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ABSTRACT 
 

This paper introduces a new technique aims for improving the performance and increase the 
response of multi-link robotic arm using fuzzy logic control technique. Since the dynamic equations 
of motion for robotic arm are highly non-linear and complex, it’s difficult to control it using 
conventional Proportional Integral (PI) controller. Fuzzy logic control has advantage of controlling 
the non-linear systems. So it is more attractive and it has good response compared to the PI control as 
it will be shown in this paper through a comparative study between PI and fuzzy logic controllers 
based multi-link robotic arm. The results show that the proposed controller is better compared to the 
conventional PI controller. 
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Introduction 
 

An Industrial robot is an automatically controlled, reprogrammable, multipurpose, manipulator 
programmable in three or more axes, which may be either fixed in place or mobile for use in industrial 
automation applications (Balkeshwar et al., 2013) . Industrial robots are used as transporting devices 
(material handling of work pieces between machines). Because of current limitations, today's robots 
are usefully employed in highly structured industrial environments where practically all of the 
variability and decision making can be engineered out of the workplace (Kazuya et al., 2009) . The 
next generation of sensor based robots will be able to perform a broader range of tasks under less 
structured conditions, in addition to becoming cheaper and easier to use (Solvang et al., 2008). The 
robotic arm needs joints which are mechanism that permit relative movement between parts of the 
robotic arm. The basic movements required for the desired motion of most industrial robots are: (i) 
Rotational movement, this enables the robot to place its arm in any direction on a horizontal plane. (ii) 
Radial movement, this enables the robot to move its end-effector radically to reach distant points. (iii) 
Vertical movement, this enables the robot to take its end-effector to different heights. Changing the 
length of the robotic arm leads to a new approach it is called multi-link robotic arm (Brogårdh, 2007) . 
The dynamic equations of motion for a mechanical manipulator are highly non-linear and complex. It 
is therefore, very difficult to implement real-time control based on a detailed dynamic model of a 
robot (Brogårdh, 2007). The control problem becomes more difficult if adaptive control is necessary 
to accommodate changing operational conditions. Such a requirement frequently exits in the 
manufacturing environment; therefore, an alternative design approach would be attractive to the 
industrial practitioner (Karimi et al., 2011).  A better solution to the complex control problem might 
result if human intelligence and replaces the design approach of finding an approximation to the true 
process model (Allen et al., 2010). A practical alternative would be the use of fuzzy logic (Li and 
Lau, 1989). It has been reported that fuzzy logic controllers performed better, or at least as good as, a 
conventional controller and can be employed where conventional control techniques are 
inappropriate(Li and Lau, 1989). In contrast to adaptive control, fuzzy logic algorithms do not require 
a detailed mathematical description of the process to be controlled and therefore the implementation 
of fuzzy logic should, theoretically, be less demanding computationally. Fuzzy logic algorithms can 
be designed for environments where the available source information is not accurate, subjective and 
of uncertain quality. Furthermore, these algorithms provide a direct means of translating qualitative 
and imprecise linguistic statements on control procedures into precise computer statements. The 
description of mathematical model of the robotic arm is described in Section 2. The proposed 
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controller is presented in section 3. Section 4 presents the simulation results using MATLAB program 
including a comparative study between the fuzzy and PI controllers. A final conclusion is presented in 
section 5. 

 
Mathematical Model 

Representing the position and orientation of objects in the space is a basic question in 
robotics. A point in space can be described by a coordinate vector, as shown in Fig.1.a. The vector 
shows the distance of the point with respect to the reference coordinate frame. A coordinate frame is 
an orthogonally axes which intersect at origin point. Figure 1.b demonstrates two frames {A} and 
{B}. Also, the relative pose AξB illustrates {B} with respect to {A}.  
 

 
 

(a) (b) 

Fig. 1: (a) The point P is described with respect to a coordinate frame, (b) The point P described with 

respect to frame {A} or {B}. 

The point P in this figure can be represented with respect to either coordinate frame. Formally it 
is express this as: 
Ap= AξB · Bp   ……………………………………………………………………………………… (1) 
Where, Ap is the coordinate vector between A and P, Bp is the coordinate vector between B and P, 
and AξB is the relative pose between A and B. 
The right side of the equation describes the movement from frame {A} to frame {B} and to the point 
P. The operator converts the vector to a new vector that represents the same point but with respect to 
other coordinate frame. The analysis of the movement from frame {A} to {B} will be described in the 
two and three dimensions in next sections. 
 

a) Pose in 2D  
 
A 2-dimensional plane is familiar to us as Euclidean geometry. Unit-vectors parallel to the 

orthogonal axes are denoted �� and ��. A point is represented by its x- and y-coordinates (x, y) or as a 
vector:  
� = ��� + ���   …………………………………………………………………………………………………  (2) 

Figure 2 shows a coordinate frame {B} that we want to describe with respect to the reference 
frame {A}. We can see that the origin of {B} has been moved by the vector t =(x, y) and then rotated 
counter-clockwise by an angle θ. A representation of pose is the 3-vector AξB ∼ (x, y, θ), and this 
notation ∼ to denote that the two representations are equal. The main approach is to represent the 
relation between Ap and Bp. 
The coordinate frame {B} is illustrated by its two orthogonal axes which we described by 
two unit vectors: 
��� = cos ���� + sin ����   ……………………………………………………………………………  (3) 

��� = − sin ���� + cos ����         ……………………………………………………………………….(4) 
Now we can describe the point P with respect to {B} as: 
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Fig. 2: Rotated coordinate frames in 2D. 

