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 الخلاصة
فٗ ْذا انبحذ حًج دراست يمارَت نزلارت يٍ انحاكًاث انًسخخذيت فٗ انخحكى فٗ انزٔبٕث, بٓذف حخبع يسار يعيٍ. 

رغى أٌ انحاكى انذٖ يعخبز انًٕديم انزياضٗ نهزٔبٕث جشء يُّ نهخخهص يٍ الاخطيت ٔ الارحباط انشذيذ بيٍ 

في حانت عذو انخعزف عهي ليى انبزايخزاث سٕاء انُٓذسيت أٔ انذيُاييكيت. نذا انًخغيزاث,يعخبز يزانيا الا أَت يفمذ ْذِ انًزانيت 

الأبسط ٔ الأكزز اسخخذايا فٗ انزبٕحاث انصُاعيت. نذا يخى فٗ ْذا انبحذ يمارَت الأداء نزلاد   PIDيعخبز انحاكى يٍ انُٕع 

حى حٕنيف رٕابج انخغذيت  PD عبارة عٍانًعخًذ عهٗ انًُطك انغيًٗ, انزاَٗ   PIDحاكًاث يٍ ْذا انُٕع, الأٔل ْٕ 

يعخًذ عهٗ انخكايم بيٍ انشبكاث انعصبيت ٔ انًُطك   PIDانعكسيت باسخخذاو انخٕارسيياث انجيُيت, أيا انزانذ فٕٓ  حٕافمٗ

انغيًٗ. ٔلاحًاو انًمارَت حى حطبيك كم يٍ ْذة انحاكًاث عهٗ انزلاد يفاصم الأٔنٗ نزٔبٕث صُاعٗ شائع الاسخخذاو في 

( بٓذف حخبع يسار يعيٍ. دراست انًمارَت حًج يٍ خلال انًحاكاة باسخخذاو انًاحلاب ٔلذ  PUMA560نصُاعت ) ا

انًعخًذ عهٗ انًُطك انغيًٗ عهي ألآخزيٍ يٍ حيذ ليًت انخطأ أرُاء انخخبع ٔعُذ   PIDأظٓزث انذراست حفٕق انحاكى الأٔل 

 الاسخمزار.
 

Abstract 
In this article a three non-model based trajectory tracking controllers for rigid simple open chain robot 

manipulator are investigated. The first is a Fuzzy-PID controller, it is considered as a reference benchmark to 

compare its results with the others which are a proportional Derivative (PD) tuned using genetic algorithm (GA) 

and an Adaptive Neuro Fuzzy Inference System (ANFIS). The simulation is carried out for the first three joints 

of robot arm (PUMA560) aiming to track aquintic polynomial trajectory with minimum errors, and good 

disturbance rejection. Simulation results, shows that using Fuzzy-PID has better steady state error and RMS error 

than the ANFIS and PD tuned using GA. The three controllers are tested by simulated under the same conditions 

using SIMULINK under MATLAB2013a. 
 

Keywords 
PUMA560, Trajectories planning, Proportional Derivative (PD) controller,  Adaptive Neuro Fuzzy Inference 

System (ANFIS), Fuzzy-PID controller. 
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1. Introduction 
Robotics is a special engineering 

science which deals with designing, 

modelling, controlling and robot’s 

utilization [2].The system that we are 

working on is PUMA 560 which has 6 

degrees of freedom  (6  DOF)  and  it’s  

joints  are revolute[15]. These arms are 

widely used in applications like welding, 

assembling, painting, grinding, mechanical 

handling and other industrial applications. 

These applications may require path 

planning, trajectory generation and control 

design [2]. Due to highly coupled 

nonlinear and time varying dynamic, the 

robot motion tracking control is one of the 

challenging problems. In addition 

uncertainty in the parameters of both 

mechanical part of manipulators and the 

actuating systems would cause more 

complexity [11]. Many modelled based 

controllers algorithm such as computed 

torque method [20], Variable Structure 

Control (VSC) [3], Neural Networks 

(NNs) [21], Fuzzy system [2]. Generally 

model-based controllers required the 

presence of an ideal mathematical model 

for the controlled manipulator and 

therefore considered to be highly 

complicated and computationally time 

consuming, especially for higher degree of 

freedom manipulators. Non-model based 

controllers did not require a prerequisite 

knowledge of the parameters of either the 

manipulator or the actuators and hence no 

mathematical model for the manipulator 

was needed [19].  

