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Abstract— In this paper, a PD-serial fuzzy based robust 

nonlinear estimator for a robot manipulator is proposed 

by using robust factorization approach. That is, 

considering the uncertainties of dynamic model 

consisting of measurement error and disturbances, a PD 

with fuzzy estimator variable structure nonlinear 

feedback control scheme is designed to reduce effect of 

uncertainties. This research aims to design a new 

methodology to fix the position in robot manipulator. 

PD method is a linear methodology which can be used 

for highly nonlinear system’s (e.g., robot manipulator). 

To estimate this method, new serial fuzzy variable 

structure method (PD.FVSM) is used. This estimator 

can estimate the parameters to have the best 

performance. 

 

Index Terms— Robot Manipulator, Fuzzy Logic 

Methodology, Variable Structure Control, Linear PD 

Methodology, Estimator, Fuzzy Variable Structure 

Estimator 

 

I. Introduction 

Robot manipulator is a collection of links that 

connect to each other by joints, these joints can be 

revolute and prismatic that revolute joint has rotary 

motion around an axis and prismatic joint has linear 

motion around an axis. Each joint provides one or more 

degrees of freedom (DOF) [1-8]. From the mechanical 

point of view, robot manipulator is divided into two 

main groups, which called; serial robot links and 

parallel robot links. Most of industrial robots are serial 

links, which in   degrees of freedom serial link robot 

manipulator the axis of the first three joints has a known 

as major axis, these axes show the position of end-

effector, the axis number four to six are the minor axes 

that use to calculate the orientation of end-effector and 

the axis number seven to   use to reach the avoid the 

difficult conditions (e.g., surgical robot and space robot 

manipulator). Kinematics is an important subject to find 

the relationship between rigid bodies (e.g., position and 

orientation) and end-effector in robot manipulator. The 

mentioned topic is very important to describe the three 

areas in robot manipulator: practical application such as 

trajectory planning, essential prerequisite for some 

dynamic description such as Newton’s equation for 

motion of point mass, and control purposed therefore 

kinematics play important role to design accurate 

controller for robot manipulators. Robot manipulator 

kinematics is divided into two main groups: forward 

kinematics and inverse kinematics where forward 

kinematics is used to calculate the position and 

orientation of end-effector with given joint parameters 

(e.g., joint angles and joint displacement) and the 

activated position and orientation of end-effector 

calculate the joint variables in Inverse Kinematics[6-13]. 

Dynamic modeling of robot manipulators is used to 

describe the behavior of robot manipulator such as 

linear or nonlinear dynamic behavior, design of model 

based controller such as pure variable structure 

controller and pure computed torque controller which 

design these controller are based on nonlinear dynamic 
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equations, and for simulation. The dynamic modeling 

describes the relationship between joint motion, 

velocity, and accelerations to force/torque or 

current/voltage and also it can be used to describe the 

particular dynamic effects (e.g., inertia, coriolios, 

centrifugal, and the other parameters) to behavior of 

system[14-23]. 

The Controller is a device which can sense 

information from linear or nonlinear system (e.g., robot 

manipulator) to improve the systems performance [24-

33].   The main targets in designing control systems are 

stability, good disturbance rejection, and small tracking 

error[5]. Several industrial robot manipulators are 

controlled by linear methodologies (e.g., Proportional-

Derivative (PD) controller, Proportional- Integral (PI) 

controller or Proportional- Integral-Derivative (PID) 

