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Abstract 
In this paper, an optimal adaptive fuzzy integral 
sliding mode control is presented to control the 
robot manipulator position tracking in the 
presence of uncertainties and permanent magnet 
DC motor. In the proposed control, sliding 
surface of the sliding mode control is defined 
according to the information of position tracking 
error, derivatives, and error integral. In order to 
estimate bounds of the existing structured and 
unstructured uncertainties in the dynamics of the 
robot manipulator and the permanent magnet DC 
motor, a MIMO fuzzy adaptive approximator is 
designed. This helps to overcome the undesired 
chattering phenomenon in the control input by 
using fuzzy logic. Mathematical proof shows that 
the closed-loop system with the adaptive fuzzy 
integral sliding mode control in the presence of all 
the uncertainties has the global asymptotic 
stability. Furthermore, modified harmony search 
optimization algorithm is used to define the input 
coefficients of the proposed control and also to 
reduce the control input amplitude. In order to 
validate performance of the proposed controller, 
a case study on the SCARA robot manipulator is 
conducted in the presence of permanent magnet 
DC motor. Results of the Simulation show desired 
performance of the proposed controller. 

 

Keywords:  Robot Manipulator, Structured and 
Unstructured Uncertainties, Integral Sliding 
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1. Introduction 
Robot manipulator is a nonlinear system  
 
Thus, dynamic control of the robot manipulator is 
very important. Large numbers of couplings are used 
between the joints in structure of the robot 

manipulator. Respectively in coupling of the 
actuators to the joints, coupling of the joints to the 
interfaces, dynamic and static frictions in each joint 
requires accurate and complex modeling to control of 
robot manipulator with high precision. However, 
there are many problems in the practical 
implementation of the controllers, based on the 
actual model of the system. Moreover, even if this 
ability exists in the model, actual model of the 
system is too complicated that makes it difficult to 
design the controller. These problems cause 
imprecision in the model. Such imprecision in the 
model also causes structured and unstructured 
uncertainties. Thus, to overcome the structured and 
unstructured uncertainties, robot manipulator control 
requires a robust controller [1].In recent years, 
different controllers have been presented to deal with 
these uncertainties. Sliding mode control is a robust 
controller that has been used to control the systems 
which consists of uncertainties. However, there is a 
damaging factor in sliding mode controller, which is 
called chattering. This phenomenon appears due to 
nature of the sliding mode controller which is a 
switching controller [2]. Although, this factor 
endangers performance of the robot manipulator 
control, it has been applied widely [3-6]. To reduce 
damaging effects of the chattering in the sliding 
mode control some methods have been presented. 
Among these methods, there have been some 
applications of saturation function, low- pass filter 
[3-6] and fuzzy systems [7-8], that each one has some 
problems. Saturation function and low-pass filter 
cause the reduction of chattering in control input. To 
some extent, steady-state error is increased in the 
position of the robot manipulator joints and it is not 
easy to prove the asymptotical stability of the sliding 
mode controller. This phenomenon is reduced 
through the use of fuzzy systems. However, 
researchers have used too many rules in fuzzy system 
rule base for further reduction of chattering and 
steady-state error in the robot manipulator position 
tracking control in the presence of structured and 
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unstructured uncertainties. This leads to a massive 
computational load. Consequently, for practical 
implementation of these controllers, applications of 
high-speed processors are inevitable and in many 
cases, application of these fuzzy systems is 
impractical.To overcome the mentioned problems, 
the researchers have presented the adaptive fuzzy 
sliding mode controllers. However, all the adaptive 
fuzzy sliding mode controllers have different 
behaviors due to the design type of sliding mode 
algorithm, the type of fuzzy system, the 
approximation of fuzzy system factor, and the 
adaptive law. In general, the adaptive fuzzy sliding 
mode controllers are divided in two categories, direct 
adaptive fuzzy sliding mode control and 
indirectadaptive fuzzy sliding mode control. In the 
direct adaptive fuzzy sliding mode control, control 
input coefficients are tuned by using online adaptive 
law to reduce the tracking error [9-10]. In the indirect 
adaptive fuzzy sliding mode control, the system 
parameters could be tuned according to 
approximation of the system dynamics and by 
adaptive law to reduce the tracking error [11-16]. In 
adaptive fuzzy sliding mode controller [12], the 
MIMO fuzzy system is used to approximate the 
uncertainties existing in the dynamical equations of 
the robot manipulator by using position, velocity, and 
acceleration information of the robot manipulator 
joints. This controller has high computational load 
and due to nonlinear switching function in control 
input, has difficulties to encounter with chattering 
phenomenon. Thus, practical implementation of the 
proposed control is impossible. Using the MIMO 
fuzzy system in adaptive fuzzy sliding mode 
controller [16], existing uncertainties in the robot 
manipulator dynamic equations is approximated. 
Additionally, according to sliding surface 
information, dynamic of inertial matrix is presented 
and at the same time approximates the switching 
function with SISO fuzzy system. This controller due 
to the use of several adaptive laws in its control input 
has high computational load and by occurrence of 
delay in calculation of the control input, it is 
impossible to guarantee the closed-loop system 
stability. 