 

     ��  = (���  ���) �
��

��
�                   …………………………………………………………………  (5) 

 
Recombining the last two equations we get: 

�
��

��
� = �

cos �      − sin � 
sin �           cos �

� �
��

��
�             …………………………………………………………… (6) 

which presented how points are converted from frame {B} to frame {V} when the frame is rotated. 
This matrix called a rotation matrix VRB . 

�
��

��
� = ���

�
��

��
�        …………………………………………………………………………………. (7) 

 

b) Pose in 3D 
 

In 3-dimentional situation we add an extra coordinate axis and typically denoted by z. Unit 
vectors parallel to the axes are denoted �� , �� and �̂ such that: 
�̂ = �� × ��, �� = �� × �̂,        �� = �̂ × ��                  ……………………………………………………(8) 
A point P represented as: 
� = ��� + ��� + ��̂            ……………………………………………………………………………(9) 

Figure 3 shows a coordinate frame {B} that we will describe with respect to the reference 
frame {A}. In orthonormal rotation matrix just as for the 2-dimensional case we can describe the 
orientation of a coordinate frame by its unit vector. These unit vectors consist of 3- elements 
(3 × 3) orthonormal matrix ���

. 

�

��

��

��

� = ���
�

��

��

��

�         ………………………………………………………………………..... (10) 

 

c) Translation and Orientation in 3D 

The homogeneous transformation matrixes that represent rotation and translation is presented as: 

�

��

��

��

1

� = �
���

     �

0�×�    1
� �

��

��

��

1

�    ………………………………………………………………………(11) 

This Homogeneous transformation matrix is very commonly used in robotics and computer vision. 

 



Curr. Sci. Int., 6(1): 218-228, 2017 
ISSN: 2077-4435 

221 

 
 

Fig. 3: Two 3D coordinate frames {A} and {B} 

d) Multi-Dimensional Trajectories 

Most robot arms have more than one degree of freedom. We describe this in vector form as x 
∈RM where M is the number of degrees of freedom. An arm robot tool has position (x, y, z), and 
orientation (θr, θp, θy) or pose (x, y, z, θr, θp, θy). We want smooth multi-dimensional motion from 
an initial vector to a final vector. It is quite straightforward to expand from smooth scalar trajectory to 
the vector case. 

 
I. The Proposed Task 

 
The proposed task of the robotic arm in this paper is to grab objects and transpose them in 360o 

free motion around it. The robot arm consists of 5 joints and 4 links as shown on figure 4. This kind of 
designed is called puma560. In this paper the robotic arm will be simulated using MATLAB program 
to test its motion with various conditions and different control algorithms to enhance its performance.  

 
 

(a) (b) 
Fig. 4: The Puma 560 robotic arm, (a) isometric shape, (b) simulated shape. 

II. The Suggested Controller 

In order for the robot end-effector to track of a desired Cartesian trajectory each joints must trace a 

specific joint-space trajectory. The equation of motor model as: 

��̈ + ��̇ = ���      ………………………………………………………………………………….(12)    
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Where J is moment of inertia, θ is the rotor position, B is the friction, Km i is the motor torque and 

��̇ is the friction torque. 

The torque feedforward controller shown in Fig. 5 is given by 

�∗ = {�(�∗)�̈∗ + �(�∗, �̇∗)�̇∗ + �(�̇∗)} + {��(�̇∗ − �̇) + ��(�∗ − �)} 

= �(�∗, �̇∗, �̈∗ ) + {��(�̇∗ − �̇) + ��(�∗ − �)}    ………………………………………………… (13) 

Where, M is the joint-space inertia matrix, C is the Coriolis and centripetal coupling matrix, F is the 

friction force, G is the gravity loading, and Q is the vector of generalize actuator forces associated 

with the generalized coordinates q, Kp and Kv are the position and velocity gain (or damping) 

matrices respectively, and D(•) is the inverse dynamics function. The feedforward term provides the 

joint forces required for the desired manipulator state (q*, qdot*, qdd*) and the feedback term 

recovers for any errors due to uncertainty in the inertial parameters, unmodeled forces or external 

disturbances. The appropriate chosen of Kp and Kv the error will decreasing to zero. 

 

Fig 5: Feed forward control 

The main components in the Robot Arm manipulator (as shown in figure 6) are the robot 
model, Planning Algorithm, Inverse Kinematics, and Control strategies. The robot model created and 
provided position and orientation of base, joints and end-effector. Then, Planning algorithm try to 
optimize an optimal trajectory that moves end-effector from its start pose to a goal pose. After that, 
inverse kinematics converts the trajectory of the end-effector to trajectories of each joint. Finally, 
Controller used joints trajectories to perform the motion of the entire robot. 

