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Abstract— The objective of this study is to finding a solution 

to overcome the uncertainties and nonlinearities of a robot 

manipulator, like disturbances and other variations, in real-time 

by designing and implementing an adaptive 2- degree of 

freedom (DOF) proportional-integral-derivative (PID) 

controller. The proposed controller is performed using a 

supervisory fuzzy logic system (FLS). The employed controller 

proves its robustness in trajectory tracking. The performance 

analysis for PID, 2-DOF PID, and adaptive 2-DOF PID 

controllers is performed by doing the simulation using Matlab. 

On the other hand, the proposed controller is implemented 

practically using a microcontroller to prove that the proposed 

adaptive 2-DOF PID controller has a better performance 

compared to other traditional fixed-gain controllers. Also, the 

controller is more robust in the case of the presence of 

disturbances or other variations. 

Keywords—PID, 2-DOF PID, Adaptive 2-DOF PID 

controller, Embedded controller, Robot manipulator. 

I. INTRODUCTION 

Robot manipulators became a more efficient 
substitutional for humans, especially in fields that require 
repetitive, complex, dangerous, or fast tasks like assembly, 
medical operations, welding, and materials handling [1, 2]. 
Achieving a perfect set-point tracking and overcoming the 
system's intrinsic and extrinsic effects like nonlinearity and 
disturbances are the main objectives of the controllers. So 
that designing controllers have many challenges in both 
theoretical and practical phases [3]. 

Proportional-integral-derivative (PID) controllers are 
the most widely used ones as a result of simplicity of design 
and implementation, but they cannot handle uncertainties 
and nonlinearities of the process as a result of controller 
fixed gains like intelligent controllers [4, 5].  

To overcome the limitations of the PID controller, the 2-
DOF PID controller is introduced to enhance trajectory 
tracking performance, but on the other hand, the overshoot 
decreasing has a direct badly effect on the speed of system 
response [6-8]. 

Fuzzy logic controllers (FLCs) are much closely human 
thinking than traditional controllers. FLCs proved their 
robustness for nonlinear systems due to their effectiveness 
in control strategy based on expert knowledge [9-12]. 

In this paper, the adaptive 2-DOF PID controller is 
introduced, which is composed of two parts; the first one is 
a nominal controller, which is represented by the 2-DOF 
PID controller and the second one is a variational 
algorithm, which is represented by the fuzzy logic system 
(FLS). The initial gains of the nominal controller can be 
obtained directly from traditional methods like the Zeigler-
Nichols method, and then these gains can be adapted in a 
variational algorithm to improve performance and 
robustness against uncertainties and disturbances. 

The adaptive 2-DOF PID controller is implemented 
practically using a microcontroller to control a robot 
manipulator in real-time. Both simulation and practical 
results proved that the employed adaptive 2-DOF PID 
controller has several advantages over traditional fixed 
gains controllers such as better stability, faster response, 
and smaller overshoot. Furthermore, the proposed controller 
is more robust even in the presence of uncertainties and 
other variations. 

 The study contributions are summarized as: 

1) Proposing an adaptive 2-DOF PID controller. 
2) Practical implementation for the proposed 

controller using a microcontroller to control in a real robot 
manipulator. 

3) Filtering out the noise by adding a second-order 
digital filter. 

4) Ability of the proposed controller to improve 
system performance.     

This study is organized as the following; section 2 
introduces the robot manipulator model. Section 3 
introduces the proposed adaptive 2-DOF PID controller. 
The simulation results are presented in section 4. System 
implementation and different results of experiments are 
presented for comparison and clarification in section 5. 
Finally, section 6 gives the conclusion.  