In adaptive fuzzy sliding mode controller [14], an 
approximate of the switching function by using SISO 
fuzzy system based on sliding surface information 
has been presented. The presented control has a low 
computational load. This factor has a suitable 
influence on the operation processing pace of robot 
manipulator. However in the design of SISO fuzzy 
system, interaction influence of robot manipulator 
joints in the robot manipulator position tracking 
control has not been considered. For this reason, 
robot manipulator control in high-speed operations is 
difficult. 

Adaptive law has been obtained based on Lyapunov 
stability proof for all the presented adaptive fuzzy 
sliding mode controllers for tracking the position of 
the robot manipulator. For practical implementation 
of these controllers, sliding surface information must 
be available. To determine the sliding surface of 
these controllers only information of error and its 
derivatives have been used, tracking error converges 
toward zero slowly. Hence, the tracking accuracy in 
robot manipulators that have high speed is reduced. 
On the other hand, in all adaptive fuzzy sliding mode 
controllers of robot manipulator, the control input 
has been designed in torque space. Additionally, the 
control of robot manipulator joints is performed 
through the drivers, especially electrical drivers. 
However, to design such controllers, the dynamic 
effects of these drivers are not considered. Thus the 
stability of the closed-loop system using the 
proposed controller cannot be easily guaranteed.In 
this paper, to overcome the problems in the adaptive 
fuzzy sliding mode position tracking control for a 
robot manipulator, the following solutions are 
available: 
• Increase accuracy of the robot manipulator position 
tracking by increasing the speed of tracking error 
toward zero. 
• Prevent occurrence of chattering phenomenon in 
the control input. 
• Remove influence of the robot manipulator joint 
interactions in adaptive fuzzy sliding mode position 
tracking control. 
• Overcome the existing uncertainties of the robot 
manipulator driving dynamics. 
• Prevent saturation of the driving robot manipulator. 
• Choose optimized coefficients for input control. 

Sliding surface, which is a function of the 
tracking error, derivative, and error integral, is used 
to achieve the mentioned aims. In this case, there is 
an extended control for the robot manipulator 
position tracking error. Furthermore, to remove the 
robot manipulator joints interaction in the position 
tracking control and to prevent the occurrence of 
chattering in the control input, a MIMO fuzzy system 
is used. Finally, to overcome the existing 
uncertainties in the robot manipulator and the 
permanent magnet DC motor dynamic, using 
Lyapunov stability theory, the adaptive fuzzy sliding 
mode control is presented. This control makes the 
closed-loop system in the presence of all the 
uncertainties to have global asymptotic stability. In 
the proposed control, there is a coefficient that 
prevents increment of the control input amplitude. 
This causes elimination of saturation of the robot 
manipulator drivers. Furthermore, to achieve an 
optimized control input, all the control input 
coefficients are defined through the modified 
harmony search optimization algorithm. In the 
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proposed control design strategy, some solutions are 
presented that makes the proposed control more 
robust against the existing uncertainties. 
 
2. The Dynamic Equations of The Robot 
Manipulator in The Presence of a Permanent 
Magnet DC Motor 
The dynamic equation of the robot manipulator in the 
presence of Permanent Magnet DC Motor (PMDC) is 
as follows [17]: 

(1) 
where  is vector of the robot manipulator joint 
position;  is vector of the robot manipulator 
joint velocity and  is the robot manipulator 
joint acceleration.  is the positive 
definite inertia matrix,  is the coriolis 
matrix and centrifugal forces,  is the gravity 
vector,  is the diagonal matrix of dynamic 
friction,  is the diagonal matrix of effective 
damping PMDC motor,  is the vector of static 
friction,  is the vector of disturbance and un-
modeled dynamics,  is the vector of 
amplifiers input voltage and  is the matrix of 
diagonal transfer  that transfers the actuators input to 
torque space of  the robot manipulator. 
Remark 1: In Eq. (1),  is the total existing 
disturbance in the robot manipulator dynamic and 
existing disturbance in the robot manipulator driving 
motor dynamic. In other words, we have: 

(2) 
where  is the vector of existing disturbance and 
un-modeled dynamics in robot manipulator and 

 is the vector of existing disturbance and un-
modeled dynamic in PMDC motors. 
 
3. Integral Sliding Mode Control  
Initially, Eq. (1) based on the acceleration vector  is 
arranged as follows: 

     (3) 
To simplify, Eq. (3) is shown as follows: 

          (4) 
The parameter of ,  and  are 
defined as follows: 

                        (5) 
                   (6) 

   (7) 
In fact by Eq. (4), inverse dynamic of robot 
manipulator is described in the presence of dynamic 
motor. For designing the controller, tracking error 
vector as   is defined, which  is the 

actual joints position vector and  is the 
desired joints position vector. Additionally, sliding 
surface vector is defined based on the tracking error, 
the derivative and the integral tracking error as 
follows [2]: 

         (8) 
where  is the diagonal matrix with constant and 
positive entries. Considering Eq. (4) is a second 
order equation, so in Eq. (8), n is selected equal to 2 
resulted the sliding surface vector to become as 
follows: 

