 T13][0
W=|W,|=|py|—dg |21 T2 732]|0 (3.5)
W, bz 31 T3 T33)l1
Hence;
Wy P, —dgr13
W = [Wy] = |P, — dgT3 (3.6)
W P, —dgrss

With the wrist position known, the first three joints were solved from the first section of the robot,
Xq

Figure 3.10, algebraically;

Xy

Figure 3.10: Section one Decoupled for position
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Using the wrist center coordinates, 8; was calculated by projecting the wrist center onto the base

plane, Figure 3.10, and was found to be;

0, = atan?2 (Wy, Wx)

(3.7)

To solve for the two angles 8, and 6,, the position of the wrist center (denoted as P} ) relative to

the frame {1} was first computed. This was achieved by subtracting the position vector from,

giving the transformation from frame 1 to frame 4. This transformation simplifies the geometric

calculations required to determine the joint angles by isolating the effective position of the wrist

center.

Pl =pP)—-P
The position of {1} relative to the base frame, {0}, is given by;

P? = |a;sin6,

alcosell
dy

And the position of the wrist relative to the base frame is given by;

Wy P, —dgry3
PP =W = |wy| =|PB, —dgr3
W P, —dgrs3

Hence, the position of the wrist relative to the position of frame {1} was found to be;
P, —dgri3 — a,cos6,

P} =[P, — dgry3 — a;sinb,
P, —dgrsz —dy
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Figure 3.11: Kinematic chain of the first section

The joint angles 6, and 6, were calculated using geometric techniques, specifically by applying
the law of cosines to a triangle formed by the robot's three links and found to{ E)e:

0, =f+p—m (3.12)

Where:

Az 24L3%—Ly 2)
20.2 L3

y = cos™! (

Ay 24Ly%—Ls 2)
2a2 L4_

p = cos‘l(

@ =tan? (Z—")
3

Ly = P41[3] =P, —dgrzz — d;
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L, = \/(Px — dgry3 — a1€056,)? + (B, — dgryz — a;5inb;)>?

To solve for the remaining three joint angles, the second segment of the decoupled robot, Figure
3.12, which focuses on orientation, was used. This part of the inverse kinematics computation
considers the orientation of the end-effector, allowing the calculation of 8, , 65 and 8, by using the
rotational part of the transformation matrix, where the orientations were matched to achieve the
desired pose of the end-effector.

Figure 3.12: The second segment of the decoupled robot

The rotation matrix from the wrist to the end-effector orientation was computed by multiplying
the three successive transformations from {3} to {6}. By extracting the rotational part of the

homogeneous transformation matrix, the rotation matrix, R was obtained and is given by:

C4-C5C6 - 5456 _S6C4-CS - S4,C6 55C4
Rg = S4CSC6 + S6C4_ _S4S6C5 + C4_C6 5455 (313)
—S:Cs SsSe Cs

From the forward kinematics of the robot, the rotation matrix of the end-effector relative to the

wrist, R is given by:

R2 = [RI]7'R? (3.14)
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This matrix represents the orientation of the end-effector frame relative to the wrist frame and is
obtained from the product of the individual transformation matrices from the wrist to the end-

effector. And the orientation of the end effector relative to the base is given by:

1 T2 T3
R2=|r21 T2 T23 (3.15)
31 T32 T33
And the orientation of the wrist relative to the base of the robot, R is given by:
61C23 Sl CISZS
R(3) = 51C23 _Cl 51523 (3'16)
523 0 _C23
Using equation (3.14) the rotational matrix RZ is given by;
RE
71101 Co3 + 131851003 + 131853 11201 Ca3 + 153851003 + 153553 11301 Ca3 + 13251 Co3 + 1335,3
= 71151 — 12101 71251 — 12201 71351 — 13204
71101523 + 12151523 71201823 + 12251823 — 133053 11301823 + 13381553 — 133033

By equating the rotational matrices, the values for the last three joints were determined to be:

0, = atan2(r13S; — 13,01, 113C1Co3 + 13251 Co3 + 1335523 )