II. ROBOT MANIPULATOR MODEL 

The dynamic modeling of a robot manipulator is 
introduced in this stage for simulation, controlling, and 
mechanical designing. Dynamic modeling is used to define 
parameters and the relationship between displacement, 
velocity, and acceleration, to force and torque acting upon 
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the robot manipulator joints [13]. The system model for an 
n-rigid link, revolute, direct-drive robot is assumed to be 
of the following form [14, 15]: 

  pFpGpppVppM  )(),()(




where p , p , p

are a 1nx  vectors of joint position, 

velocity, and

 acceleration,  respectively, and n  represents 

the robot’s degree of freedom number [16]. )( pM

is a 

nxn  symmetric and positive definite inertia matrix, 

),( ppG   is a 1nx  centrifugal and Coriolis torques vector, 

)( pV  is a 1nx  vector of gravitational torque, F is a nxn

constant diagonal positive definite viscous friction 

coefficient matrix, and 
 
is a 1nx  joint torque vector.  As 

all p , p , p

are  1nx  vectors, then the dynamic model 

(1) will become: 

 ),,()(),()( pppYpFpGpppVppM  

 

where ),,( pppY 

is a nxr matrix of the dynamic 

regressor and   is a 1rx  vector of constant parameter 

consisting from two parameters, which are robot parameters 
and payload. 

 

III. THE EMPLOYED ADAPTIVE 2-DOF PID 

CONTROLLER 

As stated previously, the adaptive 2-DOF PID controller 
is composed of two parts; the first part is the 2-DOF PID 
controller, which is the main controller while the second 
part is the supervisory FLS, which is used to adjust the 
parameters of the main controller as shown in Fig. 1. 

A. Algorithm Structure 

The 2-DOF PID controller output can be found by [17]: 
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where 
1q  and 

2q  represent the weighting parameters, and 

pk , 
ik , and 

dk  represent the proportional, integral, and 

derivative gains, respectively. )(SR , )(SY , and )(SU

represent the set-point, output signal, and control signal, 
respectively.  If the two weighting parameters are set as; 

ikq 1  pkq 2 
where    is the weighting gain and its 

value is between 10    then: 
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derivative time constants, respectively. Using the Euler 
method, we can get a discrete form for the above equation 
as follows;                       
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where 


)()()( kykrkep  


)()()( kykrkei 


and


)()( kyked 

represent proportional, integral, and 

derivative error signals, respectively, T  represents the 

sampling period and k  represents the sampling instants. 


 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. Adaptive 2-DOF PID controller block diagram. 

The fixed gains of the 2-DOF PID controller make the 
controller unable to overcome the nonlinearities and 
uncertainties of the process. So that FLS is proposed to 
adopt the controller gains to overcome these limitations. 

The supervisory FLS structure is shown in Fig. 2 where 

the input variables are )()()( kykrke   and 

)1()()(  kekeke which represent the error term and 

the change in error term, respectively, and the output 

variables are


)(k , )(kk p
, )(kki

, and )(kkd
 which 

represent the weighting, proportional, integral, and the 

derivative gains, respectively. 

For adapting the weighting gain )(k , there are three 

scaling factors, the first and second SFs are ek  and cek  

are utilized for scaling )(ke  and )(ke  as in Eqs. (6) and 

(7), respectively, the third scaling factor is )(kku  which is 

used to scale )(k  are given by Eq. (8) as follows: 
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For adapting the proportional gain )(kk p
, there are 

three scaling factors, the first and second SFs are 
epk  and 

cepk  are utilized for scaling )(ke  and )(ke   as in Eq. (9) 
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and (10), respectively, the third SF is )(kkup
 which is used 

to scale )(kK p
 are given by Eq. (11) as follows: 

)()( kekkE epp 




)()( kekkE cepp 




 )()( kKkkk pupp 


 

For adapting the integral gain )(kki
, there are three 

SFs, the first and second SFs are 
eik  and 

ceik  are utilized 

for scaling )(ke  and )(ke  as in Eqs. (12) and (13), 

respectively, the third SF is )(kkui
 which is used to scale 

)(kK i
 are given by Eq. (14) as follows: 

)()( kekkE eii 
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For adapting the derivative gain; )(kkd
, there are three 

SFs, the first and second SFs are 
edk  and 

cedk  are utilized 

for scaling )(ke  and )(ke  as in Eqs. (15) and (16), 

respectively, the third SF is )(kkud
 which is used to scale 

)(kK d
 are given by Eq. (17) as follows: 

)()( kekkE edd 
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 )()( kKkkk dudd 


 
 

Fig. 2. Supervisory Fuzzy logic controller block diagram. 