 (9) 
Remark 2: In design of sliding mode control, the 
purpose is to design the control input in such way 
that the sliding surface  converges toward zero. 
In this case, according to Eq. (9), there is a 
homogenous second order differential equation with 
constant coefficients due to error. Thus, transient 
robot manipulator position tracking error converges 
toward zero in a short time by selecting a suitable . 
Remark 3:Since robot manipulators are engaged in 
doing their assignments involving with the 
workspace, there will be no available exact 
information about parameters and dynamics. Thus, in 
controller design for robot manipulators, overcoming 
against existing structured and unstructured 
uncertainties have a very important role. Therefore, 
in controller design for robot manipulators, 
approximated values of parameters and their 
dynamics are used. Then, for controller design, 
known or approximated values from Equation (4) can 
be defined as follows: 

          (10) 
where  is the equivalent control;   and 

 are the estimates of   and , 
respectively. To design the sliding mode control for 
tracking the position of the robot manipulator, 
control input is chosen as follows: 

(11)  

Remark 4: In Eq. (11),  and  are chosen 
in a way to converge sliding surface  toward 
zero. However,   is designed to keep the 
sliding surface  unchanged at the zero value. 
Thus, the task of the control inputs  and   
are different from control input . 
According to the mentioned points for 
designing , derivative of Eq. (9) in respect to 
time is as follows: 

   (12) 
Equation (12) can be rewritten as follows:  

     (13) 
By substitution of the Equation (4) into Equation 
(13): 
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     (14) 
To design , sliding surface is assumed to be 
equal to zero, so . To make the 
control input  maintains the sliding surface 

 at zero value,  must be considered in 
the Eq. (14): 

                    
(15) 

From Eq. (15),  becomes as follows: 
                   

(16) 
Since all the dynamics  and  are not 
completely known, the Eq. (16) is modified as 
follows: 

         
(17) 

where  and  are known dynamics of 
 and , respectively. 

Furthermore, for designing control input , inputs 
 and  are chosen as follows: 

 

(18)  

 

(19)                          

 
where  is the sign function and   and  

 are diagonal matrices. Thus, according to 
Equations (11), (17), (18), and (19), the control input 

 is as follows: 

        (20) 
For designing diagonal matrices  and  and also 
proving the stability of the closed-loop system, 
Equation (20) is arranged as follows: 

                (21) 
 

From Equations (4), (13), and (21): 
                 

(22) 
In Eq. (22),  and   values are defined as follows: 

    (23) 
      (24) 

Remark 5: According to Equations (23) and (24),  
and  are estimation error of  and , 
respectively. 
Simplifying Eq. (22): 

       (25) 
     (26) 

Remark 6: Equation (25) shows that  contains all 
the existing structured and unstructured uncertainties 
in robot manipulator dynamics. In other words, if all 
the dynamics of the robot manipulator are completely 
known, thus . 
Additionally, for proving stability of the closed-loop 
system, Lyapunov function candidate is presented as 
follows: 

             (27) 

Take the derivative of the Lyapunov function in 
respect to time: 

      (28) 
Then Eq. (26) is inserted in Eq. (28): 

  (29) 
In this section, the inverse inertial matrix of the robot 
manipulator, matrix , is expressed as follows: 

 (30) 

And consider that, . 
From Equations (29) and (30): 

 

 (31) 
Equation (31) shows if  by 

choosing , then 

. On the other hand, if  

 , by choosing  ,  

then . Thus, through 
selection of the mentioned parameter, the following 
equation is resulted: 

       (32) 
If the matrix  and the diagonal matrix  are 
positive definite, the Eq. (32) is established. 
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Researchers have proved that the dynamical 
characteristic of the robot manipulator is in such a 
way that causes matrix  always becomes 
positive definite matrix [1]. Thus, if diagonal 
matrix  is chosen as a positive definite matrix, Eq. 
(32) is made and the closed-loop system in the 
presence of all the uncertainties will have the global 
asymptotic stability. 
 
4. Adaptive Fuzzy Integral Sliding Mode Control  
Although the robot manipulator with the proposed 
control (from the previous section) has the global 
asymptotic stability in the presence of all 
uncertainties, occurrence of the undesired chattering 
phenomenon in the control input is inevitable. 
Occurrence of the chattering phenomenon causes 
stimulation of high rank nonlinear dynamics of the 

robot manipulator. In this case, guaranty of the 
closed-loop system stability becomes impossible. To 
prevent occurrence of the chattering phenomenon, 
using a MIMO adaptive fuzzy approximator, 

 is approximated in the control input of Eq. 
(20). Therefore, the structure of this adaptive fuzzy 
approximator is described as follows: 
In Fig. 1, main modules of a fuzzy system are 
demonstrated. According to this figure, a fuzzy 
system consists of the following sections modules 
[11]: 

• Fuzzification 
• Fuzzy interface engine 
• Fuzzy rules base 
• Defuzzification 

 

 
Figure1.Schema of a MIMO fuzzy system. 