controller), but when robot manipulator works with 

various payloads and have uncertainty in dynamic 

models this technique has limitations. In some 

applications robot manipulators are used in an unknown 

and unstructured environment, therefore strong 

mathematical tools used in new control methodologies 

to design nonlinear robust controller with an acceptable 

performance (e.g., minimum error, good trajectory, 

disturbance rejection) [34-38]. To reduce the above 

challenges, the nonlinear robust controller is used to 

control of robot manipulator. Variable structure 

controller (VSC) is a powerful nonlinear robust 

controller under condition of partly uncertain dynamic 

parameters of system [39-45]. This controller is used to 

control of highly nonlinear systems especially for robot 

manipulators. Chattering phenomenon and nonlinear 

equivalent dynamic formulation in uncertain dynamic 

parameter are two main drawbacks in pure variable 

structure controller [46-53]. The chattering 

phenomenon problem in pure variable structure 

controller is reduced by using linear saturation 

boundary layer function or applied artificial intelligence 

in this controller. The nonlinear equivalent dynamic 

formulation problem in uncertain system is solved by 

using fuzzy logic theorem [8]. Fuzzy logic theory is 

used to remove or estimate the system’s dynamics. To 

estimate the system dynamics, fuzzy logic methodology 

is applied to VSC to design an acceptable estimator. 

Proposed MIMO linear PD controller with serial 

error-based fuzzy variable structure controller is a 

chattering free dynamic model-free controller 

compensator. This methodology is based on applied 

fuzzy logic in equivalent nonlinear dynamic part to 

estimate unknown parameters and applied this 

methodology to PD controller to estimate it. Linear PD 

controller has difficulty to control of nonlinear systems 

then VSC applied to PD controller to estimate it. Pure 

VSC has difficulty in handling unstructured model 

uncertainties, it is possible to solve this problem by 

combining fuzzy logic theory and VSC. This method is 

based on eliminate the equivalent part in fuzzy variable 

structure method (FVSC) to estimate the nonlinearity 

term in PD controller.  The FVSC improve the variable 

structure surface gain ( ) as well as improve the output 

performance by eliminate the equivalent part based on 

artificial intelligence rule. Error-based fuzzy serial VSC 

is stable model-free estimator for linear PD controller 

which does not need to limits the dynamic model of 

robot manipulator and eliminate the chattering 

phenomenon without to use the boundary layer 

saturation function.  

This paper is organized as follows: In section 2, main 

subject of modeling robot manipulator formulation, 

linear PD controller, variable structure methodology 

and fuzzy logic method are presented. Detail of 

proposed methodology is presented in section 3. In 

section 4, the simulation result is presented and finally 

in section 5, the conclusion is presented. 

 

II. Theory 

2.1 Robot Manipulator’s Dynamic: 

Dynamic modeling of robot manipulators is used to 

describe the behavior of robot manipulator such as 

linear or nonlinear dynamic behavior, design of model 

based controller such as pure variable structure 

controller and pure computed torque controller which 

design these controller are based on nonlinear dynamic 

equations, and for simulation. The dynamic modeling 

describes the relationship between joint motion, 

velocity, and accelerations to force/torque or 

current/voltage and also it can be used to describe the 

particular dynamic effects (e.g., inertia, coriolios, 

centrifugal, and the other parameters) to behavior of 

system[1]. The Unimation PUMA 560 serially links 

robot manipulator was used as a basis, because this 

robot manipulator is widely used in industry and 

academic. It has a nonlinear and uncertain dynamic 

parameters serial link 6 degrees of freedom (DOF) 

robot manipulator. The equation of an n-DOF robot 

manipulator governed by the following equation [1, 4, 

15-29, 41-53]: 

 

 ( ) ̈   (   ̇)    (1) 

 

Where τ is actuation torque, M (q) is a symmetric and 

positive define inertia matrix,  (   ̇) is the vector of 

nonlinearity term. This robot manipulator dynamic 

equation can also be written in a following form [1-29]: 

 

   ( ) ̈   ( ), ̇  ̇-   ( ), ̇-   ( )  (2) 

 

Where B(q) is the matrix of coriolios torques, C(q) is 

the matrix of centrifugal torques, and G(q) is the vector 

of gravity force. The dynamic terms in equation (2) are 

only manipulator position. This is a decoupled system 

with simple second order linear differential dynamics. 

In other words, the component  ̈  influences, with a 

double integrator relationship, only the joint variable  , 
independently of the motion of the other joints. 