 

Fig 6: The main component of Robot Arm Manipulator. 

a) Fuzzy Logic Control 

To design a fuzzy logic controller as shown in figure 7.a, six essential stages must be completed: 

1. Input and output variables to be used must be identified. 

2. Design the fuzzification process to receive the chosen input variables. 

3. Establish the data and rule bases. 
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4. Select the compositional rule of inference for decision making. 

5. Decide which defuzzification process is to be employed. 

6. Develop the computational units to access the data and rule bases. 

 

b) Input output Variables 

In any fuzzy logic control system, the observed input must be fuzzified before it is introduced 
to the control algorithm. The most commonly used antecedents at this fuzzification stage are the state 
variables, error and rate of change in error. These two state variables give a good indication of the 
instantaneous performance of the system and both variables are quantifiable by fuzzy sets. In this 
paper the motors voltage is taken as the state variable as shown in figure 7.b, where the pulse width 
modulation values is changed according to the error between the reference and actual value of the 
motor voltage to decrease that error to zero. The reference voltage is adopted according to the main 
function of the robotic arm and every joint motion. The fuzzy controller deals with the error signal 
and its derivaltive as non-fuzzy input variables. Then the fuzzyfication process is done to make the 
fuzzy control able to deal with the input variables based on its rule base. Then the defuzzification 
precess is evaluated to the output variables to return them to the controlled system. 

 

a) Membership Functions 

A typical schematic representation for the error fuzzy set universe of discourse would be as 
illustrated in Fig. 8. The linguistic terms used to describe the fuzzy sets in Fig. 2 are: 
{NL, NM, EZ, PM, PL} 
Where N is negative, P is positive, L is large, M is medium, S is small and EZ is zero. Combinations 
of these letters are adopted to represent the fuzzy variables chosen. 
 

(a) (b) 
Fig.7: (a) General form of the fuzzy logic control architecture, (b) motor voltage control using fuzzy 

control 
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Fig. 8: Membership functions  

III. Simulation Results 

The robotic arm is simulated using MATLAB Robotics Toolbox. The prototype model of the 
robotic arm is shown in figure 9. The results were taken for different operating conditions as shown in 
figures (10- 16). Figure 10 shows the robotic arm in different position the first position is set at 
(4.791, 14.923, 31.144), the second position is (8.231, 25.637, 5), the third position is (22.077, 0, 
20.992), finally the last position is (6.696, -26.080, 5). Figure 11 shows the the joints motion in the 
space by getting their location at different time. As shown in this figure, the joint coordinate trajectory 
is smooth moved from starting joints q1 to ending joints q2 and so on to get the final trajectories as 
shown the first position at time t= 55 second, the second position is achieved at t= 105 second, the 
third position at t= 155 second, the final position is at t=210 second  . Figure 12 shows that, the end-
effector moves from the each point to the next point smoothly. However, the curve is very sharp each 
time the robot arm transferred from state to the next state. These sharply situations exist in any 
translation in x-axis, y-axis, and z-axis. This will be very harm to the robot body and decrease the 
stability of the object that gripped by end-effector each time the robot arm transferred from state to the 
next state. Figure 13 show the same case of the grabber motion using fuzzy control. As seen Fuzzy 
logic controller solves the problem that we have in PI controller. The robot arm manipulator moves 
from any state to the next state very smoothly in the translation in x-axis, y- axis and z-axis. This will 
increase the stability of the arm and increase the safety of the object. The speed of each joint is shown 
in figure14 it is rise very smoothly and stable. Figure 15 is shown a suddenly scenario, even if the 
weight is suddenly increase on the grabber, the controller adjust its speed in order to achieve the 
maximum stability at any time and with any weight. Also, as we see in figure 16, the fuzzy logic 
controller is following the reference torque accurately. 

Table1. From these results it is shown that the robotic arm control based on fuzzy control is 
better than the one based on PI control. 

 
Table 1: Comparison between PI and fuzzy controllers 
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Fig. 9: The robotic arm prototype model 

 
 
 
 
 
 
(a) 

 
 
 
 
 
 
 
(b) 

 
 
 
 
 
 
(c) 

 

 
 
 
 
 
 
 
(d) 

Fig. 10: The robotic arm in different positions, (a) first position, (b) second position, (c) third 

position, (4) fourth position 
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Fig. 11: Joint space motion (Joint coordinates versus time) 

 

Fig. 12: Grabber motion using PI controller (Grabber coordinates versus time) 

 

Fig. 13: Grabber motion using fuzzy controller (Grabber coordinates versus time) 
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Fig. 14 : Joint speed 

 

Fig. 15: Joint speed with suddenly applied load 

 

Fig. 18: Joints torque 
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Conclusion 

This paper presented the modeling of the robot arm manipulator. This model allows studying 

the performance of robot arm system. It also presented a comparative study between two different 

control algorithms, fuzzy logic and PI controller, to control the robot arm the best performance and 

smooth motion. The results show that the fuzzy logic control is better than the PI control where it has 

a smooth motion, fast response and less error than the PI controller. 
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