 
In design of this fuzzy system, singleton 
fuzzification, Mamdani fuzzy interface engine, 
and center average defuzzification are used. 
The input of fuzzy system is sliding surface 
vector and the output of fuzzy system is  
vector. In fact, to prevent occurrence of 
chattering phenomenon in the control input, by 
using fuzzy system, approximation of  is 
provided. In this case, due to elimination of 
discrete part   in the control input, 
occurrence of undesired chattering 
phenomenon is prevented.Generally, the fuzzy 
rules of this fuzzy system can be expressed as 
follows: 

 
    (33) 

where    shows th rule,  is th input fuzzy 
system,  is th membership function of th rule 
premise part,  is th output and  is th 
membership function of thrule result part.  
Then, the input vector with  
and output vector with  are 
shown. The output of fuzzy system,   
vector, can be expressed as follows: 

(34) 

where  is the vector of membership function 

centers at result part and  is the height of 
this membership function centers. and  

vectors can be shown as follows: 
                                (35) 

                     (36) 

   
                          (37) 

In order to make the MIMO fuzzy system 
membership functions differentiable, they are 
chosen to be Gaussian: 

 
(38) 

where is the center of membership 
function , and is the standard deviation of 
membership function  . In this fuzzy system, 
according to Table 1, seven linguistic 
variables are considered for inputs  and 
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outputs . Membership functions of these 
linguistic variables are shown in Figure 2. 
 
Table 1. MIMO fuzzy system output and input 
vector linguistic variables. 

Negative Big NB 
Negative Medium NM 
Negative Small NS 
Zero ZO 
Positive Small PS 
Positive Medium PM 
Positive Big PB 

 
Figure 2. Membership function regarding the 
linguistic variables of MIMO fuzzy system output 
and input vector. 
Linguistic variable membership functions  
and   are expressed as follows: 

                                         (39) 
According to mentioned points, the adaptive 
fuzzy integral sliding mode controller is as 
follows: 

             (40) 

To design the adaptive fuzzy system that can 
provide approximated  vector and to prove 
closed-loop system stability, Eq. (40) is 
arranged as follows: 

                       (41) 
From Equations (4), (13), and (41): 

          (42)                                               
where , , and  are presented as follows: 

             (43) 

In Eq. (43),  vector corresponds with 
Equation (34). Additionally, it is assumed that 

 is the desirable value which causes 

 to approximate  in such a 
way that  (according to Wang theory 
[11]). Thus, the following equation is 
provided: 

        (44) 
where  is the smallest positive constant. 
Equation of adaptive fuzzy approximator error 
should be described as below:  

   (45) 
If Eq. (34) is described as scalar and Eq. (45) 
is substituted in it, the following equation is 
obtained: 

    (46) 
Furthermore, to prove the closed-loop system 
stability, Lyapunov candidate function is 
presented as bellow: 

      (47) 

where  is the positive constant. Derivative of the Lyapunov function in respect to time is as 

follows: 

 

 
                                                    (48) 
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The adaptive law is chosen as bellows: 

              (49) 

By inserting Eq. (49) in Eq. (48): 

       (50) 
From Equations (44) and (50): 

         (51) 
In Eq. (51), if  , the main diagonal 
entries of  matrix  are chosen in such ways 
that fulfill the following equation: 

        (52) 
Thus, closed-loop system with adaptive fuzzy 
integral sliding mode controller in the 
presence of all the structured and unstructured 
uncertainties and also disturbances has the 
global asymptotic stability. Robot manipulator 
with the proposed control in the presence of 
all uncertainties has the global asymptotic 
stability. However, ,  (matrices entries), 

coefficients, and existing membership 

functions in part of fuzzy approximator rules 
base assumption must be chosen by trial and 
error. Defining these parameters has a direct 
relation with control input amplitude and robot 
manipulator tracking error bound. Hence, in 
the next section of the paper, the modified 
harmony search optimization algorithm will be 
presented for choosing optimal value of these 
parameters. 
 
5. Optimization Technique 
5.1. Original Harmony Search Algorithm 
The Harmony Search (HS) algorithm has been 
inspired by the music improvisation process. It 
is a relatively recent meta-heuristic 
optimization technique and has been used to 
solve various optimization problems. This 
algorithm was first introduced by Geem et al. 
[22]. The main idea behind the HS algorithm 
is to achieve the most harmony among the 
musicians when they are playing a note. Most 

important characteristics of HS algorithm are 
as follows [23]: 
1. Simplicity in concept.  
2. Capability of solving both continuous and 
discontinuous optimization problems.  
3. Few adjusting parameters.  
4. Easy to implement. 
5. Proper trade-off between local and global 
exploration. 
The HS algorithm is a population based 
optimization algorithm. The first step in this 
algorithm is to generate a matrix known as 
Harmony Memory (HM) matrix. Each 
individual entries of this matrix represent a 
note which is played by a musician to be 
improved (improvisation) to achieve the most 
harmony with the other players. To implement 
the improvisation process, three rules need to 
be followed: 
1. Memory consideration. 
2. Pitch adjustment. 
3. Random search. 
5.2. Improvisation Through Memory 
Consideration and Random Research 
At this stage, a constant value known as 
Harmony Memory Considering Rate (HMCR) 
is defined. Then, a new harmony is created by 
using HM and HMCR: 

(53) 

where  is the  individual in the HM 
matrix and  shows a random harmony 
generated in the acceptable range. A large 
value of HMCR causes the algorithm to form a 
new harmony from the HM matrix whereas a 
low value of HMCR causes the algorithm to 
perform a random exploration.    
 