The main  objective is concerned 

with designing a controller for the motion 

of the robot manipulator to meet the 

requirement of the desired quintic 

polynomial trajectory input with stability, 

good  disturbance rejection, and small  

tracking error[12],[14].  

Various joint space controllers have 

been designed and applied feedback 

controller that allows the actual motion 

  ( ) tracking of the desired motion 

  ( )[3]. 

 Proportional Integral Derivative (PID) 

controller may be the most widely used 

controller in the industrial and commercial 

applications for the early decades, due to 

its simplicity of designing and 

implementation, so the first attempt is to 

apply PD control tuned using GA , but in 

classical PD controller, there exist four 

weaknesses such as error computation; 

noise degradation in the derivative loop; 

oversimplification and the loss of 

performance in the control law in the form 

of a linear weighted sum; and 

complications brought by the integral 

control[6]. To overcome these problems 

and creates more appropriate solution to 

trajectory tracking control of the robot 

manipulator, artificial intelligent 

controllers have been proposed such as 

Fuzzy-PID and a hybrid combined between 

Fuzzy Inference Systems (FIS) and Neural 

network controllers to design ANFIS. 

The organization of the rest of this 

paper can be summarized as follows. 

Dynamic model of robot manipulator is 

presented in Section 2. Section 3 

introduces quintic polynomial trajectories 

planning for the 3 joints. Position 

controller strategies of the robot arm using 

classical PD tuned using GA; ANFIS and 

Fuzzy-PID controllers are summarized in 

Sections 4, 5 and 6 respectively. 

Simulation results for all cases are 

illustrated in Section 7, followed by the 

concluding remarks in Section 8. 
 

2. Dynamic model of robot 

manipulator  
Dynamic modelling is vital for 

control, mechanical design, and simulation. 

It is used to describe dynamic parameters 

and also to describe the relationship 

between displacement, velocity and 

acceleration to torque force acting on robot 

manipulator joints [1]. The joint space 

dynamic model of a robot manipulator is 

usually described by the following matrix 

equation 1 [4], [10]: 
 

   ( ) ̈   (   ̇) ̇   ( )                              (1) 
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Where,  is a n × 1 vector of joint torques 

and/or forces, depending on whether the 

joint is revolute or prismatic respectively 

,M(q) is a n × n symmetric and positive 

define inertia matrix, (   ̇) ̇ is a n 

×1vector of centrifugal and Coriolis 

torques, and G (θ) is a n ×1 vector of 

gravitational torque,    is a n × 1 vector of 

joint displacements,  ̇  is a n × 1 vector of 

joint velocities,  ̈: is a n × 1 vector of joint 

accelerations and n corresponds to the 

number of degrees of freedom of the robot 

[4].  The direct dynamic model describes 

the joint accelerations in terms of the joint 

positions, velocities and applied torques. It 

is represented by equation 2: 
 

, ̈-     ( ) *   (   ̇) ̇   ( )+           (2) 
 

3. Trajectory planning 
Actuators must move the robot arm 

in particular trajectories based on a pre-

programmed routine. A path for the robot 

arm is a set of positions in joint space and 

a trajectory is movement over this path in a 

particular time profile. Quintic polynomial 

trajectories or fifth order polynomial 

approximations are natural choices for 

providing smoothing, continuous motion 

where position, velocity and acceleration 

are given in equations3, 4and 5respectively 

below [5]: 
 

 ( )              
     

     
     

   (3) 

 ̇( )                
  

    
                                                                          (4) 

 ̈( )                  
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The robot arm will be moved from initial 

position q(  ) = 0 to the final position q(  ) 

= 1 for joint 1, for joint 2 from initial 

position q(  ) = 0 to the final position q(  ) 

= 2 , for joint 3 from initial position q(  ) = 

0 to the final position q(  ) = 3 , initial , 

final velocities and accelerations = zero. 