 Design Serial Fuzzy Variable Structure  113 

Compensator for Linear PD Controller: Applied to Rigid Robot 

Copyright © 2013 MECS                                      I.J. Information Technology and Computer Science, 2013, 11, 111-122 

Therefore, the angular acceleration is found as to be [3, 

41-53]: 

 

 ̈     ( ) *   (   ̇)+  (3) 

 

This technique is very attractive from a control point 

of view. 

 

2.2 Linear PD Main Controller 

Design of a linear methodology to control of robot 

manipulator was very straight forward. Since there was 

an output from the torque model, this means that there 

would be two inputs into the PD controller. Similarly, 

the outputs of the controller result from the two control 

inputs of the torque signal. In a typical PD method, the 

controller corrects the error between the desired input 

value and the measured value. Since the actual position 

is the measured signal. Figure 1 shows the linear PD 

methodology, applied to robot manipulator.  
  

 ( )         ( )    ( ) (4) 

 

  

      
      ̇ (5) 

 

 

Fig. 1: Block diagram of linear PD method  

 

The model-free control strategy is based on the 

assumption that the joints of the manipulators are all 

independent and the system can be decoupled into a 

group of single-axis control systems [18-23]. Therefore, 

the kinematic control method always results in a group 

of individual controllers, each for an active joint of the 

manipulator. With the independent joint assumption, no 

a priori knowledge of robot manipulator dynamics is 

needed in the kinematic controller design, so the 

complex computation of its dynamics can be avoided 

and the controller design can be greatly simplified. This 

is suitable for real-time control applications when 

powerful processors, which can execute complex 

algorithms rapidly, are not accessible. However, since 

joints coupling is neglected, control performance 

degrades as operating speed increases and a manipulator 

controlled in this way is only appropriate for relatively 

slow motion [44, 46]. The fast motion requirement 

results in even higher dynamic coupling between the 

various robot joints, which cannot be compensated for 

by a standard robot controller such as PD [50], and 

hence model-based control becomes the alternative. 

2.3 Variable Structure Controller 

Consider a nonlinear single input dynamic system is 

defined by [6]: 

 

 ( )   ( ⃗⃗ )   ( ⃗⃗ )  (6) 

 

Where u is the vector of control input,  ( ) is the      

derivation of   ,   ,   ̇  ̈    (   )-   is the state 

vector,  ( ) is unknown or uncertainty, and  ( ) is of 

known sign function. The main goal to design this 

controller is train to the desired state;    

,    ̇   ̈      
(   )- , and trucking error vector is 

defined by [6]:  

 

 ̃       , ̃    ̃
(   )-  (7) 

 

A time-varying sliding surface  (   )  in the state 

space    is given by [6]: 

 

 (   )  (
 

  
  )     ̃    

(8) 
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where λ is the positive constant. To further penalize 

tracking error, integral part can be used in sliding 

surface part as follows [6]: 

 

 (   )  (
 

  
  )    (∫  ̃

 

 

  )    
(9) 

 

The main target in this methodology is kept the 

sliding surface slope  (   ) near to the zero. Therefore, 

one of the common strategies is to find input   outside 

of  (   ) [6]. 

 
 

 

 

  
  (   )    | (   )| 

(10) 

 

where ζ is positive constant. 

 

If  S(0)>0 
 

  
 ( )     (11) 

 

To eliminate the derivative term, it is used an integral 

term from t=0 to t=       

 

∫
 

  

        

   

 ( )   ∫    
        

   

(      )

  ( )    (        ) 

(12) 

 

Where        is the time that trajectories reach to the 

sliding surface so, suppose  S(        ) defined as; 

 

   ( )    (      )         
 ( )

 
 

(13) 

 

and 

 
    ( )       ( )    (      )

  ( )    (      )

        
| ( )|

 
 

(14) 

 

Equation (14) guarantees time to reach the sliding 

surface is smaller than 
| ( )|

 
  since the trajectories are 

outside of  ( ). 
 