The Fuzzy Inference System (FIS) has three stages; 
fuzzification, rule evaluation, and defuzzification stage.  

In the first stage, the fuzzy input values can be obtained 
from the crisp input by using membership functions (MFs), 
which is called the fuzzification process. The MFs of input 

linguistic variables )(kEx
 and )(kEx , and the MFs of 

output linguistic variable )(kX x
 are illustrated in Fig. 3. 

They are consisting of three triangular MFs named as N 
(Negative), Z (Zero), and P (Positive). 

 
Fig. 3. Membership functions for Input/ Output variables. 
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In the second stage, the fuzzy outputs can be determined 
by using predefined linguistic rules, which is called the 
fuzzy inference stage. Tables 1, 2, 3, and 4 [18] represent 
the rules of two-inputs four outputs FIS. The rules symbolic 
description is given as: 

"")(""

)("")(

valuelinguisticiskXTHENvaluelinguistic

iskEANDvaluelinguisticiskEIF

x

xx   

TABLE 1: FUZZY RULES FOR Β 

)(k  
)(kE  

N Z P 

)(kE

 

N P P Z 

Z P Z N 

P Z N N 

 

TABLE 2: FUZZY RULES FOR Kp 

)(kK p  
)(kEp  

N Z P 

)(kEp

 

N P P Z 

Z P Z N 

P Z N N 

 

TABLE 3: FUZZY RULES FOR Ki 

)(kK i  
)(kEi  

N Z P 

)(kEi  

N P P Z 

Z P Z N 

P Z N N 

 

TABLE 4: FUZZY RULES FOR Kd 

)(kKd  
)(kEd  

N Z P 

)(kEd
 

N P P Z 

Z P Z N 

P Z N N 

 

In the third stage, the crisp output of the FLS can be 
calculated, which is called defuzzification stage. The center 
of gravity (COG) method is used for the proposed FIS [19]: 
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where m  is the fired fuzzy rules number, 
if  is the 

thi  

fuzzy set center of gravity, and )( if  is the 
thi  fuzzy set 

area. 

 

IV. SIMULATION RESULTS 

The adaptive 2-DOF PID controller is applied for 
controlling one link robot manipulator by using MATLAB 
7.9.0 (R2009b) to visualize the enhancements of the 
proposed controller compared to PID and 2-DOF PID 
controllers [8]. The controller’s initial parameters are set as 

follows; for PID controller the gains are set as; 5.7pk , 

,05.0ik  and 2.2dk , for 2-DOF PID controller the 

gains are set as; 10pk , 2.1ik  2.4dk and
 

99.0 , and for the proposed controller SF parameters  

are set as; are 2.0ek , 2.0cek  , 185uk , 1.0epk  , 

5.0cepk  ,
 

5.0upk  , 125.0eik  , 125.0ceik  , 80uik  , 

125.0edk  , 125.0cedk  , 5.0udk .  

A. Task 1: Tracking the Set-Point 

The effect of changing the desired trajectory for 
different controllers is shown in this task. The first and 
second trajectories are represented by the following 
equation: 

 Kksks *06.0)(*)06.01()1( 




where )1( ks  represents the set point current value, )(ks


represents the set point previous value, k  represents the 

number of iterations, and K  represents a constant value, its 

value equals to one for the first trajectory and equals to two 

for the second trajectory. Figs. 4, and 5 show the system 

outputs and control signals for the different three cases. 

B. Task 2: Effect of External Load  

An external load effect is applied in this task. Figs. 6 , 
and 7  show the system outputs and control signals for two 
trajectories tracking with Eq. (19), an external load 
disturbance equals to 0.05 is added at Sec.8.13t

 
in case 

1, and it is added at Sec.8.13t  and added again at 

Sec.3.41t in case 2. 

 
Fig. 4. Performance comparison for variable set point tracking (Task 1- 

Case 1). 
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Fig. 5. Performance comparison for variable set point tracking (Task 1- 

Case 2). 

 
Fig. 6. Performance comparison for variable set point tracking with 

applying external load (Task 2- Case 1). 