When that happens we see the quintic 

trajectory curve as shown in Fig. 1. This 

figure is divided into three parts for each 

joint to show the relation between the 

position (blue), velocity (red) and 

acceleration (green) with time [13]. 
 

 

Fig. 1: The corresponding quintic polynomial 

trajectories for the three joint. 
 

From trajectory planning generation 

in this section, the desired values of each 

joint were obtained, referred to as qd for 

desired position vector, ̇  for desired 

velocity vector and  ̈  for desired 

acceleration vector. Since the manipulator 

like any other machine is affected by 

internal disturbances and dynamics, the 

desired joint value and the actual joint 

value will differ and produce an error. For 

this reason, controller is needed to reduce 

an error tends to zero. 
 

4. Robot arm trajectory 

tracking using PD controller 
Practically, the block diagram of 

such a control scheme in the joint space is 

shown in Fig.2. The control law is given 

by: 
 

    (     )    ( ̇    ̇)                         (7) 
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Fig.2: The overall block diagram of the robot arm 

based on PD controller. 
 

Where qd (t) and  ̇ (t) denote the desired 

joint positions and velocities; qa (t) and 

 ̇ (t) denote the actual joint positions and 

velocities; KP and Kd are (nxn) positive 

definite diagonal matrices.  

The aim of PD is to design a position 

controller of a robot arm by selection of a 

PD parameters gains kp, kd using genetic 

algorithm, where GA is a stochastic global 

adaptive search optimization technique 

based on the mechanisms of natural 

selection [6].GA applied to the tuning PD 

position controller gains kp and kd for the 

three joints using Integral Square-Error 

(ISE) to ensure optimal control 

performance at nominal operating 

conditions. 

The Two gains of PD controller after 

tuning for joint1 kp1=41.032 and 

kd1=100.991, for joint2 kp2=27.959 and 

kd2=128.169 and for joint3 kp3=51.264 and 

kd3=94.943 then modify this error signal to 

produce control input for system. This 

control input then forces the system to 

produce output as close as possible to the 

desire trajectory.  

The solution we propose to use 

artificial intelligent such as ANFIS and 

Fuzzy-PID controllers. 
 

5. Robot arm trajectory 

tracking using ANFIS 
5.1. Principles of ANFIS 
Neuro_fuzzy network systems combine the 

advantageous of neural network and fuzzy 

logic system. Neural network provides 

connectionist structure and learning 

abilities to the fuzzy logic systems, and the 

fuzzy logic systems provide neural 

networks with a structural framework with 

high-level fuzzy IF-THEN rule of thinking 

and reasoning. Neural network-based fuzzy 

systems, NF have the learning ability of 

neural networks to realize the fuzzy logic 

inference system, are gained popularity in 

the control of nonlinear systems [7]. The 

adaptive NF inference system (ANFIS) is 

one of the proposed methods to combine 

Fuzzy logic and artificial neural networks. 

Fig.3 shows the adaptive NF inference 

system structure. It is composed of five 

functional blocks (rule base, database, a 

decision making unit, a fuzzyfication 

interface and a defuzzyfication interface) 

which are generated using five network 

layers: 
 

 

Fig. 3: Two-input NF controller 

structure. 
 

Layer 1: This layer is composed of a 

number of computing nodes whose 

activation functions are fuzzy logic 

membership functions. 

Layer 2: This layer chooses the minimum 

value of the inputs. 

Layer 3: This layer normalizes each input 

with respect to the others (The i
th

 node 

output is the i
th 

input divided by the sum of 

all the other inputs). 

Layer 4: This layer’s i
th

 node output is a 

linear function of the third layer’s i
th

 node 

output and the ANFIS input signals. 

