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ABSTRACT 

Robot modeling is essential before using control systems to verify that the desired task is 

completed with the lowest feasible error rate according to the inputs. When modeling a 

robot, the derivation of the forward movement of the robot axes is a fundamental step 

based on the method of Denavit–Hartenberg. This research aims to control the robot arm 

motion using two controllers. PID controller was used as a reference to compare the 

results with those of an FLC. First, an FLC was used to enhance the nonlinearity of the 

robot arm. FLC was designed based on Mamadani pro-Max inference. Four different 

defuzzification methods were used and compared to obtain the control signal. These are 

BOA, MOM, SOM, and COG. The results of this controller were then compared to the 

PID results on a transient response scale. Finally, simulation was done using MATLAB 

Simulink software. Based on the simulation results, BOA, MOM, and SOM techniques 

yield almost identical results; however, the COG strategy yields a broad range of 

outcomes. Implementing a simple defuzzification approach resulted in system 

optimization due to the complexity of processes like fuzzification and defuzzification. 

Based on the simulation results, the FLC system yields better results than those obtained 

with a PID. The FLC has lower rise time, settling time, steady-state error, and less 

overshoot than the PID controller. 

Keywords:  Fuzzy logic controller, PID controller, Robotic arm, Forward kinematics, 

Open loop dynamics. 

 

 

1. INTRODUCTION 

The robot arm consists of a series of connected links, 

that can move in a transitional or rotational movement 

(such as an articulated robot).  These links are connected 

with joints forming a kinematic chain; From the base to 

the end effector, all joints are actuated and stretched. 

With the final terminal effect, the robot arm is identical 

to a human arm. The robot arm resembles and performs 

the same functions as the human hand. 

The main parts in a robot arm are the base, joints, 

links, and a gripper. The base is the basic part of the arm; 

it may be fixed or active.   

Then separate links are attached to it. The link is to fix 

and support the clutch, and the clutch is used to hold and 

move objects [1].  

As a result, before utilizing robot manipulators to 

operate with high accuracy, modeling and analyzing the 

robot manipulators and control techniques is critical. 

Robot kinematics may be forward or inverse kinematics. 

The purpose of the control assignment is to move the 

robot arm from one position to another. Therefore, the 

intended position or angle of each joint must be known 

in advance, and forward kinematics is used with the 

angle as input and inverse kinematics with the required 

end position as input. Computing the necessary joint 

angles for the end-effector coordinates is more 

complicated than forward kinematics [2]. 
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1.1. Literature Review 

As an advanced investigation into this emerging field, 

many studies have been done on manipulator robots. 

Some literature has explored the kinematic analysis of 

industrial and educational robot arms such as the PUMA 

560, SCARA, and SG5-UT processors. [3], [4], and [5]. 

Other papers in control technology included Proportional 

Integral Derivative (PID) and Fuzzy Logic Controller 

(FLC). [6], [7], [8], and [9]. A brief review of some 

literature is as follows: 

In a study done by Delibes [10], FLC and PID control 

algorithms were used to regulate the position of a DC 

motor. Both controllers (PID and FLC) were created 

using the LABVIEW application. After applying the 

controllers, the target position was obtained with a 0.4 

percent overrun and an 80 m sec settling time for FLC, 

but with a 4 percent overshoot and a 120 msec settling 

time for PID. The impact of FLC on the procedure of a 

robot movement simulation controlled by a digital 

controller was highlighted by Delibes. The authors in 

[11] presented the fuzzy supervisory approach for 

adjusting PID parameters. The performance of 

parameters provided by Z-N is improved using this 

method. The FLC is shown to be superior in the 

simulation. 

Dzulhizzam Bin Dulaidi [12] controlled the robot arms 

using FLC to obtain the desired position. The FLC 

performance was then compared with the PID. Based on 

their study, FLC has proven to be more efficient in PID 

response behavior. 

V. K. Bang et al. [13] used the FLC and Genetic 

Algorithms to map a path. FLC is used to achieve the 

optimal control of an automatic arm, and the benefit is 

that FLC is an efficient and realistic method to achieve 

better mechanical arm movement. 

Yung Tao et al. [14] used the PID approach for each 

sampling to ensure the consistency of the final 

transponder route. Testing shows more reliable and 

effective fuzzy PID performance than the PID power. 

The Fuzzy PID method is also used because it is 

effective and precise in the preparation of route planning. 

Jaffa et al. [15] used Neural-Fuzzy Controller (NFC) 

to control the automatic arm position. The neural 

network was used to control input and output 

information and hybrid learning. The network was 

trained using an algorithm. The simulation results show 

that the NFC controls the automatic arm path better than 

the PID. 

Usman Kabir et al. [16] used a 3-DOF robot 

manipulator, and three distinct position control 

approaches were created and assessed. Each link of a 

robot manipulator was fitted with PID, PD, and FLC 

controllers, and performance comparisons were made 

using transient and steady-state characteristics. All three 

controllers followed the setpoint with slight steady-state 

error, according to the results. In addition, the PID and 

PD controllers performed better with respect to rising 

and settling times, while the FLC controller had less 

overshoot. 

Alassar et al. [17] used a PID and a fuzzy smart 

controller to control the 5-DOF robot arm. The findings 

revealed that FLC-based PID parameter tuning is 

superior to traditional approaches. 

Jafar Tavoosi et al. [18] designed two independent 

Neural–Fuzzy controllers for the trajectory tracking of a 

robot arm. According to the simulation findings, the 

Neural–Fuzzy controller outperformed the PID controller 

in terms of trajectory control. 

Jamal Abd Altayef et al. [19] used FLC and PID 

control algorithms to display the direction control of the 

DC motor. The architecture of the two controllers (PID-

FUZZY) was based on a LabVIEW system. The results 

revealed that the FLC is superior to maintaining the 

target location than the PID controller. 

Yong-Lin Kuo et al. [20] used the PID, Fuzzy, and 

Fuzzy PID systems to control the robotic arm. The 

fuzzy-PID controller resulted in a lower steady-state 

error. 