5.3.Improvisation Through Pitch 
Adjustment and Random Research 
The new harmony constructed in the last step 
(Harmony Consideration) is checked to decide 
whether its pitch should be adjusted or not. A 
parameter known as Pitch Adjusting Rate 
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(PAR) is defined as follows to simulate the 
process of pitch adjustment:  

 

(54) 

Fesanghary et al. shows that the capability of 
the HS algorithm can be significantly improve 
by updating the value of [24]. Thus, the 
value of  is updated as follows during the 
optimization process:  

      (55) 

In Equation (34),  represents the 
bandwidth corresponding to  iteration. 
Similarly, performance of HS algorithm can 
also be improved by updating the  value 
[24] as follows:  

 
     (56) 

The HM matrix is updated by using these 
steps. The improvisation process will be 
repeated until the stopping criterion is met. 
 
5.4. Modified HS Algorithm (MHSA) 
In this section, a new modification approach is 
introduced in order to improve the total 
capability of the algorithm in both local and 
global exploration. The proposed modification 
approach increases both the diversity of the 
HM matrix and the convergence speed of the 
HS algorithm. The proposed modification 
method is applied to the HS algorithm after 
each improvisation step. In this regard, for 
each solution in the HM ( ), three different 
solutions ( , , and ) are chosen from 
HM such that . Then, a new 
improved solution is constructed as follows: 

(57) 
At this stage, using , ,and , three 
different promising test solutions are 
generated as follows: 

             (58) 

                  (59) 

 
                               (60) 

The  in HM is replaced with the best 
individual among , , , and 

. The HMCR parameter plays an important 
role in the HS algorithm; especially for 
increasing speed of the convergence. As it was 

mentioned before, a high value of HMCR 
causes the HS algorithm to move towards 
selected value from the HM. Whereas a low 
value is approached toward random 
movement. Thus, in order to adaptively update 
the HMCR, after the algorithm is iterated for 
several times, a new heuristic formulation is 
defined as follows: 

          (61) 
In Eq. (61),  is the iteration number. 
Generally, a heuristic algorithm like MHSA 
only requires checking the cost function and 
no longer requires information about the 
system. Hence, in this paper, the Mean-Root-
Squared Errors (MRSE) is considered as 
follows:   

(62) 
where  represents the number of sample,  is 
the iteration number,  denotes the 
trajectory error of ith sample for the object, 
and is the control signal.  
 
6. Advantages of The Proposed Control 
Significant innovations in the proposed 
control design are listed as follows: 
1. To define the proposed control sliding 

surface, error information, error derivative 
and error integral are used. In this case, 
according to Eq. (9), by choosing suitable 
coefficient λ, it is possible that the transient 
position tracking error of the robot 
Manipulator converges toward zero in a 
shorter time. This feature is very important 
in controlling the position of the welding 
and assembling robots. 

2. In many articles, the robot manipulator 
position tracking control in torque space 
has been presented. In design of these 
controllers, the dynamic equations of the 
robot manipulator actuators have not been 
considered. Thus, guarantee of the closed-
loop stability system in the presence of 
actuators is difficult and in some cases 
might be impossible [14,16,19]. However, 
in design of the proposed method, 
dynamics of actuators have been included. 

3. In many adaptive fuzzy sliding mode 
controllers, presented for tracking the robot 
manipulator, to reduce the tracking error, 
some coefficients have been considered. 
The controllers can reduce the tracking 
error by increasing these coefficients, 
however an increase in these coefficients 
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causes an increase in the amplitude of 
control input. This causes saturation of 
actuators [11,13,14]. In the adaptive law of 
the proposed method, the coefficient   
has been used. Increasing of this 
coefficient causes reduction of tracking 
error, while it does not have anyinfluence 
in increasing of control input amplitude. 
This advantage is shown in the simulation 
section. 

4. In SISO adaptive fuzzy sliding mode control 
that is presented for robot manipulator 
position tracking, the influence that robot 
manipulator joints apply on each other is 
disregarded [14]. However, if the robot 
manipulator intends to operate with high 
speed, influence of the joints on each other 
exists significantly. Thus, it is possible to 
make the stability of closed-loop system 
very difficult. In design of the proposed 
adaptive fuzzy approximator, MIMO fuzzy 
rule has been used. Thus, reciprocal 
influence of robot manipulator joints can 
be reduced by choosing suitable fuzzy 
rules.   

5. In most papers which are presented for 
robot manipulator controller, there is no 
proving for stability of closed-loop system 
[20, 21]. However, in this paper, it is 
proved that the closed-loop with purposed 
controller system has the global asymptotic 
stability in the presence of all uncertainties.   