            ( )       (    )      (15) 

 

suppose S is defined as  

 

 (   )  (
 

  
  )   ̃

 ( ̇   ̇ )   (    )   

(16) 

 

The derivation of S, namely,  ̇ can be calculated as 

the following; 

 

 ̇  ( ̈   ̈ )   ( ̇   ̇ )     (17) 

 

suppose the second order system is defined as; 

 

 ̈        ̇       ̈   ( ̇   ̇ )   (18) 

 

Where   is the dynamic uncertain, and also since 

         ̇   , to have the best approximation , ̂ is 

defined as 

 

 ̂    ̂   ̈   ( ̇   ̇ )   (19) 

 

A simple solution to get the sliding condition when 

the dynamic parameters have uncertainty is the 

switching control law [52-53]: 

 

      ̂   ( ⃗⃗   )     ( )     (20) 

 

where the switching function    ( ) is defined as [1, 6] 

 

   ( )  {
                
                
                   

  
(21) 

 

and the  ( ⃗⃗   ) is the positive constant. Suppose by (10) 

the following equation can be written as, 

 
 

 

 

  
  (   )    ̇   [   ̂      ( )]   

 (   ̂)     | |  

(22) 

 

and if the equation (14) instead of (13) the sliding 

surface can be calculated as  

 

 (   )  (
 

  
  )  (∫  ̃

 

 

  )

 ( ̇   ̇ )    ( ̇   ̇ )

   (    )  

(23) 

 

in this method the approximation of   is computed as 

[6] 

 

 ̂    ̂   ̈    ( ̇   ̇ )   
 (    )  (24) 

 

Based on above discussion, the variable structure 

control law for a multi degrees of freedom robot 

manipulator is written as [1, 6]: 

 
           (25) 

 

Where, the model-based component     is the 

nominal dynamics of systems calculated as follows [1]: 

 

    [ 
  (     )   ̇]   (26) 

 

and      is computed as [1]; 

 
          ( ) (27) 

 

By (27) and (26) the variable structure control of 

robot manipulator is calculated as;  

 

  [   (     )   ̇]       ( ) (28) 
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where       ̇  in PD-SMC and       ̇  

(
 

 
) ∑  in PID-SMC. 

 

2.4 Proof of Stability 

The lyapunov formulation can be written as follows, 

 

  
 

 
         

(29) 

 

The derivation of   can be determined as, 

 

 ̇    
 
    ̇        ̇   (30) 

 

The dynamic equation of robot manipulator can be 

written based on the sliding surface as 

 

  ̇        ̇         (31) 

 

It is assumed that 

 

  ( ̇        )     (32) 

 

by substituting (31) in (30) 

 

 ̇  
 

 
   ̇           (  ̇        )

   (  ̇        ) 

(33) 

 

suppose the control input is written as follows 

 
 ̂            ̂      ̂

 [   ̂(     )   ̇] ̂

      ( )         

(34) 

 

by replacing the equation (34) in (29) 

 
 ̇    (  ̇         ̂ ̇     ̂   

     ( )

   . ̃ ̇     ̃   

     ( )/ 

(35) 

and 

 

| ̃ ̇     ̃   |  | ̃ ̇|  |   ̃   |  (36) 

 

The Lemma equation in robot arm system can be 

written as follows 

 

   [| ̃ ̇|  |      |   ]                (37) 

 

and finally; 

 

 ̇   ∑  

 

   

|  |  
(38) 

 

 

 

2.5 Fuzzy Logic Methodology 

Based on foundation of fuzzy logic methodology; 

fuzzy logic controller has played important rule to 

design nonlinear controller for nonlinear and uncertain 

systems [53]. However the application area for fuzzy 

control is really wide, the basic form for all command 

types of controllers consists of; 

Input fuzzification (binary-to-fuzzy [B/F] conversion) 

Fuzzy rule base (knowledge base), Inference engine and 

Output defuzzification (fuzzy-to-binary [F/B] 

conversion). Figure 2 shows the fuzzy controller part. 

 

Fig. 2: Fuzzy Controller Part 

 

The fuzzy inference engine offers a mechanism for 

transferring the rule base in fuzzy set which it is divided 

into two most important methods, namely, Mamdani 

method and Sugeno method. Mamdani method is one of 

the common fuzzy inference systems and he designed 

one of the first fuzzy controllers to control of system 

engine. Mamdani’s fuzzy inference system is divided 

into four major steps: fuzzification, rule evaluation, 

aggregation of the rule outputs and defuzzification.  