Layer 5: This layer sums all the 

incoming signals. The ANFIS structure can 

be tuned automatically by a least-square 

estimation (for output membership 
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functions) and a back propagation 

algorithm (for output and input 

membership functions) [8]. 
 

5.2. Structure of robot arm Based on 

ANFIS controller 
The adaptive neural fuzzy inference 

system (ANFIS) method is chosen to 

design the Neuro-Fuzzy Controller. The 

overall block diagram of the system under 

ANFIS control is shown in Fig. 4. The 

system consists of a forward path 

controller in addition to a feedback path 

controller. The forward path controller is 

ANFIS and dynamics model for the robot 

arm. The feedback path consists of the 

actual position angle (  ) and actual 

velocity ( ̇ ).  
 

 

 

Fig.4: The overall block diagram of the robot arm based on ANFIS controller. 
 

The ANFIS controller developed 

consists of two inputs, position error (e) 

and velocity error ( ̇). This work considers 

the ANFIS internal structure for the three 

joints as the same with first order sugeno 

model as shown in Fig. 5 where, the first, 

second and third joints contain 9 rules with 

triangular membership function. The 

membership functions with product 

inference rule are used at the fuzzification 

level. Hybrid learning algorithm that 

combines least square method with 

gradient decent method is used to adjust 

the parameter of membership function. 
 

 
Fig. 5: Structure of ANFIS for the three joint. 

 

In the first layer of the NF structure, 

sampled position error e and velocity 

error ̇, multiplied byrespective weights, 

are each mapped through three fuzzy logic 

membership functions.  

The second layer calculates the minimum 

error value of two input weights by 

determining the firing strengths of the rules 

which is given as: 
 

))(),(min( 21

 ee j

A

j

Ai 
                                    

(8) 
 

The third layer calculates the weight 

which is normalized. Normalized value of 

the firing strengths is defined as the ratio 

of firing strength of the n rule to the sum of 

the firing strengths. 





9

1i

i

i

i






                                                            (9) 

 

Where n=9 the number of rules for each 

joint. 

The fourth layer containing adaptive 

nodes is the defuzzyfication (weighted 

average method) layer. The output from 

this layer is: k ( pix+qiy +ri), where p i, q 

i,mi and ri are the consequent parameters of 

the node. The inputs(x=e, y= ̇ ) and output 
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O4,i relationship in this layer can be 

defined as: 
 

)(,4 iiiiiii ryqxpfO       i=1, 2…9         (10) 

 

Where i is the 4
th

 layer output. 

For a zero-order Sugeno model, the 

output level O is a constant (p=q=0) so the 

relationship between inputs and output is: 
 

)(,4 iiiii rfO   i=1, 2…9                        (11) 

 

The fifth layer consists of a single fixed 

node; it is the summation of the weighted 

output of the consequent parameters in 

layer 4. The output layer is given by:  
 


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6. Robot arm trajectory 

tracking using Fuzzy-PID 
The fuzzy logic programming have 

been become widely used in industry. 

Extensive number of researches were 

developed using fuzzy logic technique 

[17].Fuzzy PID controllers are classified 

into two types: the direct action fuzzy 

control and the fuzzy supervisory control. 

The direct action type replaces the PID 

control with a feedback control loop to 

compute the action through fuzzy 

reasoning where the control actions are 

determined directly by means of a fuzzy 

inference. These types of fuzzy controllers 

are also called PID-like controllers. On the 

other hand, the fuzzy supervisory type 

attempts to provide nonlinear action for the 

controller output using fuzzy reasoning 

where the PID gains are tuned based on a 

fuzzy inference system rather than the 

conventional approaches. The design 

process of the fuzzy controller is described 

as follows [18]: 

 Define the input and output 

variables of FLC. In this work, there 

are two inputs of FLC, the error e (t) 

and it`s rate of change of error  ̇(t) and 

three outputs KP ,KI and Kd are 

respectively as shown in Figure (6). 

 

 

Fig. 6: Fuzzy self-tuning proposed. 
 