Nairi Dersarkissian et al. [21] presented a controller 

design to control the position of a wheelchair-mounted 

robotic arm using PID and FLC. The FLC outperforms 

traditional tuning approaches, according to the findings. 

To obtain greater control in the future, the authors 

integrated a PID controller with FLC to achieve better 

control. 

Z.F. Baghli et al. [22] controlled a two-degree arm 

manipulator robot utilizing two different control 

approaches, single-output control based on the classical 

PID model and smart adaptive FPID. They found that 

Fuzzy PID was more stable in situ and produced better 

results than conventional PID controllers. 

Athar Ali et al. [23] controlled an upper rehabilitation 

robot using PID and FPID controllers. Their findings 

revealed that the FPID controller outperforms the 

traditional PID controller. Furthermore, the FPID 

controller proved robust for the upper limb rehabilitation 

robotic system. 

Masoud Solouki et al. [24] introduced a robot arm 

manipulator controlled with 5-DOF using two 

controllers, PID and Fuzzy. Although the PID controller 

is a standard controller for linear systems against 

nonlinear systems, the results showed that using fuzzy 

rules leads to better results than traditional methods. 

Fucheng Cao et al. [25] used assistive robots to help 

people with physical limitations enhance their 

independence and quality of life by interacting with 

them. The PID and fuzzy systems were used to regulate 

it. The findings revealed that using the FLC outperforms 

the PID controller. 

Angel and Viola [26] proposed a delta manipulator 

tracking control based on a fractional-order proportional 

integral derivative (PID) controller and a calculated 

torque control strategy. Then, they established a 

collaborative simulation model of a delta robot for 

investigating, designing, and verifying a control strategy. 
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The durability of the controller to external disturbances 

was evaluated using performance indexes such as joint 

and space errors, joint torque, and trajectory tracking. 

The results showed that the fractional-order proportional 

integral derivative (PID) and calculated torque control 

strategy were resilient and automatically disturbance-

rejected when used to a parallel robot’s tracking task. It 

is usually necessary to coordinate actions when 

performing implementation tasks in the human 

environment. The control of robot arm movement also 

requires smart coordination skills 

According to biomechanics, Pedrammehr et al. [27] 

studied the description of dual-arm motion tasks based 

on extended mutual task space impersonation and 

estimated the performance of specified tasks. The 

experimental results showed that the task specification 

based on ECTS was intuitive and effective. 

Jinjun et al. [28] suggested a new symmetric, adaptive, 

variable-admittance control method for position 

continuation tracking of a dual-arm cooperative robot. 

For the first time, the endorsement parameters were 

modified online to track the desired position and force 

based on the tracking error to compensate for the 

anonymous trajectory deviation. As a result, the 

symmetrical adaptive variable-admittance control with 

two arms coordination was realized. Furthermore, the 

simulation experiments showed that the method could 

achieve good position and force tracking 

implementation. 

Nasr and Ayman [29] controlled a system to reach a 

desired joint angle position through simulation of PID 

controllers using MATLAB/Simulink. The results 

showed that a slight change in initial joint angle 

positions of the robot arm resulted in different desired 

joint angle positions. Therefore, it was necessary to 

adjust and turn the gains of the PID controllers every 

moment to prevent overshoot and oscillation due to 

changes in parameters values. 

Nairi Dersarkissian [30] This study ranks the different 

methods used To design a controller to control the 

positionWheelchair-mounted robotic arm using advanced 

fog inference system. This study is also used to identify 

and Demonstrate the best solution for designing a control 

method. The Simulation results for the five membership 

states and the seven membership states show that both 

controllers are working correctly and has an overflow, 

something considered within the acceptable 

range.However, the steady state error in the seven 

members The function controller is smaller compared to 

the 5 MFS.GPS design using DC motor Fuzzy logic 

shows that the use of FLC in position control 

Application, a shorter settling time can be achieved by 

adjusting Control rules, membership functions and the 

world output variable letter. 

Usman Kabir et al. [31] In this study, three different 

position control methodologies have been designed and 

analysed on a 3-DOF robot manipulator. The PID, PD 

and FLC controllers were applied to each link of the 

robot manipulator and performance comparisons were 

made using transient and steady state characteristics. The 

results showed that all three controllers were able to 

track the setpoint with negligible steady state error. The 

PID and PD controllers gave better performance in terms 

of the rise time and settling time while the FLC resulted 

in decreased overshoot. 

Mohamed Fawzy et al [32] A comparison study was 

implemented to control the arm robot angles with four 

degrees of freedom. The control of the arm robot was 

extensively investigated using two controllers under 

different operating conditions. These controllers are the 

fuzzy logic controller (FLC) and the 2-DOF PID 

controller. The system performance with two controllers 

was simulated using MATLAB/Simulink. Firstly, the 

desired model is built and for each joint of the arm robot 

a fuzzy logic controller and a 2-DOF PID controller is 

designed. Then in order to reducing the overshoot and 

increasing the speed of response, the reset mechanism is 

applied. The results showed that, the FLC has optimal 

performance (fast response with better rise time and no 

overshoot) in controlling of the arm robot compared with 

the 2-DOF PID controller. 

Abdel-Azim S et al [33] controllers (FLC) has been 

used because it is efficient tools for control of nonlinear 

and uncertain parameters systems. This paper aims to 

design a fuzzy logic controller for position control of a 

PUMA 560 robot manipulator.Based on simulation 

results we conclude that the performance of the fuzzy 

logic controller in term of position tracking error in 

case of disturbance or load is better than the conventional 

computed torque (PD-CTC and PID-CTC) controllers. 

1.1. Problem Statement 

Modeling, kinematic analysis, and control of robot 

arms are essential topics in the literature. This may be 

accomplished using various controllers. A controller 

reduces the difference between the required and the 

actual situation robot joints or end effectors. A controller 

must satisfy specific requirements to do so. For example, 

overshoot is reduced, the rising time is minimized, the 

steady-state error is eliminated, and the restlessness load 

on each joint motor is reduced. 