05 = atan2 (\/(7"13616'23 + 73251 Co3 + 733523)% + (11351 — 13201)%, 11301 523

(3.17)
+ 13251523 — 133073 )

0s = atan2(r3C1Sz3 + 12251523 — 123053, — (1111523 + 12151523) )

Similar to the forward kinematics custom Simulink function block, a custom Simulink function
block for inverse kinematics was also developed. This block was programed based on the derived
inverse kinematics equations, taking into account the joint limits of each joint and the workspace
constraints of the robot. This function block ensures that the calculated joint angles remain within
feasible ranges, allowing the robot to achieve the desired end-effector positions and orientations

while adhering to its mechanical limitations.
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3.3. Sample Trajectory Design

A trajectory is a predefined path that guides a robot's end-effector, typically defined by position,
orientation, velocity, and acceleration over time. In robotic control, the trajectory serves as a
reference, ensuring precise movement to achieve specific tasks [62][63]. Developing a sample
trajectory function is crucial for testing and validating the kinematic model and controller. By
simulating a realistic path, this function helps assess the robot's ability to follow the desired
trajectory, confirming that the control system is correctly tuned for optimal performance[64][65].
To test the kinematic models and the controller’s performance a sample circular trajectory function
was developed with the robot's workspace, Figure 3.13, and the specific technical requirements

for welding in mind [66]. Figure 3.13

> Position | Distance
Pos. A | 1948mm
Pos. B | 993mm
Pos. C | 837mm
Pos.D | 46%mm
@ Pos.E | 1353mm
Pos. F | 1633 mMm

Figure 3.13: Workspace of the Robot

One of the most common and challenging types of welding tasks is large circular welding. This
involves welding around a larger cylindrical object, which requires maintaining a consistent angle

and precise control of the torch along a curved path. Such circular trajectories are often used in
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applications such as pipe welding, pressure vessels, and other cylindrical components where a
continuous and seamless weld is essential. The complexity arises from the need to maintain the
correct orientation of the welding torch throughout the circular path, ensuring that the weld quality
remains consistent. Hence, circular a trajectory was selected and developed for evaluating the
kinematic, dynamic model, and controller performance of the robot. Although the shape, position,
orientation, and associated parameters of the trajectory may vary depending on the specific

application, this circular trajectory serves as an effective baseline.

Welding Trajectory
Torch Angle

0.5

1).(5(m) . - Y(m)

Figure 3.14: 3D Trajectory with end effector orientation

The trajectory is defined with a fixed center at coordinates (1345, 0, 600) in the X, y, and z
directions, respectively. The robot's end-effector follows a circular path in the zy-plane, with a
radius of 600mm. This trajectory was designed not only with position but also with orientation in
mind, recognizing that successful welding operations require the torch to maintain a specific angle
relative to the surface. In most cases, this angle is 45 degrees[67]. Accordingly, the orientation of
the end-effector was designed to consistently maintain a 45-degree angle, pointing towards the
center of the circular path, ensuring optimal welding conditions throughout the operation. Even

though the velocity of the end-effector to complete each trajectory varies depending on the
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application and may not match this assumption, for this simplified simulation, the time required to

complete the trajectory was limited to 15 seconds. This trajectory has three main phases:

» Movement from Home Position to the Starting Welding Position
» Circular Welding Path

» Return to Home Position

The overall trajectory begins by moving the robot's end-effector from its home position to the
starting point of the welding operation over a period of 1 sec and remain there for 0.5 sec preparing
for welding. Once the end-effector reaches the designated welding position and preparations are
done, the robot initiates the welding process, guiding the torch around the circular path while
maintaining an effective torch angle towards the center of the circular trajectory for a period of 8.5
sec. After completing the weld, the trajectory ensures a smooth and controlled return of the end-
effector back to its original home position, completing the welding task. After completing the
given welding trajectory, the robot stops for 0.5 sec in the to finalize the welding process and the
move back to its home position within the last 1 sec of the overall trajectory finalizing the sample
trajectory chosen for testing the developed kinematic, dynamic models and the design controller
of the robot. By keeping those parameters in mind, a pricewise function of the trajectory was