 Fuzzify the input and output 

variables by defining the fuzzy sets and 

membership functions. Each variable 

of fuzzy control inputs has seven fuzzy 

sets ranging from negative big (NB) to 

positive big (PB) as shown in Fig. 7 for 

the two inputs e and  ̇, and the output 

of FLC has the following membership 

function as shown in Fig. 8 for the 

three outputs Kp, Ki , and Kd. 
 

 

 
Fig. 7: Memberships function of 

inputs (e) and ( ̇). 
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Fig.8: Memberships functions of 

outputs (Kp1, Ki1, and Kd1). 
 

 Design the inference mechanism 

rule to find the input-output relation. 

This work uses Mamdani (max-min) 

inference mechanism where, Tables 

(1), (2), and (3) show the control rules 

that used for fuzzy self-tuning of PID 

controller. 

 Defuzzify the output variable. 

Here, the center of gravity (COG) 

method, the most frequently used 

method, is used. The control action 

is[18]: 
 

    
∑  (  )   
 
   

∑  (  )
 
   

                                              (  ) 

 

Now the control action of the PID 

controller after self-tuning can be 

describing as: 
 

dt

tde
KedtKteKU dipPID

)(
)(* 222         (14) 

 

Where KP2, KI2, and Kd2 are the new gains 

of PID controller and are equals to: 

Kp2=Kp1 * KP, Ki2=Ki1 * Ki, and 

Kd2=Kd1*Kd. Where KP1, Ki1, and Kd1 are 

the gains outputs of fuzzy control that are 

varying online with the output of the 

system under control. Kp, Ki, and Kd are 

the initial values of the conventional PID. 
 

Table 1: Rule bases for determining the gain 

KP1. 

 

 

 

 

Table 2: Rule bases for determining the 

gain Ki1. 

 
Table 3: Rule bases for determining the 

gain Kd1. 

 
 

7. Simulation results  
The simulation has been performed 

for the first three degrees of freedom  of 

PUMA560  using MATLAB 2013a by 

considering the PUMA-560 robot 

manipulator dynamics  from [4], [15], 

information about inertial constant and 

gravitational constant are given in the 

Appendix A [3] based on the studies 

carried out by Armstrong and 

Corke[15],for  showing  the  efficiency  of  

the suggested Fuzzy-PID position 

controller than PD tuned by GA and 

ANFIS where, all controllers tested to 

quintic polynomial trajectories. Desired 

and actual position for joints 1, 2 and 3 of 

puma 560 robot arm controlled using PD 

controller tuned by GA are shown in Figs. 

9, 10 and11 respectively where, GA 

reaches to the values of the 6 PD 

parameters after 450 epochs with fitness 

value 0.0105411. ANFIS editor GUI is 

available in Fuzzy Logic Toolbox [9]. 

Using a given input/output data set, the 

toolbox constructs a fuzzy inference 

system (FIS) whose membership function 

parameters are adjusted using either a back 

propagation algorithm alone, or in a 

combination with a least squares type of 

method. We used A hybrid method which 

employs for updating membership function 

parameters which consisting of back 

propagation for the parameters associated 
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with the input membership functions, and 

least squares estimation for the parameters 

associated with the output membership 

functions[16].This allows the fuzzy 

systems to learn from the data they are 

modelling[9]. 
 

ANFIS control provides the robot 

arm joints with minimum error between 

desired and actual position for joints 1, 2 

and 3 respectively with minimum number 

of iteration= 51 epochs compared with PD 

controller As shown in Figs.12, 13 and 14. 

The fuzzy self-tuning PID controller 

is applied to position control of the first 3 

joint of puma560 robot arm. The 

simulation results were obtained using 

SIMULINK-MATLAB 2013a as shown in 

Figs. 15, 16and 17 show the desired and 

actual position for joints 1, 2 and 3 of 

puma 560 robot arm controlled using 

fuzzy-PID controllers with respect to 

quintic polynomial trajectory planning. 