Michio Sugeno use a singleton as a membership 

function of the rule consequent part. The following 

definition shows the Mamdani and Sugeno fuzzy rule 

base [22-33] 

 

 
                                           
                                (   )          

(39) 

 

When   and   have crisp values fuzzification 

calculates the membership degrees for antecedent part. 

Rule evaluation focuses on fuzzy operation (       ) 

in the antecedent of the fuzzy rules. The aggregation is 

used to calculate the output fuzzy set and several 

methodologies can be used in fuzzy logic controller 

aggregation, namely, Max-Min aggregation, Sum-Min 

aggregation, Max-bounded product, Max-drastic 

product, Max-bounded sum, Max-algebraic sum and 

Min-max. Defuzzification is the last step in the fuzzy 

inference system which it is used to transform fuzzy set 

to crisp set. Consequently defuzzification’s input is the 

aggregate output and the defuzzification’s output is a 

crisp number. Centre of gravity method (   )  and 
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Centre of area method (   )  are two most common 

defuzzification methods. 

 

III. Methodology 

Based on the dynamic formulation of robot 

manipulator, (3), and the industrial PD law (5) in this 

paper we discuss about regulation problem, the desired 

position is constant, i.e.,  ̇    . In most robot 

manipulator control, desired joint positions are 

generated by the trajectory planning. The objective of 

robot control is to design the input torque in (1) such 

that the tracking error 

 

        (40) 

 

When the dynamic parameters of robot formulation 

known, the PD control formulation (11) should include 

a compensator as  

 

           (   ) (41) 

 

Where G is gravity and F is appositive definite 

diagonal matrix friction term (coulomb friction). If we 

use a Lyapunov function candidate as  

 

    
 

 
 ̇   ̇  

 

 
      

(42) 

 

 ̇     ̇
    ̇    (43) 

  

It is easy to known  ̇    and     are only initial 

conditions in  {, ̇  -  ̇   }, for which , ̇  -     

for al l   . By the LaSalle’s invariance principle, 

    and  ̇   . When G and F in (11) are unknown, a 

fuzzy logic can be used to approximate them as   

 

 ( )   ∑    
 

   

( )      ( ) 
(44) 

 

Where 

  (       )   ( )  
(  ( )     ( ))         ( )  

 ∏
 
  
 (  )

∑ (∏  
  
 (  ))

 
   

 
   

 
             are 

adjustable parameters in (44).     (  )      
 (  ) are 

given membership functions whose parameters will not 

change over time. 

 

The second type of fuzzy systems is given by  

 

 ( )   

∑    
   [∏    ( (

     
 

  
 )

 

) 
   ]

∑ [∏    ( (
     

 

  
 )

 

) 
   ] 

   

  

(45) 

 

Where       
        

  are all adjustable parameters. 

From the universal approximation theorem, we know 

that we can find a fuzzy system to estimate any 

continuous function. For the first type of fuzzy systems, 

we can only adjust    in (45). We define   ( | )  as 

the approximator of the real function ( ).  
 

  ( | )      ( ) (46) 

 

We define    as the values for the minimum error: 

 

         
   

[   
   

|   ( | )    ( )|] (47) 

 

Where   is a constraint set for  . For specific 

         | 
 ( |  )   ( )|  is the minimum 

approximation error we can get. 

 

We used the first type of fuzzy systems (44) to 

estimate the nonlinear system (12) the fuzzy 

formulation can be write as below; 

 

 ( | )      ( )   

               
∑    
   [   ( )]

∑ ,   ( )-
 
   

 

(48) 

 

Where         are adjusted by an adaptation law. 