developed.
302t + 1043, 0<t<1
1345, 1<t<15
x(t) = 1345, for1.5<t< 10
1345, for 10 <t < 10.5
1345 — 302¢t, for10.5<t<11.5
( 300t + 1045, for 0<t<1
1345, for1<t<15

y(t) =< 15467.5 — 300sin (t),
15467.5 — 300sin (t),
(15467.5 — 300sin (t),

( 300t + 1045,
1345,

z(t) =< 15467.5 — 300cos (1),
15467.5 — 300cos (1),
\15467.5 — 300cos (t),
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for1.5<t<10
for 10 <t<10.5
for10.5 <t < 11.5

for 0<t<1

for1<t<1.5
for15<t<10
for 10 <t < 10.5

for10.5 <t <115

(3.18)



3.4. Dynamic Modeling of the 6 DOF Robot

Dynamic modeling in robotics involves creating mathematical representations of the forces and
torques affecting a robot to predict its behavior under various conditions. This includes forward
dynamics, which calculates the robot’s motion based on known forces and torques, and inverse
dynamics, which determines the required forces and torques to achieve a desired motion.
Integrating both models into the control loop is essential for optimizing a robot’s performance,

enabling precise control and accurate execution of complex tasks across diverse applications.

0:,0,0,

Figure 3.15: Actuator model included inverse dynamic model of the robot

In the design of control systems, integrating the inverse dynamic model is crucial for determining
the forces and torques required to achieve specified motions. Analytical methods, such as the
Euler-Lagrange and Newton-Euler approaches, are often employed to derive these dynamic
models, providing a structured framework to understand the robot's dynamic behavior. However,
for robots with more than 3DOF, the complexity of analytically developing the dynamic model
increases significantly. Therefore, for the 6-DOF welding robot, the dynamic model was developed
by integrating advanced SolidWorks, MSC Adams, and MATLAB/Simulink. This integration
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allows for comprehensive simulation and analysis, ensuring the dynamic model’s accuracy and
facilitating precise control and optimization of the robot’s performance across a range of

applications.

3.5. Controller Design

The development of advanced control systems for industrial robots is critical to achieving
precision, efficiency, and adaptability in manufacturing processes. While PID controllers are
widely used for their simplicity and effectiveness, they often struggle with the non-linearities and
uncertainties inherent in robotic systems[68]. To address these challenges, ANFIS-PID controllers
have emerged as a promising solution, combining the learning capabilities of neural networks with
the interpretability of fuzzy logic to create more robust and adaptive control strategies [42], [69].
By integrating ANFIS with the PID framework, the controller aims to enhance trajectory tracking,
minimize errors, and adapt to varying loads and environmental conditions. This approach seeks to
overcome the limitations of traditional PI1D controllers, demonstrating the potential of ANFIS-PID
to improve the operational performance of the ABB IRB 2600 and contribute to advancements in

intelligent robotic control systems.

Before delving into the controller design, it is essential to understand the functional requirements
of the ABB IRB 2600 robot and the closed-loop control architecture necessary for its precise

operation. The functional requirements of the robot's control system include:

» Accurate Trajectory Tracking: Ensuring the robot's end-effector follows the
desired path with minimal error.

» Robustness to Disturbances: Maintaining performance despite changes in
payload, environmental conditions, or external disturbances.

» Adaptability: Adjusting to varying operating conditions, including different
tasks and load configurations.

» Minimization of Overshoot and Settling Time: Achieving smooth and stable

motion without significant deviations or delays.