6. The use of the inverse dynamic technique 
causes the uncertainty bounds to be 
reduced. Hence, the amplitude of the 
control input can be performed in a desired 
range for determination of the control input 
coefficients[25,26]. 

7. In the proposed control design, to define the 
control input parameters, modified 
optimization algorithm has been used. In 
this case, increment of the control input 
amplitude is prevented and implementation 
of the proposed control becomes much 
more cost-efficient. 

 
7. Case Studies 
In 1981, Sankyo Seiki, Pentel and NEC 
presented a completely new concept for 
assembly robots. The robot was developed 
under the guidance of Hiroshi Makino, a 
professor at the University of Yamanashi. This 
robot was called Selective Compliance 

Assembly Robot Arm (SCARA). Its arm was 
rigid in the Z-axis and pliable in the XY-axes, 
which allowed it to be adapted to holes in the 
XY-axes [18]. By virtue of the SCARA's 
parallel-axis joint layout, the arm is slightly 
compliant in the X-Y direction but rigid in the 
‘Z’ direction. Hence the term: Selective 
Compliant was applied for the system. This is 
advantageous for many types of assembly 
operations, i.e., inserting a round pin in a 
round hole without binding. The second 
attribute of the SCARA is the jointed two-link 
arm layout similar to our human arms, hence 
the often-used term, Articulated. This feature 
allows the arm to extend into confined areas 
and then retract or “fold up” out of the way. 
This is advantageous for transferring parts 
from one cell to another or for 
loading/unloading process stations that are 
enclosed.In this section, Fig. 3 is used as a 
case study to examine performance of the 
proposed controllers of the SCARA robot 
manipulator. Considering Eq. (1), dynamic 
equations of the robot manipulator in the 
presence of PMDC motor’s dynamics, are as 
follows [1]: 
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    (63) 

 
 
 
 

 

 
    ,     

 

 
Figure 3. The SCARA robot manipulator. 

 
SCARA robot manipulator and PMDC motor parameters are shown in Table 2. 

Table 2. SCARA robot manipulator and PMDC motor parameters. 
Value Parameter Value Parameter 

    

    

    

    

    

    

    

    
    

    

    

    
    

 
where , , and are the length of the links;  

, , and are the mass of the first, 
second and third link, respectively;   is the 
acceleration of gravity; , and  are the 
inertial of the Motors; ,  and  are the 
gears ratio; ,  and are the friction 

of the motors; , , and are  
constant of motors recursive; ,  and 

 are constant of motors torque; and ,  
and are the motors armature resistance. 
Desirable trajectory is introduced by Eq. (54) 
and desirable positions of joints 1, 2 and 3 are 
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shown in Fig. 4. Fuzzy rules base systems are 
adjusted the same as    Fig. 1, according to Eq.  
 
(33) and membership functions of these rules. 
The initial conditions of the robot manipulator 
joints are considered equal 
to

. 

 

 

 

(64) 

In the mentioned equation, values , , and 
 are desirable acceleration vector, desirable 

velocity vector, and desired positional vector of  
robot manipulator joints, respectively. Fuction 

 also is a square pulse with 1 amplitude, 2 
second period, pulse width 50 %of period and 0 
second phase delay. 
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Figure 4. Desired position of the first, second and 
third joints of the SCARA robot manipulator.  
 
In this part the proposed controller, five-staged 
examination is performed. In these stages, the 
proposed controller encounters with various 
challenges. Additionally, robustness of the 

proposed controller is evaluated against 
structured and unstructured uncertainties. 
Simulation 1: In this simulation, the integral 
sliding mode position tracking controller is 
applied to the SCARA robot manipulator. In 
this simulation, it is assumed that accurate 
information of SCARA robot manipulator 
dynamics is available. In other words, the 
controller is not encountered with uncertainty. 
To adjust the values of the controller 
coefficients, the Table 3 is used. 
 
 
Table 3.Coefficients of integral sliding mode 
controller. 

Value Parameter Value Parameter 

    

    

    

    

    

 
After running the simulation, according to Fig. 5, 
the first, second and third joint position tracking 
errors have converged from initial value of 0.1 
towards zero in a short time. As expected, due to 
lack of uncertainty, the closed-loop system does 
not have steady-state error. Motor input voltage 
amplitude of the first, second and third of robot 
manipulator are shown in the Figs. 6, 7 and 8, 
respectively. From these figures, the amplitude 
of input controls are situated in an acceptable 
limit. However, due to occurrence of undesired 
chattering phenomenon, practical 
implementation of this controller becomes 
problematic. 
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Figure 5. Tracking errors of the first, second and 
third joint due to applying the integral sliding mode 
controller. 
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Figure 6. The first motor input voltage due to 
applying the integral sliding mode controller. 
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Figure 7. The second motor input voltage due to 
applying the integral sliding mode controller. 
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Figure 8. The third motor input voltage due to 
applying the integral sliding mode controller. 
 