The increasing complexity of robotic tasks requires 

controllers that are intelligent, powerful, easy to 

calculate, and easy to install and analyze in order to 

optimize and maximize the performance of the industrial 

robot arms. [34]. In the early decades, the integral 

proportional derivative (PID) was the most extensively 

used controller in commercial applications and industry. 

The PID controllers are simple to develop and install, 

have great flexibility and dependability, and are 

inexpensive, so the first attempt is to implement the 

PIDs. Due to the nonlinearity of robotic arm 

manipulators, PID controllers struggle to cope with the 

time response, skips, and steady-state errors of the 

robotic arm processor. Hence, they are insufficient to 
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meet the tracking control effectiveness requirements. 

These issues can be mitigated using nonlinear 

controllers. A nonlinear controller such as FLC is needed 

to address the nonlinearity problem. The conduct of both 

controllers must be evaluated. To effectively investigate 

the assignment required, the forward motion equations 

and dynamics of the robot arm must first be investigated. 

Then, the controllers must be created, implemented, and 

assessed in terms of the performance index in a 

mechanical manipulator system. 

Noisy sensors, imprecise global models, and 

uncertainty in action execution can significantly impact 

the implementation of motion control in real-world 

robotic applications. The mathematical and functioning 

models of an industrial robot involve numerous 

equations. In addition, building and experimenting with a 

practical model takes a long time. The utility of 

industrial models designed by computer simulation 

software reduces the costs and time spent in designing 

and simulating industrial robots [35]. The most 

straightforward technique to represent a real robot 

without writing code or programming is to use computer 

software simulation, which solves mathematic equations. 

As a result, the software packages Matlab and Simulink 

will be used to simulate the dynamics and control of the 

robot arm. Finally, the robot arm will be built and tested 

as an actual prototype. 

The research steps were organized according to the 

flowchart in Figure 1. 

 
Figure 1: Research Methodology 

This paper has nine sections, which are as follows: 

Section 1 is the introduction, and Section 2 presents the 

proposed mechanical design of the robot arm 

manipulator and working principle. Section 3 gives the 

design of the mechanism in SolidWorks. Section 4 

describes the forward kinematic model of the proposed 

robot arm. Section 5 presents the development of the 

simulation model of the arm and the simulation of 

dynamics. Section 6 presents the development and 

control circuit of the robot arm prototype. Finally, 

Section 7 discussion, Section 8 presents Conclusions   

followed by Section 9 references. 

2 .PROPOSED MECHANICAL DESIGN 

AND WORKING PRINCIPLE OF 

ROBOTIC ARM 

The robot arm’s mechanical design is based on a 

robotic manipulator that performs functions comparable 

to a human arm. [36, 37, 38].  

Each joint gives the robot certain mobility freedom 

(DOF). The robotic arm consists of several links joined 

by hinges to facilitate movement. In this robotic arm, 

there are two species of joints. The first is a rotational 

joint, also known as a human joint, which only allows 

relative rotation between the two connections. In 

robotics, this is the most frequent form of joint. The 

second type is a sliding or prismatic joint. This joint 

allows only linear proportional movement between two 

long links along an axis. 

The manipulator is considered part of a kinetic chain 

[39]. The robot’s base is attached to one end of the chain, 

while the other end is coupled to a tool such as a hand, 

gripper, or end effector. 

Footnotes 

3. MECHANISM DESIGN IN 

SOLIDWORKS 

The SolidWorks program was chosen to create the 

robotic arm because it allowed simultaneous design and 

visualization. .It also evaluates collisions and 

interferences on the arm. Since each link depends on the 

one before it, the robotic arm’s design needs to begin at 

the base and terminate at the gripper. Therefore, the base 

(Link 0) is the first to be designed, followed by Links 1, 

2, 3, etc. The material proposed was wood for the robotic 

arm with a thickness of 5 mm, assuming a 150 mg load 

that can be carried and moved by the arm robot. The 

robot arm has five rotating joints and a movable grip. A 

robotic arm model developed in SolidWorks is shown in 

Figure 2. 
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Figure 2: Robot Arm Model in SolidWorks. 

4. ROBOTIC ARM FORWARD 

KINEMATICS MODEL 

The forward movement shows the transition from one 

frame to the next, starting at the base and ending at the 

handle. As shown in Figure 3, a commonly used 

convention for selecting frames of reference in robotic 

applications is the Denavit–Hartenberg or the DH 

agreement. In this method, each Ti homogeneous 

transformation between the two adjacent frames is 

depicted as the product of four basic transformations, as 

shown in Equation (1) [9].Ti= Rot(z,θi) Trans(z,di) 

Trans(x,ai) Rot(x,ai) 

 

Figure 3: D-H Frame Assignment 

Figure 3: D-H Frame Assignment 

Where the notation  Rot (x, αi) stands for rotation 

about xi axis by i , Trans (x, ai) is the translation along 

xi axis by a distance ai ,  Rot( Z, θi) stands for rotation 

about Zi axis byi , and Trans (Z, di) is the translation 

along Zi axis by a distance di. Hence Equation (1) is 

rewritten. 

And the general transformation matrix is the Standard 

DH Paramter Matrix 
i- 
Ti as in Equation (2) and Equation 

(3). 
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i- 
Ti  [

     -       *        sinαi*sinθi   *      
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]        

 

We can formulate the transformation matrix between 

each two successive frames as follow: 

After each link's DH coordinate system has been 

constructed, a homogeneous transformation matrix may 

be simply created using frame{i-1} and frame {i}. This 

transformation consists of five basic transformations 

below. From the last matrix 
 
T   the position and orientation of the end-effector 

with respect to the base can be extracted. 

In a similar way all the 
 
T ,  

 
T   

 
T3, 

3
T , and 

 
T  

Will be found as in Equations from (4) to (8). 