While PID controllers are widely used for their simplicity and effectiveness in simpler industrial
applications, their limitations become apparent when controlling complex, dynamic, and non-
linear robotic systems like the ABB IRB 2600. These challenges include difficulty in managing

varying payloads, handling non-linearities in the robot's kinematics and dynamics, and optimizing
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multiple objectives such as precision, stability, and adaptability under changing conditions.
Additionally, traditional PID controllers often struggle to reject both internal disturbances, such as
joint friction, and external disturbances, such as unexpected forces or environmental changes. To
meet the stringent functional requirements for precise trajectory tracking, robustness, and
adaptability, it is crucial to address these limitations. Considering the non-linear and uncertain
nature of the robotic system, an ANFIS was integrated into the PID framework. This hybrid
approach enhances the controller's ability to adapt to dynamic conditions, improve time response,
and effectively handle disturbances, ensuring the robot's performance remains optimal across

varying operational scenarios.

3.5.1. Design of ANFIS-PID controller for position and orientation control

To achieve effective and robust control of the ABB IRB 2600 robot, addressing the inherent
challenges posed by system non-linearities, parametric uncertainties, and varying payload
conditions is imperative. In response to these complexities, a feed-forward ANFIS-PID controller
was developed as a sophisticated solution. The ANFIS-PID controller combines the
complementary strengths of fuzzy logic systems, artificial neural networks, and traditional PID
control, offering a powerful approach to manage the intricate dynamics of robotic control
applications. The fuzzy logic component, based on a rule-based architecture, allows the ANFIS
controller to encode human-interpretable knowledge about the robot's dynamic behavior, capturing
complex relationships and dependencies in a structured, adaptable framework. Simultaneously, the
neural network component enables the controller to learn from data and generalize to new
situations, adapting to non-linear behaviors and uncertain operating conditions. The integration of
the ANFIS model with the PID controller enhances the system's capability for precise trajectory
tracking, improved robustness against external disturbances, and adaptability to fluctuating
operational parameters such as varying payloads or environmental influences. By addressing the
limitations of traditional PID controllers, particularly their inability to effectively handle non-
linearities and multi-objective optimization requirements, the feed-forward ANFIS-PID controller
offers a more resilient and adaptive solution. Its capacity for real-time adaptation and disturbance
rejection makes it especially well-suited for industrial applications where precision, reliability, and

efficiency are critical.
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Figure 3.16: ANFIS-PID controller Architecture of ABB robot
3.5.2. Architecture of the ANFIS controller

The architecture of the ANFIS controller is designed with a structured approach that combines
both structure learning and parameter learning to optimize its performance. Initially, the structure
learning phase identifies appropriate fuzzy logic rules, while the parameter learning phase refines
membership functions and other key parameters [35]. This iterative learning process ensures that
both the structural framework and internal parameters of the controller are adapted to best suit the

specific control task.
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Figure 3.17: ANFIS controller Architecture
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The ANFIS architecture consists of five layers, as shown in Figure 3.17. The first and fourth layers
contain adaptive nodes, allowing for dynamic adjustment of parameters, while the other layers
consist of non-adaptive nodes, maintaining the stability and robustness of the overall system [34].
This combination of adaptability and stability enhances the controller's performance, making it

effective in handling complex control tasks.

Layer 1 (Fuzzification): Each input node in this layer is an adaptive node which produce
membership grade of linguistic label.
01 = ua,(e),fori = 12......)

(3.19)
O1; = pp,_,(8e), fori = 34...]

Where:

» ¢, and Ae are the inputs

= A; and B;_, are the fuzzy sets whereas

* uyu, and pg, , Represents the degree of membership.
Considering the controller's two inputs and one output, a Sugeno fuzzy model with linear Gaussian
membership functions was chosen due to its computational efficiency and versatility [69], [70],
[71]. Sugeno fuzzy inference, also known as Takagi-Sugeno-Kang inference, utilizes singleton
output membership functions that can either be constant or linear functions of the input variables.
In Sugeno systems, the defuzzification process is more computationally efficient because it
involves a weighted average or weighted sum of a few data points, in contrast to the Mamdani
system, which requires calculating the centroid of a two-dimensional area, Figure 3.18.