Simulation 2: In this stage of the simulation, 
the integral sliding mode control is confronted 
with a more serious challenge. In this part, it is 
assumed that the information regarding the 
dynamics of static friction, dynamic friction, 
disturbance and dynamics of SCARA robot 
manipulator PMDC motors are not available. 
Additionally, known parameters of the robot 
manipulator are shown in Table 4. In other 
words, in this part of simulation, the integral 
sliding mode controller is encountered with 
structured and unstructured uncertainties. 
Moreover in this simulation, coefficients of the 
integral sliding mode controller are adjusted 
according to Table 3. 
 
Table 4. Known parameters of SCARA robot 
manipulator. 

Value Parameter Value Parameter 

    

    

    

    

 
After running the simulation according to Fig. 
9, position tracking errors of the first, second 
and third joints are converged toward zero in a 
limited time. However, Figs. 10, 11, and 12 
show that the motors input voltages have high 
chattering phenomenon. Thus, the integral 
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sliding mode controller is compelled to 
increase the chattering in control input in order 
to maintain the stability of the closed-loop 
system against structured and unstructured 
uncertainties. Hence, in this case, practical 
implementation of this controller becomes even 
more problematic. 
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Figure 9. Tracking errors of the first, second and 
third joint due to the integral sliding mode controller 
in presence of structured and unstructured 
uncertainties. 
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Figure 10. The first motor input voltage due to 
applying the integral sliding mode controller in the 
presence of structured and unstructured 
uncertainties. 
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Figure 11. The second motor input voltage due to 
applying the integral sliding mode controller in the 
presence of structured and unstructured 
uncertainties. 
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Figure12. The third motor input voltage due to 
applying the integral sliding mode controller in the 
presence of structured and unstructureduncertainties. 

 
Simulation 3: In this part, optimal adaptive 
fuzzy integral sliding mode position tracking 
controller is applied to SCARA robot 
manipulator. Governing condition of this 
simulation is the same as Simulation 1. 
According to Table 5, optimal adaptive fuzzy 
integral sliding mode controller coefficients are 
adjusted. 
 
Table 5. Coefficients of optimal adaptive fuzzy 
integral sliding mode controller. 

Value Parameter Value Parameter 
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Comparing Tables 3 and 5, values for matrix  
and  are not chosen the same in both 
controllers. The parameters of Table 5 also are 
defined through modified HS optimization 
algorithm. After running the simulation, Fig. 13 
shows the proposed controller performs 
desirably and joint position tracking errors of 
the first, second and third converge toward zero 
in a short time. Figure 14 shows that undesired 
chattering effects are eliminated in motor input 
voltage of the first, second and third by using 
adaptive fuzzy approximator. Additionally, 
maximum amplitude of motor input voltage 
first, second and third, are 45.16, 51.89 and 
46.06 volts, respectively. Maximum input of 
the motor voltages are not increased compared 
to the previous simulations.  Figure 15 
illustrates that the optimal adaptive fuzzy 
approximator performs desirably and the values 
of , , and  are approximated in such a 
way that can guarantee the closed-loop systems 
stability. 
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Figure 13. Tracking errors of the first, second and 
third joint due to applying the optimal adaptive 
fuzzy integral sliding mode controller. 
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Figure 14. The input voltages of the motors due to 
applying the optimal adaptive fuzzy integral sliding 
mode controller. 
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Figure 15. The , , and  are outputs of optimal 

adaptive fuzzy approximator. The symbol  is 

representing Eta. 
 
Simulation 4: In this part, position tracking 
controller of optimal adaptive fuzzy integral 
sliding mode is situated under a great 
challenge. Thus, in this stage, the proposed 
control in the SCARA robot manipulator 
controlling is confronted with the structured 
and unstructured uncertainties. The proposed 
control coefficients are adjusted according to 
Table 6. The existing parameters of Table 6 are 
defined by modified HS optimization 
algorithm. 
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Table 6. Coefficients of optimal adaptive fuzzy 
integral sliding mode controller in the presence of 
structured and unstructured uncertainties. 

Value Parameter Value Parameter 

    
    

    

    
    

 
 After running the simulation, the proposed 
controller performs desirably (Fig. 18) and the 
position tracking errors of the first, second and 
third joint converges toward zero. However, due 
to existence of the structured and unstructured 
uncertainties with large bound, tracking errors 
are partially increased in comparison with the 
third simulation. In Fig. 17, undesired chattering 
phenomenon effects in input voltage of the first, 
second and third motor are eliminated by optimal 
adaptive fuzzy approximator. Additionally, 
maximum amplitude of input voltage of first, 
second and third motor are 97.08, 53.14, and 137 
volts, respectively. In comparison with 
Simulations 1 and 2, the maximum inputs of 
motor voltages are not increased. There is just a  
partial increment that can be seen in comparison 
with Simulation 3. Moreover, Figure 18 shows 
that the optimal adaptive fuzzy approximator 
performs desirably. Additionally, it approximates 
values , , and  in such a way that can 
guarantee stability of the closed-loop systemis 
spite of the structured and unstructured 
uncertainties. 
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Figure 16.Tracking errors of the first, second and 
third joint due to the optimal adaptive fuzzy integral 
sliding mode control in the presence of structured 
and unstructured uncertainties. 
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Figure 17. The input voltages of the motors due to 
applying the optimal adaptive fuzzy integral sliding 
mode controller in the presence of structured and 
unstructured uncertainties. 
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Figure 18.The ,  and  are outputs of optimal 

adaptive fuzzy approximator in the presence of 
structured and unstructured uncertainties. The 

symbol  presents Eta. 