0
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 ]                                       (4) 
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⌈
⌈
 
                                  

S        S                

 
 

 
 

                         
                         ⌉

⌉
⌉
 

           (5) 

 

 
T3       [

 θ3 -Sθ3     θ3   
Sθ3  θ3    Sθ3
    

    

]                                (6)   

3
T        [

 θ -Sθ   Sθ  

Sθ     cθ  

    

    

]                                (7)             

 
T      [

    -              
S   θ   
     

    

]                                 (8)
 

Then 
0
T5 could be formed by matrix multiplication of 

the individual link matrices. Starting by multiplying 
4
T5 
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and 
3
T4, 

2
T3 which is multiplied by 

1
T2 and so on until 

0
T5 

is obtained as in Equation (9) and (10) [4]: 

TH = 
0
T5 = 

0
T1.

1
T2.

2
T3.

3
T4.

4
T5                                               (9)   

And by multiplying the expanded matrices, we get the 

total transformation matrix of the robot:  

Where: 

 
TW  

 
T  [

    ax p
x

    ay p
y

    az Pz
    

]                               (10) 

 

nx   c  *c3                                                        (11) 

ny   s  *c3                                                        (12) 

nz   s3                                                                (13) 

ox   s                                                                (14) 

oy                                                                (15) 

oz  s                                                                   (16) 

ax   -c  *s3                                                       (17) 

ay  s  *s3                                                         (18) 

az   -c3                                                              (19) 

Px   s  *d  c  *a *c3 +c  *a3*c3                (20) 

Py   -c  *d +s  *a *c3 +s  *a3*c3               (21) 

Pz  a3*s3 +a3*s3+d                                         (22) 

 

where Px, Py, and PZ are global coordinates specifying 

the end effector's spatial position.Using MATLAB 

programming to multiply the individual matrices. Then, 

the results are; 

Where: 

cn : cos(θn) , sn : sin(θn) 

The last equations can be noted as Equation 

(11,12,13,14,15,16,17,18,19,20,21,22) to simplify using 

it. These equations give the FK of the designed robot 

arm. Knowing the robot variables (θ1, θ2, θ3, θ4, θ5) then 
0
T5 will be identified, and the position and orientation of 

the robot wrist relative to the base frame will be known. 

Where the Four quantities     , ai, di ,     ( are the 

parameters of link  and joint . The various parameters in 

previous equation are given the following names: 

   (link length) is the distance from zi to      measured 

along zi ; 

   (link twist), is the angle between zi  to       ,  

measured about xi ; 

   (link offset), is the distance from  xi to xi+1, measured 

along zi ; and 

    (link angle), is the angle between xi to xi+1 measured 

about zi ; 

   : Position of the end-effector in x-direction =             
   : Position of the end-effector in y-direction 

=           

      Position of the end-effector in z-direction  

  Figure 5 shows the robot's manipulator, which 

includes five linkage arms that start to align to the x-axis. 

A1, A2, A3, and A4 are the lengths of the links, 

accordingly.  

As seen in the picture, the first link advances by θ , 

the second link byθ , the third link by θ3, the fourth link 

by θ , and the fifth link by θ . Figure 4 depicts the 

kinematic model with frame assignments based on 

Denavit & Hartenberg (DH) codes. Table 1 shows the 

kinetic parameters calculated using this model. 

 

Figure 4: Links coordinates’ diagram of the arm 

robot 

Table 1: The link parameters of  robot arm 

manipulator (D-H parameters). 

Joint  αi-1 (ᵒ) a i-1 

(mm) 

di-1 (mm) θi-1 (ᵒ) 

1 α    9  a1 L1 0 

2 α      a2 0 θ  

3 α3     a3 0 θ3 

4 α   -90 a4 0 θ4 

5 α      0 d5 θ5 

6 α6     0 0 Gripper 

Table 2: The link lengths of robot arm 5DOF 

Link Joint Waist shoulder elbow wrist 

token a1 a2 a3 a4 

Link length 

(mm) 

126.9 122 142 153 
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5. SIMULINK MODEL 

DEVELOPMENT AND DYNAMICS 

SIMULATION (OPEN AND CLOSED 

LOOPS USING PID AND FLC) 

Simulink® is a software program for modeling, 

simulating, and analyzing dynamic systems developed 

by Mathworks Inc. [40]. It supports linear and nonlinear 

systems modeled in sequential time, sampled time, or a 

combination of the two. The system model is represented 

using block diagrams, describing the system mode [41]. 

5.1. Simulink Model of the Robotic Arm 

The robotic arm model developed in SolidWorks was 

transferred into Matlab using the option ―EXPORT- 

SIMSCAPE MULTI- ODY FIRST GENERATION,‖ 

where the file is a CAD assembly file exported to 

MATLAB as an XML file format based on the Sim-

Mechanics library. 

  Simulation is performed to verify the design 

dynamics in the form of a Simulink model containing the 

blocks shown in Figure 6(a). The blocks imported into 

Simulink are rearranged according to engineering laws, 

physical laws, and the required assembly. The Simulink 

model has three main block types: the input block, the 

system block, and the output block. The input block 

shows a simulation of the reference input signals 

(positions of joints) designed to obtain the arm robot’s 

temporal response (gripper position) before adding the 

controls. System bocks represent robot arm links and 

joints and the final gripper. The output block represents 

the gripper position. Table 3 shows the parts in the 

SolidWorks environment and their counterparts in the 

Matlab environment. Figure 6(b) shows a 3D 

visualization of the system blocks. 

Table 3. Robot arm components in SolidWorks vs. its 

components in Simulink. 

No. Part in SolidWorks 
 

Part in Matlab (Sim-

mechanics) 

1 part Body 

2 Mates Joint 

3 - Fundamental ROOT Ground – Root weld – 
ROOT Body 

4 Subassembly Root 
:(trunk –mates…..) 

Subsystem  linking robotic 
arm parts 

5 Fixed part Fixed part 

5.2. Kinematics Model Simulation 

Kinematics is a branch of physics that investigates 

motion without accounting for the forces that cause it. The 

study of position, velocity, acceleration, and higher 

derivatives of position variables is covered in this course. 