Wi f =px+qy+r,
s Wlf; e t;
=W Tw
w, L=pxtqytr, - wh+wi

Figure 3.18: Segeno fuzzy inference system
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The general format of the rule for the Sugeno fuzzy method is:
If xisA AND yisB THEN zis f(x,y) (3.20)
Where:

= X, Y, and z are linguistic variables;
= Aand B are fuzzy sets; and
= f(x,y) is the mathematical function.
Considering, the computational complexity of the ANFIS, the number of membership functions of each

node was limited to only 10, Figure 3.19.
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Figure 3.19 : Input Membership function of the ANFIS

Layer 2 (Product): All the nodes within this layer are constant and signify the activation level for each rule.
The node's output is determined by multiplying the incoming signals into the node and forwarding the result

to the subsequent node.

OZ,i =W, = uAi(e)uBi_z(Ae) fori=1,2.. .j2 (321)

Where:
= w; Represents the firing strength for each rule.
Layer 3 (Normalization): ach node in this layer represents a fuzzy rule. The firing strength of a rule is

computed using the fuzzy AND operation, typically the product of membership values from the
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fuzzification layer. The output of the node is the outcome of multiplying the signals coming into the node
and carried out to the next node.

— Wj .
O3 =W, = m,l =12 (3.22)

Layer 4 (Defuzzification): Every node i in this layer is the adaptive node at which their values are
given by a node function of:
03; = W,f; = W,(p;e + q;jAe +1y) (3.23)

Where:

= W, is the normalized filtering strength computed from layer 3

* D, q; and r are the consequent parameters of the specific node.
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Figure 3.20 : Defuzzification of the Sugeno fuzzy Inference system of the ANFIS

In this layer at which their values are updated during the learning process of the ANFIS.

Layer 5 (output): This final single nodded layer labeled by £ computes the overall output of the
ANFIS controller

]'2
i=1 Wifi

j2

i=1

Os; =W f; = (3.24)

Wi

To train the ANFIS, a hybrid method was employed, combining least-squares estimation for the
parameters linked to the output membership functions with the backpropagation gradient descent
algorithm for the parameters related to the input membership functions[35], [72]. This hybrid
approach ensures effective optimization by leveraging the strengths of both techniques to fine-tune

the model's parameters and improve its overall performance. The least-squares method is used to
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adjust the output membership functions, while the backpropagation method refines the input

membership functions, resulting in a robust and adaptive controller.
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Figure 3.21: Structure of the 10x10 MF FIS

3.5.3. Training and Testing of the ANFIS

To train the ANFIS-PID controller, a traditional PI1D controller was initially designed as a baseline,
Figure 3.22. Training and testing data were then collected from the PID controller's operation
under various conditions to provide a comprehensive dataset for the ANFIS model. A set of 1301
data points was used, considering the computational resources allocated for this research. This
dataset was carefully selected to ensure a balance between the complexity of the control task and
the available computational capacity, enabling efficient training while maintaining the quality of
the model's performance. The collected data included input-output pairs representing different
system states and control responses, which were essential for fine-tuning the fuzzy logic and neural

network components of the ANFIS.
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Figure 3.22: Set of PID controllers developed in order to train the ANFIS

A set of training data was gathered for each ANFIS controller, and a fuzzy inference system was
constructed based on the data acquired from the PID controllers for both joints. This system was

developed following the configuration outlined in Table 3.2.

Table 3.2: ANFIS Training Parameters

Minimal training RMSE 0.00296842
Number of nodes: 245
Number of linear parameters: 300
Number of nonlinear parameters: 80

Total number of parameters: 380
Number of training data pairs: 13001
Number of checking data pairs: 13001
Number of fuzzy rules: 100

Using the training data collected from each of the PID controllers, the inference system of the
ANFIS-PID controller was trained, and the training error for each of the joint controllers is
presented in Figure 3.23. This outcome was obtained by employing 10 linear Gaussian

membership functions and performing 4 iterations of 20 epochs using the hybrid optimization
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model [34], [73]. The training process ensured that the controller effectively adapted to the

system's dynamics, improving its accuracy and performance in controlling the robotic joints.
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Figure 3.23: Training error of the ANFIS models