The fuzzy supervisory tries to vary 

the PID parameters during process 

operation to enhance the system response 

and eliminates the disturbances. The 

gradient-based optimization technique 

determines search directions for 

minimization of an objective (or error) 

function. This technique can be used to 

minimize energy consumption in 

distributed environmental control systems 

while maintain a high occupant comfort 

level. 

Table4 show a comparison between 

RMS error, steady state error for joint 1, 

and 3 for all types of controllers (PD tuned 

by GA, ANFIS and Fuzzy-PID 

implemented to control the position angle 

of puma 560 robot arm θ1, θ2, θ3. 
 

Table4: The comparison results of PD, ANFIS 

and Fuzzy-PID. 
 

Controller 

type 

RMS 

error 

S.S. 

error for 

joint 1 

position 

S.S. 

error 

for joint 

2 

position 

S.S. 

error 

for joint 

3 

position 

PD tuned 

using GA 
0.05932 -0.012 -0.097 -0.008 

ANFIS 0.04878 -0.011 -0.077 -0.011 

Fuzzy-

PID 
0.02278 0.003 0.007 0.005 

From Table4 position control using Fuzzy-

PID has better steady state error and RMS 

error than controlled based on PD tuned by 

GA and ANFIS. By comparing steady state 

and RMS error in a system it was found 

that the Fuzzy-PID’s errors (Steady State 

error for joint1= 0.003, joint2=0.007, 

joint3=0.005 and RMS error=0.02278) 

than ANFIS’s errors (Steady State error for 

joint1= -0.011, joint2=-0.077, joint3=-

0.011 and RMS error=0.04878) and PD’s 

errors (Steady State error for joint1= -

0.012, joint2=-0.097, joint3=-0.008and 

RMS error=0.05932). Fuzzy-PID 

controller has fast response and small 

errors for quintic polynomial trajectory 

control of robot arm. Figs.18, 19 and 20 

give complete comparisons between the 

three controllers for joint 1, 2 and 3 errors 

respectively. 
 

 
Fig. 9: desired, actual position for joints 1 

controlled using PD tuned using GA 

 
Fig. 10: desired, actual position for joints 2 

controlled using PD tuned using GA. 
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Fig. 11: desired, actual position for joints 3 

controlled using PD tuned using GA. 

 
Fig. 12: desired, actual position for joints 1 

controlled using ANFIS controller. 

 
Fig. 13: desired, actual position for joints 2 

controlled using ANFIS controller. 

 

Fig. 14: desired, actual position for joints 3 

controlled using ANFIS controller. 

 

 

 

 

 

 

 

 
Fig. 15: desired, actual position for joints 1 

controlled using Fuzzy-PID controller. 

 
Fig. 16: desired, actual position for joints 1 

controlled using Fuzzy-PID controller. 

 
Fig. 17: desired, actual position for joints 3 

controlled using Fuzzy-PID controller. 

 

Fig. 18: comparison between joint1 errors after 

controlled using PD and ANFIS. 
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Fig. 19: comparison between joint2 errors 

after controlled using PD and ANFIS. 

 
Fig. 20: comparison between joint3 errors 

after controlled using PD and ANFIS. 
 

8. Conclusion 
In this study, Fuzzy-PID controller 

has been applied to position control of the 

first three joints of the PUMA 560 robot 

arm in order to obtaining fine quintic 

polynomial trajectory with minimum error 

and good disturbance rejection. Results 

have been compared with PD tuned using 

GA and ANFIS, from the simulation 

results it was concluded that: 

 By comparing steady state and 

RMS error the position control of the 

three joints controlled using Fuzzy-PID 

has better steady state error and RMS 

error than controlled using PD tuned by 

GA and ANFIS. 

  ANFIS converges with a smaller 

number of iteration steps with the 

hybrid learning algorithm compared 

with PD controller tuned by GA. 

 The responses had showed to us 

that the designed based on Fuzzy-PID 

controller has much faster response 

than using the other controllers. 
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Appendix a 
 

Table 5: Inertial constant reference (Kg.m
2
) 

 

 

Table 6: Gravitational constant (N.m) 
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