The adaptation law is designed to minimize the 

parameter errors of       .  The SISO fuzzy system is 

define as  

 

 ( )      ( ) (49) 

 

Where  

    (       )
   

[
 
 
 
  
    

       
 

  
    

       
 

                
  
    

       
 ]
 
 
 
 

(50) 

 

 ( )  (  ( )     ( ))       ( )  ∏  
  
 (  ) 

 
   

∑ (∏  
  
 (  )) 

 
   

 
      and  

  
 (  ) is defined in (48). To 

reduce the number of fuzzy rules, we divide the fuzzy 

system in to three parts: 

 

  (   ̇)        (   ̇) 

                  0  
    (   ̇)      

    (   ̇)  1
 

 

 

(51) 

 

  (   ̈ )    
    (   ̈ ) 

         0  
    (   ̈ )      

    (   ̈ )  1
 

 

 

(52) 

 

  (   ̈)        (   ̈) 

            0  
    (   ̇)      

    (   ̈)  1
 

 

 

(53) 

 



 Design Serial Fuzzy Variable Structure  117 

Compensator for Linear PD Controller: Applied to Rigid Robot 

Copyright © 2013 MECS                                      I.J. Information Technology and Computer Science, 2013, 11, 111-122 

The control security  input is given by 

 

       ̈     ( ) ̇ ̇   ( ) ̇
  

 ( )    (   ̇)     (   ̈ )    
 (   ̈)  

        ̇  

(54) 

 

Where    ,  ( ) ̇ ̇  ( ) ̇   ( )  are the 

estimations of  ( ). 
 

Based on sliding mode formulation (28) and PD 

linear methodology (5); 

 

     ( ̇    ) (55) 

And         is obtained by 

 

         ( ⃗   )     (    )   ( ⃗   )  

    ( ( ̇    ))    

(56) 

 

The Lyapunov function in this design is defined as 

 

  
 

 
     

 

 
∑

 

   

 

   

      
(57) 

 

where     is a positive coefficient,       ,    is 

minimum error and   is adjustable parameter. Since 

 ̇     is skew-symetric matrix; 

 

    ̇  
 

 
   ̇    (  ̇    )  

(58) 

 

If the dynamic formulation of robot manipulator 

defined by 

 

   ( ) ̈   (   ̇) ̇   ( ) (59) 

 

The controller formulation is defined by 

 

   ̂ ̈   ̂ ̇   ̂       (60) 

According to (58) and (59) 

 

 ( ) ̈   (   ̇) ̇   ( )   ̂ ̈   ̂ ̇  
 ̂        

(61) 

 

Since  ̇   ̇         ̈   ̈   ̇  

 

  ̇  (   )        (62) 

  ̇             

 

The derivation of V is defined 

 

 ̇      ̇  
 

 
   ̇  ∑

 

   

 

   

    ̇   
(63) 

 ̇    (  ̇    )  ∑
 

   

 

   

    ̇  

 

Based on (61) and (62) 

 

 ̇    (        λ    )  

∑
 

   

 
       ̇   

(64) 

 

where    , ( ) ̈   (   ̇) ̇   ( )-  
∑    
    ( ) 

 

  ̇  ∑[  (      )]

 

   

      ∑
 

   

 

   

    ̇  

 

Suppose    is defined as follows 

 

   
∑   

 ,  (  )-
 
   

∑ ,  (  )-
 
   

   
   (  )  

(65) 

 

Where   (  )  ,  
 (  )   

 (  )   
 (  )       

 (  )-
  

 

  
 (  )  

 ( )  
 (  )

∑  ( )  
 (  ) 

  
(66) 

 

where  (  ) is membership function. The fuzzy system 

is defined as  

 

 ( )         ∑   
 

   
 ( )     (   ̇)  

(67) 

 

where   (               )  is adjustable 

parameter in (65)  

 

According to (62), (63) and (65); 

 

 ̇  ∑ [  (     
  (  )]

 
         

∑
 

   

 
       ̇   

(68) 

 

Based on               

 

 ̇  

∑ [  (    θ
  
ζ(  )    ζ(  )]

 
      λ  

∑
 

   

 
       ̇   

 

(69) 

 ̇  ∑[  (    ( 
 )  (  )]