Gaussian membership functions facilitate a smooth and flexible representation of fuzzy sets,

allowing the ANFIS-PID controller to effectively capture intricate data patterns while preserving

the interpretability and transparency of the learned fuzzy rules. Moreover, these functions enhance

computational efficiency, making the regenerative ANFIS controller ideal for dynamic control

54




tasks like robotic movement. Figure 3.24 presents the surface plot of the inference systems, which

were derived after training the two ANFIS controllers, showcasing the models' ability to map the
input-output relationships for both joints.
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Figure 3.24: Fuzzy inference system of the ANFIS of each @PtHe joints
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CHAPTER 4
RESULT AND DISCUSSION
4.1. Validation of the Developed Inference System (ANFIS)

The ANFIS-PID controller developed for controlling the joints of the robotic system was tested

and simulated under various scenarios. Given that ANFIS-PID controllers are often considered

more intelligent and efficient, it was essential to compare the performance of the ANFIS-PID

controller with its predecessor, the PID controller. To achieve this, a comparative study was
conducted. Prior to this, the predictive capability of the ANFIS models was evaluated using the
results from the PID controllers, for this purpose, a testing dataset of 13001 data points was
exported from Simulink to MATLAB, based on the responses from the PID controllers. The testing
was carried out using MATLAB's ANFIS toolbox, and the results are presented in Figure 4.1.
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Figure 4.1: Test results of the six ANFIS models for the training data respectively
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As it can be seen from Error! Reference source not found., the six ANFIS models developed for e

ach of the controller of each joint are predicting the output accurately with a prediction root mean
squared error of 0.000127, 0.00297, 0.0037, 0.0018, 0.0077and 0.0005 respectively.

4.2. Time response analysis results of the system under no disturbance

Before subjecting the feedforward ANFIS-PID controller for the 6-DOF robot to testing under

disturbances, similar to the real-world operational conditions of industrial or precision tasks, a

preliminary evaluation was conducted under undisturbed scenarios. This initial phase focused on

testing the controller in an ideal environment, following the designed sample trajectory designed

during the development process. These undisturbed trials provided critical insights into the

controller’s baseline performance in achieving accurate position and orientation control, serving

as a foundation for further assessments under more challenging conditions.
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Figure 4.2: Time response of jointl to joint 4 under no disturbance
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From the time response of the 6-DOF robot's joint controllers for the reference trajectory, as shown
in Figure 4.2, the PID controller exhibits varying trajectory tracking errors for each joint. For joint
1, the PID controller shows a maximum error of 2.15°, while the ANFIS-PID controller achieves
a reduced maximum error of 0.12°, representing an improvement of approximately 94.41%.
Similarly, for joint 2, the PID maximum error is 3.12°, whereas the ANFIS-PID maximum error
is 0.23°, offering an improvement of 92.62%. For joint 3, the PID controller shows a maximum
error of 1.6°, while the ANFIS-PID maximum error is 0.19°, marking an improvement of 88.12%.
For joint 4, the PID controller exhibits a maximum error of 3.13°, and the ANFIS-PID error is

0.35°, reflecting an improvement of 88.81%.
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Figure 4.3: Time response of joint 5 and joint 6 under no disturbance

Similarly, for joint 5, the PID controller exhibits a trajectory tracking error of 2.11°, while the
ANFIS-PID controller achieves a reduced maximum error of 0.13°, representing an improvement
of approximately 93.83%. For joint 6, the PID error is 1.09°, and the ANFIS-PID error is 0.15°,

marking a significant improvement of 86.23%.

In summary, for joints 1 to 6, the ANFIS-PID controller significantly outperforms the PID
controller in trajectory tracking accuracy. The PID controller exhibits errors ranging from 1.09° to
3.13°, while the ANFIS-PID controller reduces these errors to values between 0.09° and 0.23°.
The improvements in accuracy range from 86.23% to 94.37%, with the ANFIS-PID controller

providing a substantial reduction in tracking error across all joints. These results highlight the
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superior performance of the ANFIS-PID controller, ensuring precise control and making it ideal

for high-quality welding tasks.