 
Simulation 5: In this section, the adaptive 
fuzzy sliding mode controller [15] is simulated 
in order to position control of SCARA 
manipulator. It should be noted that this 
simulation is only performed and presented in 
order to consider and compare with the 
proposed controller. In order to present a fair 
comparison, similar to Simulation 4, there are 
no available information about the existing 
disturbances, statistical friction dynamics, 
PMDC motor dynamics, and dynamical 
friction. Thus in design of the controller [15], 
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these dynamics are not considered. The known 
parameters of robot manipulator (that are used 
in design of the controller) are determined 
according to Table 4 and 7. 
 
Table 7. Coefficients of adaptive fuzzy sliding mode 
controller[15] in the presence of structured and 
unstructured uncertainties. 

Value Parameter Value Parameter 

    

  
  

  
  

  
  

  
  

 
After performing the simulation, tracking error 
of the joints from initial condition 0.1 are 
converged to zero according to Figure 19. It 
can be concluded from comparing Figures (16) 
and (19) that converging speed of joints 
tracking errors, in the first 5 seconds of 
simulation is slower in comparison with 
Simulation 4. However, it has less steady-state 
error. It should be noted that after spending 15 
seconds, steady-state error of joints converges 
to zero according to Figure (16). However, 
according to Figure (20), the controller [15] 
cannot eliminate effects of undesired chattering 
phenomenon in first, second, and third motors 
input voltage. Additionally, maximum input 
voltage amplitude of motors 1, 2, and 3 are 
77.08, 152, and 350 volts, respectively.  
Through comparison of Figures (17) and (20), 
the proposed control input amplitude is much 
less than controller [15]. Thus, in case of using 
controller [15], applying motors with higher 
power are inevitable. Therefore, practical 
implementation of this controller with motors 
are very difficult. Additionally, due to 
appearance of chattering phenomenon in the 
controller input [15], the life time of these 
motors will be less. According to Figure (21), 
the adaptive fuzzy approximator estimates the 
values of , , and  in such a way that the 
stability of the closed-loop system is 
guaranteed  in the presence of all the structured 
and unstructured uncertainties. Table (8) is 
presented in order to clarify performances of 
Simulations (4) and (5). 
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Figure 19. tracking errors of the first, second and 
third joint due to the adaptive fuzzy sliding mode 
control[15] in the presence of structured and un-
structured uncertainties. 
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Figure 20. The motors’ input voltages due to 
applying the adaptive fuzzy sliding mode control 
[15] in presence of structured and un-structured 
uncertainties. 
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Figure 21. The ,  and  are outputs of adaptive fuzzy approximator[15] in presence of structured and un-
structured uncertainty. The symbol  is representing Eta 

 

Table 8.Comparison of performance of the proposed controller and adaptive fuzzy sliding mode controller[15]. 

  
Chattering 

effects 

 
Maximum  
of steady 
tracking 

error with 
 

preciseness 

 
Maximum 
of control 

input 
steady 

amplitude  

 
Maximum 

of 
transient 
tracking 

error with 
 

preciseness  

 
Maximum 
of control 

input 
bound  

 
 

 
Adaptive 

fuzzy 
sliding 
mode 

controller 

eliminate 0.0022 67.4 0.006 137  
Proposed 

remained 0.0018 72.8 0.04 350 [15] 

 
Table (8) shows the performance of the proposed 
controller is more desirable in comparison with 
controller [15] except in steady tracking error, that 
controller [15] is slightly more desirable. Amplitude 
of the proposed controller is much less than controller 
[15] and there is no trace of chattering in the proposed 
control input. Thus the practical implementation of 
the proposed controller is simpler and much more 
cost-efficient in comparison with controller [15].  
 
8. Conclusions 
In this paper, using the inverse dynamic technique and 
sliding mode control, an integral sliding mode 
controller was presented to position tracking of the 
robot manipulator in the presence of motor dynamics. 
The inverse dynamic technique reduced uncertainties 
bound. However, due to the application of sliding 
mode control, the control input was accompanied with 
occurrence of undesired chattering phenomenon. To 

overcome the chattering phenomenon, a MIMO 
adaptive fuzzy approximator was designed to 
approximate bound of the remaining uncertainties. 
Using the integral sliding mode control causes the 
robot manipulator position tracking error converges 
toward zero in a very short time. Using MIMO fuzzy 
system causes reduction of interactions between robot 
manipulator joints in position tracking of robot 
manipulator control. Analytical results showed that 
the closed-loop system with the proposed control has 
the global asymptotic stability in the presence of all 
the uncertainties. To prevent increment in the control 
input amplitude, choosing the coefficients of the 
control input was performed by modified harmony 
search optimization algorithm. Simulation results 
showed desired performance of the proposed control 
in the position tracking control of SCARA robot 
manipulator. 
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