Forward kinematics (FK) and inverse kinematics (IK) are 

the two kinematics solutions for robotic arms (IK). If the 

locations of all joints are known, FKs identify the 

locations of the robot’s gripper. As a result, FK stands for 

conversion from configuration to Cartesian space. In 

contrast, IK stands for transformation from Cartesian 

space to joint space. Robots (FK) are simulated in this 

work by calculating the end-effector coordinates knowing 

their joint angles. The approach used for kinematic 

modeling is the D-H. First, the D-H parameters are 

calculated via the D-H formulation method. The kinetic 

model may then be characterized by identifying these 

parameters [42, 43] by the D-H parameters presented in 

Table 1. Further, a 3D conception of the system blocks is 

shown in Figure 5(b). 

 
(a) 

 
(b) 

Figure 5: Robot arm model in Simulink, (a) Model 

blocks, (b) 3D visualization of the system blocks. 

5.3. Control System Design 

The servo motor Simulink model, open loop dynamics 

experiments, and controllers design and simulation will 

be presented in this section. 
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5.3.1 Servo Motor Simulink Model 

Many mechanical systems and industrial 

applications, such as industrial and educational robots, 

use DC servo motors as an actuator. [44]. The main 

reason to use a servo motor in this study is that the 

position, speed, and torque of the servo motor can be  

controlled as needed, which is essential when 

building a robotic arm. The model of the DC servo motor 

was created in Simulink, as shown in Figure 6. The DC 

servo motor block diagram consists of the electronic and 

mechanical parts, and the parameter 

values were substituted from the motor specification 

datasheet. Table 4 shows the DC servo motor parameters 

based on the datasheet. 

 

 

Figure 6: DC servo motor Simulink model  

block diagram. 

 

Table 4: DC servo motor Parameters. 

Parameters Values Unit 

Moment of inertia (Bm) 0.0243 kg.m2 

Friction coefficient (Jm) 0.000026852 N.ms 

Back EMF constant (Kb) 1.058 v/ms-1 

Torque constant (Kt) 0.884 Nm/A 

Electric resistance (Ra) 3.33 Ohm 

Electric inductance (La)  0.000000015 H 

The following equation depicts the total transfer function 

of a DC servo motor system. (23): 

     

     
=

     

                                    
                         

(23) 

where: 

                 
                
S: Laplace variable 

5.3.2PID Controller Design and Simulation 

The PID algorithm is the most widely used feedback 

controller in the industry. It is a sturdy and easy-to-

comprehend algorithm that provides excellent 

control effectiveness regardless of the dynamic 

behavior of a specific process plant. 

Gpid (s) = kp + ki /s +kd.s                               (24) 

The calculating algorithms offered in Equation (24) include 

three separate stationary coefficients: p, i, and include three 

separate stationary coefficients: p, i, and  

d. These coefficients can be explained in terms of time, 

where p is for existing errors, and i is for the accumulation 

of past errors. Coefficient d means approaching error based 

on the uninterrupted pace of change [45]. 

Parameters of the PID controller were tuned using 

Simulink instead of traditional tuning methods ZN. 

Figure 8 shows the system diagram of the robot arm 5-

DOF framework and PID controllers. Five PID controllers 

were developed, one for each DC servo motor associate 

with each joint. 
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5.3.2. Control System Design 

 

 

 

 

 

 
(a) 

 
(b) 

 
(c) 

 

 
(d) 

 
(e) 

Figure 7: Input and output response of joints in open loop dynamics; Input and output position of: (a) joint 1, 

(b) joint 2, (c) joint 3, (d) joint 4, (e) joint 5. 
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Figure 8: Block diagram of arm robot system with PID controllers. 

The step response and parameters of the five developed PIDs are shown in Figure 9. 

 

 

 
 

 
(a) 

 
 

 
(b) 
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(c) 

 
 

 
(d) 

  
(e) 

Figure 9: The step response and controller parameters of: (a) PID1, (b) PID2, (c) PID3, (d) PID4,and (e)PID5 

 

 

5.3.2 Experiment 2 

  controller, the simulation was performed using the suggested PID controllers. The system model in Figure 9 (robot 

model with PID controllers) was subjected to two sets of reference step input signals representing the joints’ position 

angles. The values of joint angles values were selected based on the space limit of each joint Experiments were repeated 

for positive and negative values of Input joint angles Each set had different joints’ position angle values, the  st set had 

positive values, and the 2nd set had negative values. Simulations were performed for 4 msec. The feedback signals of the 

joints’  

 

position angles were then measured. All joints’ speed, acceleration, torque, and the posture of the end effector 

(grabber) were also measured. The first set of reference step input signals was used to apply to Experiment 2(a), and the 

results are shown in Figure 10. The second set of 

reference step input signals was used to apply to Experiment 2(b), and the results are shown in Figure 11. 
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a. Results of Experiment 2(a) 
 

 

(a) 

 
(b) 

 

(c) 

 

 

 
 

      (e) 

Figure 10: Simulation results of Experiment 2(a): (a) 

 Input and output values of joints angles, (b) output  

values of joints speed,(c) output values of joints  

acceleration, (d) output values of joints torque (e) 

 end effector position. 

 

 

(d) 
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a. Results of Experiment 2(b) 

 

 
(a) 

 
(c) 

 

 
(e) 

 

 

 

 

 

 
(b) 

 

 
(d) 

 

 

 

Figure 11. Simulation results of Experiment 2(b): (a) input 

 and output values of joints angles, (b) output values  

of joints speed, (c) output values of joints acceleration,  

(d) output values of joints torque, and  

(e) end-effector position. 
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The closed-loop system outperforms the open-loop 

system. When torque is applied to a joint, the gravity on 

the link depends on the covariates. Hence, all joints 

provide the correct position, the response of each joint is 

stable, and system disturbances are small, leading to a 

perfectly controlled motion. In addition, the presence of 

feedback contributed to the system’s stability. 