Trajectory Comparison: Reference, PID, and ANFIS-PID
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Figure 4.4: Time response of the ABB robot for the given trajectory

Using the time responses of the joint space controllers for joints 1 to 6 of the robotic arm, the
trajectory tracking along the x, y, and z directions was also studied. The errors in trajectory tracking
are primarily caused by the cumulative errors of each joint's space controller, with each joint's
individual tracking performance contributing to the overall error in the end-effector's path. As
shown in Figure 4.4, it was found that the maximum trajectory following error along the x-
direction using the PID controller is 8.627 mm, while the ANFIS-PID controller reduces this error
to only 1.2 mm, representing an improvement of over 86.06%. Similarly, along the y-direction,
the PID controller’s maximum trajectory following error is 26.825 mm, while the ANFIS-PID

controller achieves only 2.56 mm, marking an improvement of approximately 90.45%. For the z-
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direction, the PID controller exhibits a maximum error of 26.04 mm, while the ANFIS-PID
controller reduces it to 2.5 mm, resulting in a significant improvement of 90.4%. These results
highlight the superior accuracy and responsiveness of the ANFIS-PID controller in all three
directions, with improvements exceeding 86.06% in each case, demonstrating its effectiveness in

precise trajectory tracking for the robotic arm.

4.3. Time Response Analysis Results of The Robot Under Disturbance

Disturbances are inevitable in practical applications and can greatly influence the performance of
a controller, potentially disrupting the precision and stability of robotic operations. Therefore,
evaluating the controller's response to disturbances is essential for ensuring its robustness and
dependability in real-world scenarios. This study incorporates the effect of external disturbances
to assess the resilience of the control system, offering critical insights into its adaptive performance
and reliability. To examine the behavior of the robotic arm under such conditions, a series of
random noise signals with varying amplitudes were introduced, and the controllers’ responses were

carefully analyzed and compared.
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Figure 4.5: Response of the ABB robot controllers subjected to a disturbance
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As seen in the time response of the two trajectories under disturbance, as shown in Figure 4.5, the
ANFIS-PID controller exhibited improved robustness, maintaining a stable trajectory despite the
presence of significant noise. Its adaptive nature allowed for real-time adjustments, effectively
countering disturbances and ensuring a smoother path. Additionally, the ANFIS-PID controller
efficiently regulated the system’s behavior, minimizing deviations from the desired trajectory and
enhancing the overall performance and stability of the motion, leading to a more controlled and

precise operation.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1. Conclusion

In this research, the position and orientation control of a 6-DOF robotic manipulator was
investigated through the development, modeling, and simulation of a feedforward ANFIS-PID
controller. The kinematic model of the robot was constructed using the Denavit-Hartenberg (DH)
convention, which facilitated the derivation of forward and inverse kinematic solutions.
Verification of the kinematic model was carried out through simulations in MATLAB to ensure
its reliability. A dynamic model of the robot was developed, incorporating actuator dynamics to
account for the complexities of the robot's interactions. This model was constructed using MSC
Adams, with SolidWorks utilized for structural modeling. The integration of MSC Adams with
MATLAB/Simulink allowed for the implementation and testing of the proposed control system in
a co-simulation environment. This approach enabled the evaluation of the controller's performance

in a high-fidelity simulation that closely mirrored real-world conditions.

The ANFIS-PID controller was designed to improve trajectory tracking accuracy and disturbance
rejection. Simulation results indicated that the controller achieved minimal trajectory tracking
errors of less than 0.3° for all joints. The hybrid controller demonstrated superior performance in
comparison to traditional PID controllers, particularly in handling nonlinear dynamics and external
disturbances. These results confirmed the effectiveness of the proposed system in achieving
precise position and orientation control. All research objectives were successfully achieved
through the design and simulation processes. The findings underscore the importance of hybrid
control strategies, such as the feedforward ANFIS-PID controller, in addressing the challenges of

complex robotic systems.