 
Fig. 7. Performance comparison for variable set point tracking with 

applying external load (Task 2- Case 2). 
 

There are two performance indices, which indicate the 
differences between all controllers; the first one is MAE
(mean absolute value of error) and the second one is RMSE

(root mean square value of error) which are defined, 
respectively as: 
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where 
fk  is the number of iterations, )(ke  is the error 

signal. 

It can be seen from Tables 5 and 6 which tabulated from 
the results of the simulations tasks that the adaptive 2-DOF 
PID controller has better values for both MAE and RMSE

than other traditional controllers. 

TABLE 5: COMPARISON OF PERFORMANCE INDEX IN 

SIMULATION WITHOUT LOAD. 

 Task 1: Without Load 

Controller 

Type 

Case 1: 

Variable Set 
Point 

Case 2: 
Another 

Variable Set 

Point 

MAE

 
RMSE

 
MAE

 
RMSE

 
PID 

0.0685 0.1131 0.0313 0.0723 

2-DOF PID 

[8] 
0.0478 0.0941 0.0192 0.0595 

Fuzzy PD 

[20] 
0.0151 0.0707 0.0081 0.0316 

Adaptive 2-

DOF PID 
0.0023 0.0050 0.0023 0.0065 

TABLE 6: COMPARISON OF PERFORMANCE INDEX IN 

SIMULATION WITH DIFFERENT LOADS. 

 Task 2 : With Load 

Controller 

Type 

Case 1: Variable 
Set Point 

Case 2: Another 

Variable Set 

Point 

MAE  RMSE  MAE  RMSE  
PID 

0.1085 0.2403 0.1266 0.2604 

2-DOF 

PID [8] 
0.0852 0.1969 0.1008 0.2122 

Fuzzy PD 
[20] 

0.0233 0.0408 0.0285 0.0316 

Adaptive 

2-DOF 
PID 

0.0042 0.0100 0.0054 0.0123 

V. PRACTICAL RESULTS 

A. Experimental Set-up 

The proposed adaptive 2-DOF PID controller has been 
implemented using Arduino Mega 2560 microcontroller Kit 
to control a robot arm as indicated in Fig. 8. The robot arm 
consists of 6 DC motors which can drive six links. The 
different values for links masses and lengths are shown in 
Table 7. 
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Fig. 8. Main block diagram of the system 

 

TABLE 7 : ROBOT MANIPULATOR PARAMETER VALUES 

Parameter Description Value Unit 

m1 Mass of link 1 ( on robot arm base) 70 gm. 

m2 Mass of link 2 ( the shoulder joint) 70 gm. 

m3 Mass of link 3 ( the elbow joint) 70 gm. 

m4 Mass of link 4 ( the wrist Y-axis) 40 gm. 

m5 Mass of link 5 ( the wrist rotation) 30 gm. 

m6 Mass of link 6 ( the gripper) 115 gm. 

l1 Length of link 1 ( on robot arm base) 35 mm. 

l2 Length of link 2 (the shoulder joint) 80 mm. 

l3 Length of link 3 (the elbow joint) 80 mm. 

l4 Length of link 4 (the wrist Y-axis) 58 mm. 

l5 Length of link 5 (the wrist rotation) 10 mm. 

l6 Length of link 6 (the gripper) 104 mm. 
 

An analog potentiometer exists in each DC motor, 
which can transform the mechanical rotation to positional 
feedback to be compared with the desired position for 
generating the control signal. Computations and other 
required data are transmitted from the microcontroller kit to 
PC to be analyzed. 

The controllers’ gains are set as follows: 

For PID controller the gains are set as; 0.6pk , ,4.0ik  

and 5.0dk , for 2-DOF PID controller the gains are set as; 

9.8pk , ,5.1ik
 

2.4dk and
 

98.0 , and for the 

proposed adaptive 2-DOF PID controller the SFs are set as 

2.0ek , 2.0cek  , 185uk , 1.0epk  , 5.0cepk  ,
 

5.0upk  , 125.0eik  , 125.0ceik  , 80uik  , 

125.0edk  , 125.0cedk  , 5.0udk . 