5.3.4. FLC Design and Simulation 

Fuzzy logic systems are easy to understand and design 

and perform better than other types of controllers. By 

executing basic principles guiding the system’s behavior, 

FLC is transformed into an automated manner altering 

the language of the control step. Fuzzy logic enables the 

modeling of complicated systems that originates from 

the information and mastery by combining substitutional 

way of thinking using a higher level of the inference 

procedure is divided into four parts as follows: 

Fuzzification of input variables, rule evaluation, 

aggregation of rule outputs, and defuzzification [46] 

The implementation of the FLC [47] is as follows: 

 1) Identifying FLC input and output. An FLC has two 

inputs: error E(t) and change of error ΔE(t), and one 

output is the design control signal. 2) Fuzzifying input 

and output variables. Each variable of FLC inputs has 

seven fuzzy sets ranging from negative big (NB) to 

positive big (PB). 3) Determining the input-output 

relationship and designing an inference mechanism rule. 

This paper uses Mamdani (Pro Max) inference. 4) 

Defuzzifying the output variable of the fuzzy 

mechanism. Different defuzzification methods were used 

and compared to obtain the control signal. Figure 12 

shows the fuzzy membership functions of E(t),  

 

   
(a) 

 
(b) 

 
(c) 

Figure 12: Membership functions of (a) E(t), (b) 

ΔE(t), and (c) output. 

Table 4: Rule base description. 
 

No. Rule Description 

1  If (ERROR is Z) and (error_change is NB) then 

(output1 is NS)  

2  If (ERROR is Z) and (error_change is NM) 

then (output1 is z)  

3  If (ERROR is Z) and (error_change
is NS) 

then (output1 is z)  

4 If (ERROR is Z) and (error_change is Z) then 

(output1 is z)  

5  If (ERROR is Z) and (error_change is PB) then 

(output1 is PS)  

6  If (ERROR is Z) and (error_change is PM) then 

(output1 is z)  

7 If (ERROR is Z) and (error_change is PS) then 

(output1 is z)  

Rule base and membership functions were designed as 

the rule characterization shown in Table 4. For the error 

signal E(t) as an input and control signal C(t) as an 

output, NB stands for negative big, NM means negative 

mean, Z means zero, PS means positive small, PM 
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means positive mean, and PB means positive big. To 

vary the error (ΔDE) as input, N means negative, and P 

Means positive. These are the linguistic variables that 

mean each time uneven fuzzy controller inputs 

Where: 

Nb: Negative big  

Nm: Negative medium 

Ns: Negative small  

Z: Zero  

Ps: Positive small  

Pm: Positive medium  

Pb: Positive big 

These are the linguistic variables that describe each of 

the time varying fuzzy controller inputs and outputs are 

used to define the rule base of the fuzzy controller. 

 
(a) 

 
(b)  

Figure 13: Simulink model block diagram of: (a) FLC; 

(b) Robot arm system with FLC. 

And outputs that are used to define the rule base of the 

fuzzy controller. Figure 13 (a) shows the Simulink model 

for the FLC. 

Figure 13 (b) shows the robotic arm Simulink model 

with the FLC added. An FLC was developed for each 

DC servo motor related to each joint. 

 Defuzzification is a method that converts a federation 

of fuzzy sets into a crisp value to produce a non-fuzzy 

action. The most common approaches are as follows: (1) 

center of gravity (COG), (2) bisector of area (BOA), (3) 

denotes of maximum (MOM), (4) smallest of maximum 

(SOM), and (5) largest of maximum (LOM). The 

purpose of COG, where the crisp control value 
u
C0G is 

the abscissa of the center of gravity of the fuzzy set, uCOG 

is calculated as follows in Equation (25) : 

     = 
∑           

∑           
                                                        (25) 

where Xi is a point in the world of the conclusion (i = 

 ,  ,…..), and   xi is the membership value of the 

resulting conclusion set. For continuous sets, 

summations are replaced by integrals. 

The BOA defuzzification technique calculates the 

coordinates of the vertical line that swears the area of the 

extracted membership function into two analogous areas 

as in Equation (26). 

|∑         ∑        
    
     

 
   |                           

(26)                                                              

where imax is the index of the largest abscissa maxi xi, 

and BOA is considered a computationally difficult 

procedure. 

Another option for obtaining the crisp value is to select 

a point with the most members. There may be several 

points with the highest membership value in the total 

inferred fuzzy set. As a result, calculating the average 

value of these points is a common method. Using the 

method called MOM, the crisp (brittle) value is 

determined as in Equation (27): 

    
∑      

⌈ ⌉
 ,I ={  |            |}                        (27)                                                                                    

where i is the crisp set of indices i,    ( xi) reaches its 

maximum   max, and ǀ I ǀ is its cardinality, a term used to 

describe the phenomenon of the number of members. 

The 

leftmost point among the points with the highest 

membership in the inferred fuzzy set can also be chosen. 

This procedure is referred to as the SOM defuzzification 

method. The crisp value is determined as in Equation 

(28): 

                                                                            

(28)  

Another option is choosing the rightmost point among 

the points with maximum membership to the overall 

inferred fuzzy set. This technique is called the LOM 

defuzzification technique, where the crisp value is 

calculated as in Equation (29): 

                                                        (29)                                                                                                                       

These methods have been suggested in the literature. 

Figure 14 shows the step response of the five developed 

FLCs related to each DC servo motor and joint. Table 5 

shows the error values, allowing a quick comparison of 

the parameters of the PID and FLC controllers. 
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                     (a) 

 

 

 

 

 

 

 

 

 
(b)  

(c) 

 
(d) 

 

 
(e) 

Figure 14: Step response of FLC developed for dc servo motor related to each joint: (a) FLC1, (b) FLC2, (c) 

FLC3, (d) FLC4, and (e) FLC5. 