5.2. Recommendation

Although this research achieved its stated objectives, certain limitations should be addressed in
future studies. The dynamic model developed for the robot excluded the effects of link elasticity
and joint friction, which are known to influence the performance of robotic systems in real-world
applications. It is recommended that these factors be incorporated into future models to enhance

their accuracy and reliability. Additionally, the unmodeled effects of sensor noise, thermal
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variations, and mechanical wear were not considered in this study and should be investigated

further to improve the system's applicability in practical environments.

The training of the ANFIS model was constrained by limited computational resources.
Specifically, only 10 epochs and 10 nodes per input were utilized during the training process,
which may have restricted the optimal performance of the model. The use of advanced
computational systems in future work would allow for the exploration of larger datasets, more
complex network architectures, and extended training iterations. These improvements could
further reduce prediction errors and enhance the controller’s adaptability and precision. It is also
recommended that the findings of this research be validated through experimental implementation
on a physical 6-DOF robotic system. While the MATLAB/Simulink and MSC Adams co-
simulation environment provided realistic testing conditions, hardware-based validation would
address additional challenges, such as sensor noise, unmodeled disturbances, and hardware
limitations. The outcomes of such experiments would provide a clearer understanding of the

controller’s robustness and performance in practical scenarios.

Finally, the integration of other advanced control strategies, such as Model Predictive Control
(MPC) or Reinforcement Learning (RL), could be explored. These methods have the potential to
further optimize system performance when combined with the existing ANFIS-PID controller. By
addressing these recommendations, future studies can build upon the foundation established by

this research, advancing the development of control systems for complex robotic applications.
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APPENDICES

Appendix 1: Some important trigonometric identities
Pythagorean identity

sin%0 + cos?6 =1

Angle sum and difference identities
sin(8 + a) = sinBcosa + cosOsina
cos(8 + a) = cosOcosa + sinbsina

Meaning of the function atan2 (y, x)

([ sgnytan™? |¥| if x>0,y+0
T

atan2(y,x) = | 259my fx=0y=

sgny (TL’— tan™! %D ifx<0,y+#0
\ n—nsgnx ifx#0,y=0
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Appendix-2: Technical data

Weight, robot

The table shows the weight of the robot.

Robot model

Weight

IRE 2600/IRE 2600 ID

280 kg

ﬂ Note

The weight does not include tools and other equipment fitted on the robot.

Mounting positions

The table shows valid mounting options for the manipulator.

Mounting option Installation angle MNote

Floor mounted 0=

Wall mounted .Q-D'

Suspended 180° |

Tilted . 0-15° . Contact ABB for further in-

formation about acceptable
loads.

Robot motian,

The table specifies the types and ranges of motion in every axes.
Location of motion Type of motion Range of mowement
i 1 Riotation moticn £180°

Agig 2 .Armmnﬂnn .-155".'-95“

Als 3 .Mm maotion .-?5" {-1a0-

Axis 4 (IRE 2600 standard) .W‘rlnt meotion .:-II:HJ-"

Acis 4 [IRE 260010) IWI'IE‘I: meation .:1?5"

Auls 5 .E&nd motion .:1213-"

Axls B Turm mation £400°
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Robot dimensions

Dimensions IRB 2600-20(12)/1.65, IRB 2600 Type C-20(12)/1.65

1019

o]
3
JF
&
3
Dy
€ Asnt | aso
B
o
™ ™
\ >
Pos Description
A 'R 337 Minimum turning radius of axis 1
B |R 98 Minimum turning radius of axis 4
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Tuming radius
The lurning radius of the robot that is floor or suspended mounted is shown in the
figura.

+180°

Variant Pos. A Pos. B
IRE 2600-20M.65 R1653 R468
IRE 2600-12M.65

IRE 2800 Type C-20/1.65
IRE 2600 Type C-1211.65

IRE 2600-12/1.85 A1853 R506
IRE 260010-15/1.85 R1850 R542
IRE 260010-8/2.00 RA2000 R538
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