B. Practical Tasks 

The adaptive 2-DOF PID controller is applied for 
controlling one link robot manipulator to visualize the 
enhancements of the proposed controller compared to PID 
and 2-DOF PID controllers [8]. The different experimental 
results will be shown in the following tasks. 

1) Task 1: Tracking the Set-Point 

The effect of changing the desired trajectory for 
different controllers is shown in this task. The two 

trajectories are represented by Eq. (19), depending on the K 
value. Fig. 9 and 10 show the system outputs and control 
signals for different controllers in the two cases. 

2) Task 2: Effect of External Load  

An external load effect is applied in this task. Figs. 11, 

12, and 13 show the system outputs and control signals for 

tracking one trajectory represented by Eq. (19) with K =1 

for three cases with 50 gm., 100 gm., and 150 gm. loads, 

respectively. To demonstrate the improvements of the 

adaptive 2-DOF PID controller, it has been compared with 

other traditional controllers like PID and 2-DOF PID 

controllers [8]. 
 

 
Fig. 9. Changeable set point tracking performance comparison (Task 1- 

Case 1) 

 
Fig. 10. Changeable set point tracking performance comparison (Task 1- 

Case 2) 

 
Fig. 11. Changeable set point tracking performance comparison with 

applying 50 gm. load (Task 2- Case 1) 
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Fig. 12. Changeable set point tracking performance comparison with 

applying 100 gm. load (Task 2 – Case 2) 
 

 
Fig. 13. Changeable set point tracking performance comparison with 

applying 150 gm. load (Task 2 – Case 3) 
 

TABLE 8: COMPARISON OF PERFORMANCE INDEX WITHOUT 

LOAD 

 Task 1: Without Load 

Controller 
Type 

Case 1: Variable Set 

Point 

Case 2: Another 

Variable Set Point 

MAE  RMSE  MAE  RMSE  

PID 0.0731 0.0869 0.1189 0.1461 

2-DOF PID [8] 0.0525 0.0596 0.0805 0.0938 

Fuzzy PD [20] 
0.0254 0.0379 0.0556 0.0688 

Adaptive 2-

DOF PID 
0.0190 0.0277 0.0491 0.0585 

 
TABLE 9: COMPARISON OF PERFORMANCE INDEX WITH 

DIFFERENT LOADS 

 Task 2: With Load 

Controller 
Type 

Case 1 (50 gm. 

Load) 

Case 2 (100 gm. 

Load) 

Case 3 (150 gm. 

Load) 

MAE  RMSE  MAE  RMSE  MAE  RMSE  

PID 0.1069 0.1391 0.1227 0.1785 0.1547 0.2346 

2-DOF 

PID [8] 
0.0889 0.1355 0.0912 0.1580 0.1143 0.2046 

Fuzzy PD 

[20] 
0.0510 0.0806 0.0724 0.1317 0.0871 0.1712 

Adaptive 

2-DOF 

PID 

0.0488 0.0634 0.0642 0.1122 0.0677 0.1235 

It can be seen from Tables 8 and 9 which tabulated from 
the results of the experimental tasks that the adaptive 2-
DOF PID controller has better values for both MAE and 

RMSE than other traditional controllers. 

VI. CONCLUSIONS 

In this paper, an embedded adaptive 2-DOF PID 
controller using the supervisory logic controller is applied 
for the position control of a robot manipulator through 
simulation, designing, and implementation. The simulation 
results depict the differences between the proposed 
controller and the regular ones and proved the effectiveness 
of tracking trajectories. The experimental results on the 
robot manipulator are done by using Arduino kit to 
demonstrate the robustness of the employed adaptive 2-
DOF PID controller in dealing with a real time system, also 
approved the ability of the proposed controller to regulate 
the output against unknown external disturbances. In 
general, it can be said that the proposed adaptive 2-DOF 
PID controller is applicable, effective, and it has flexibility, 
adaptability, and accurate tracking performance with robust 
characteristics against uncertainties when compared to other 
controllers. In the future work, the stability analysis of the 
proposed controller will be studied. 
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