 

 

1- Experiment 3 

The suggested FLC controllers used in the simulation 

evaluate each controller’s performance. The system 

model in Figure 14(b) (robot model with FLC 

controllers) was subjected to the same two sets of 

reference step input signals used in Experiment 2 

simulation, enabling result comparison of Experiments 2 

and 3 (PID and FLC results). The input sets of reference 

step input signals represent the joints’ position angles. 

Simulations were performed for 1 msec. the values of 

joint angles values were selected based on the space limit 

of each joint Experiments were repeated for positive and 
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negative values of Input joint angles The feedback 

signals of the joints’ position angles were measured. The 

speed, acceleration, and torque of joints and the end-

effector location were measured. The calculated steady-

state error was recorded in Table 6. The first set of 

reference step input signals was applied in Experiment 

3(a). 

The second set of reference step input signals was 

applied in Experiment 3(b). 

a. Simulation Results of Experiment 3(a)  

Figure 15 shows the simulation results of Experiment 

3(a): (a) Input and output values of joints angles, (b) 

output values of joints speed, (c) output values of joints 

acceleration, (d) output values of joints torque (e) end 

effectorposition.

 

 
(a) 

 

 
(b) 

 
(c) 

 
(e) 

 

 

 
 

(d) 
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b- Simulation Results of Experiment 3(b)  

Figure 16 shows the simulation results of 

Experiment 3(b): (a) input and output values of 

joints angles, (b) output values of joints speed, (c) 

output values of joints acceleration, (d) output 

values of joints torque and (e) end-effector position. 

 

 
(a) 

 

 

(b) 

 
(c) 

 

 
(d) 

 
(e) 
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The findings reveal that all controllers can complete 

the intended movement of the robot arm’s servo motors. 

The time response parameters, including rise time (rt), 

settling time, and steady-state error (SSE) of the PID 

controller and FLC system of the higher-order system 

transfer function of the DC servo motor of the processor, 

were also obtained. The FLC resulted in reduced rise 

time, stabilization time, SSE, and bypass than the PID 

controller. The comparison between the two controllers 

is shown in Table 5. 

Table 6 displays the results of several defuzzification 

procedures. Table 6 shows that the BOA, MOM, and 

SOM techniques yield almost identical results; however, 

the COG strategy yields a broad range of outcomes. 

Implementing a simple defuzzification approach 

resulted in system optimization due to the complexity of 

processes like fuzzification and defuzzification. In other 

words, the CG method should be avoided. when 

comparing our results to the results given in [31], we 

found that the performance of our FLC gave better 

results in terms of Rise time (rt) , Settling time (st) , The 

results obtained using the four defuzzification strategies 

are shown in Table 7. This table shows that the BOA, 

mean of maximum, and SOM strategy yield 

approximately the same results. In contrast, there are 

wide variations in the COG approach results. Due to 

complex operations such as fuzzification and particularly 

defuzzification, implementing a simplified 

defuzzification strategy optimizes the system. This 

means that the COG strategy must be 

avoided.Overshoot, Steady State Errors (SSE) as shown 

in Table 6. 

6.ROBOT ARM PROTOTYPE AND 

CONTROL CIRCUIT 

In the mechanical characterization of the robotic arm, 

an appropriate design solution was studied in terms of 

cost and the ability to 17(a), and a schematic diagram of 

the control circuit is shown in Figure 17(b). Table 8 

shows the control circuit components and their 

specifications. 

7.RESULTS AND DISCUSSION    

Robotics has recently become an exciting area of 

research. This paper studies the robot manipulator from 

two aspects: modeling and control. The modeling 

process includes kinematic analysis and DC motor 

modeling. This process is important before controlling a 

robot to save it from being damaged. Using a control 

 

Table 5: compared between PID and FLC controllers’ parameters. 

 

 

 

Motors 

 (joint No.) 

System properties 

Controller 

Type 

Rise time 

(rt) 

Settling 

time (st) 

Steady State 

Errors (SSE) 

Overshoot  

 

Motor1 

( at joint 1) 

PID 0.26514 0.015685 0.03125 0.03 

FLC 0.146253 0.011897 0.00612 0.016446 

 

Motor2 

( at joint 2) 

PID 0.246084 0.030299 0.00108 0.008109 

FLC 0.225239 0.023342 0.000807 0.0023701 

 

Motor3 

( at joint 3) 

PID 0.274915 0.026104 0.001985 0.069705 

FLC 0.107747 0.024641 0.001256 0.0015471 

 

Motor4 

( at joint 4) 

PID 0.2714389 0.025763 0.014598 0.0028283 

FLC 0.094743 0.012818 0.00125 0.011673 

 

Motor5 

( at joint 5) 

PID 0.212219 0.020554 0.00234 0.0176497 

FLC 0.0064693 0.012827 0.00254 0.0013509 
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Table 6: Comparison of the FLC parameters of the developed robot arm and the FlC in study of [31]. 

 

System output   Controllers   

characteristics Link 1 (FLC) 

to robot arm 

Link 1 (FLC) 

in study 

Link 2 (FLC) to 

robot arm 

Link 2 (FLC) 

in study 

Link 3 (FLC) 

to robot arm 

Link 3 

(FLC) in 

study 

Rise time (rt) 0.146253 1.8507 0.225239 1.1373 0.107747 0.6444 

Settling time 

(st) 

0.011897 3.3064 0.02342 2.4064 0.024641 1.4413 

Overshoot 0.016446 2.2594e-04 0.0023701 7.2402e-04 0.0015471 1.2071e-04 

Steady State 

Errors (SSE) 

0.00612 -0.001 0.00807 -0.002 0.001256 -0.003 

 

Table 7: compared between different defuzzification strategies of FLC controllers. 

 

System properties 

Defuzzification 

method 

Rise time (rt) Steady State Errors 

(SSE) 

Overshoot  Settling Time 

(st) 

COG 0.0086253 1.9507e-05 0.00044694 0.011897 

SOM 0.0063461 0.01309 7.8937 0.99954 

MOM 0.0066253 0.01304 0.00044694 0.011897 

BOA 0.0064803 0.0033492 3.1163 0.99958 

 

Table 8: Specifications of control circuit components. 

 

 

 

Function Specifications No. of Part No. 

-Robot forward and 

backward motion, 

-Robot cleaning motion 

Torque: 17 kg.cm 

Current:  130mA 

step angel: 1.8 

Motor speed: 800 r.p.m 

5 Servo Motor   ( 360) 

   

 

1 

Control program 

development. 

A microcontroller board based on the AT mega 2560, 

with 54 digital input/output pins (of which 15 can be 

used as PWM outputs), 16 analog inputs, 4 UARTs 

(hardware serial ports), a 16 MHz crystal oscillator. 

1 Arduino Mega 2560 

board 
2 

Contact the motor to 

the control circuit 

L298N Dual H Bridge DC Stepper Motor Drive 

Controller Board Module for Arduino the L298 

Stepper Controller makes it easy to drive either two 

dc motor or a bipolar stepper motor. This is a very 

high quality board and is very compact for designs 

where space really matters. 

5 Dual  

H-bridge motor driver 

using L298N 

3 

DC power source 5 DC volt, 10 mA 1 Power supply 4 

Connect the Arduino 

board to PC. 

Data transfer speed is 480 Mb/sec 1 USB 2.0 cable 5 

Connect the Arduino 

board to power source  

Input 100-240V, 50/60 Hz, 0.2A Output 5V 

 

1 Adaptor 6 
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(a) 

 
(b) 

 

(b)Figure 17:)a) Real photo of robot system with  

control circuit;1: Arduino Mega 2560 board, 2: Power supply, 3: Servo motor driver, 4: Robot arm, 5: USB 2.0 

cable, 6: Laptop;(b)Schematic diagram of control circuit . 

 

 

technique is important to guarantee high efficiency and 

less error for the motion of a robot. The desired tasks 

were accomplished using three stages: The first stage 

provided systematic rules for analyzing forward and IK 

solutions for robotic manipulators with revolute and 

prismatic joints using DH parameters. We then analyzed 

the mathematical model of the DC motor. In the second 

stage, we discussed the problem of control techniques. A 

PID controller was used to control a robotic manipulator. 

FLC was then implemented as a second choice to control 

the robot. with different defuzzification strategies was 

employed. First, an FLC was used to enhance the 

nonlinearity of the robot arm. FLC was designed based 

on Mamadani (pro Max) inference. Five different 

defuzzification methods were 

used and compared to obtain the control signal. These 

are (1) center of gravity (COG), (2) bisector of area 

(BOA), (3) denotes of maximum (MOM), (4) smallest of 

maximum (SOM), and (5) largest of maximum (LOM). 

In the third stage, we compared the results of using the 

two controllers for controlling the robot manipulator. All 

simulations were performed using MATLAB and 

SIMULINK, both widely used in control applications. 

This study aimed to control a 5-DOF robot arm to reach 

a specified position with minimal error while meeting 

certain specifications. This paper did not consider the 

tracking path from the initial to the final position. The 

final position for each motor was set using an 

independent joint control method. A feed-forward 

method was      

employed to overcome the disturbances loaded on each 

motor. The system is a 5-DOF model, i.e., it has five 

motors, each of which can control its position 

independently. In this paper, we applied the Mamdani 

method to FLC. This method was applied with 49 rules 

to control a robot arm.Both controllers used the center of 

area defuzzification method and the min-max inference 

mechanism. 

This paper presents the simulation and numerical 

results of the controllers so far. One of the most 

problems with fuzzy controller is that the computing 

time is longer that for PID.The results prove that the 

FLC is more efficient in time response behavior than the 

PID controller. Performance comparisons were made 

using transient and

8.CONCLUSIONS 

A 5 DOF arm robot was designed and motion space 

was simulated using solidworks software. The forwared 

kinematics of the arm robot was infered mathematically 

and checked by Simmechanics software in addition to 

the robot dynamics. PID controller was designed and 

tuned using Simmechanics instade of using conventional 

tuning methods ZN. FLC was designed based on 

Mamadani (pro Max) inference. Five different 

defuzzification methods were used and compared to 

obtain the control signal. These are (1) center of gravity 

(COG), (2) bisector of area (BOA), (3) denotes of 



131 

 

maximum (MOM), (4) smallest of maximum (SOM), 

and (5) largest of maximum (LOM). From results BOA, 

MOM, and SOM techniques yield almost identical 

results; however, the COG strategy yields a broad range 

of outcomes.Implementing a simple defuzzification 

approach resulted in system optimization due to the 

complexity of processes like fuzzification and 

defuzzification. In other words, the CG method should 

be avoided. 

Because of MATLA ’s slow execution time, it is 

recommended that a high-level computer programming 

language be used to run the software. Future research can 

focus on different topics, such as the development of 

different types of controllers to be applied to the 

developed platform and the selection of the best control 

strategy for this type of manipulator. This would 

improve the results obtained and minimize errors 

between the actual arm and the simulation. As with other 

robots, future developments, such as path planning and 

computer vision, are expected for this robotic arm. 
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steady-state characteristics. All controllers could 

follow the set point with slight SSE. We proved that the 

performance of the FLC was better than the PID 

performance for controlling a robot manipulator in terms 

of reducing overshoot size, enhancing rising time, and 

minimizing SSEs. For example, the SSE of Motor 1 in 

the FLC was 0.006, while it was 0.03 in the PID 

controller. This means that the FLC SSE is 80% less than 

the PID controller. Furthermore, the rise time in the FLC 

is 44% less than that in the PID controller. Finally, the 

overshoot of FLC is 45% less than that of the PID 

controller. The FLC controller yielded better 

performance in rise time and settling and reduced steady-

state error and overshoot. 
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