 

   

     

 ∑
 

   

 

   

  
 ,         (  )   ̇ -) 
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where  ̇         (  )  is adaption law,   ̇    ̇  

        (  )   ̇ is considered by 

 

 ̇  ∑,  

 

   

    .(  
 )   (  )/-   

     
(70) 

 

The minimum error is defined by 

 

        .(  
 )   (  )/ 

(71) 

 

Therefore  ̇ is computed as 

 

 ̇  ∑,  

 

   

   -   
    

(72) 

 ∑ |  
 
   ||   |   

         

 ∑|  

 

   

||   |      
    

       ∑|  

 

   

|(|   |      )   
(73) 

 

For continuous function  ( ), and suppose     it 

is defined the fuzzy logic system in form of  

 

      | ( )   ( )|    (74) 

 

the minimum approximation error (   ) is very small.  

 
                       |  |  

    (    )                 ̇        (    )  
(75) 

 

This method has two main controller’s coefficients, 

         . To tune and optimize these parameters 

mathematical formulation is used  

 

  (               )       (76) 

                )      

[   (     )   ̇]       ( )  

 

∑ θ
  

   *∏    ( (
     

 

  
 )

 

) 
   +

∑ *∏    ( (
     

 

  
 )

 

) 
   + 

   

 (   
   

     ̇)  

(77) 

 

The most important different between PD SMC and 

PD SMC+FL is the uncertainty. In PD SMC the 

uncertainty is d = G+F + f. The sliding mode gain must 

be bigger than its upper bound. It is not an easy job 

because this term includes tracking errors      and  ̇ . 

While in PD SMC+FL, the uncertainty η is the fuzzy 

approximation error for        . 
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It is usually is smaller than         ; and the 

upper bound of it is easy to be estimated. Figure 3 

shows the PD controller with serial PD fuzzy variable 

structure controller. 

 

 

Fig. 3: PD with fuzzy VSC Compensator 

 

IV. Results and Discussion 

Linear PD controller (PD) and proposed PD with 

SISO fuzzy variable structure estimator were tested to 

sinus response trajectory. The simulation was 

implemented in MATLAB/SIMULINK environment. 

Links trajectory and disturbance rejection are compared 

in these controllers. It is noted that, these systems are 

tested by band limited white noise with a predefined 40% 

of relative to the input signal amplitude. This type of 
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noise is used to external disturbance in continuous and 

hybrid systems. 

Trajectory: Figure 4 shows the links trajectory in 

PD controller and proposed PD with SISO fuzzy 

variable structure estimator without disturbance for 

sinus trajectory in general and zoom scaling because all 

3 links have the same response so, all links are shown in 

a graph.  

 

 

 

Fig. 4: PD Vs. Proposed method: Robot arm 

 

By comparing sinus response, Figure 4, in PD 

controller and PD with SISO fuzzy variable structure 

estimator, we can seen the the proposed controller’s 

overshoot (0%) is lower than PD's (8%). 

Disturbance rejection: Figure 5 is indicated the 

power disturbance removal in PD controller and PD 

with SISO fuzzy variable structure estimation. Besides 

a band limited white noise with predefined of 40% the 

power of input signal is applied to the sinus PD 

controller and proposed method; it found slight 

oscillations in PD trajectory responses. All 3 links are 

shown in one graph.  

 

 

 

Fig. 5: PD Vs. Proposed method: Robot arm with external disturbance 

 

Among above graph, relating to sinus trajectory 

following with external disturbance, PD controller has 

slightly fluctuations. By comparing overshoot; proposed 

controller's overshoot (0%) is lower than PD's (22%).  

 

V. Conclusion 

Refer to the research, a Lyapunov based SISO fuzzy 

variable structure estimator PD controller design and 

application to robot arm has proposed in order to design 

high performance nonlinear estimator in the presence of 

uncertainties and external disturbances. Regarding to 

the positive points in linear PD controller, variable 

structure controller and fuzzy inference system it is 

found that the fuzzy logic laws derived in the Lyapunov 

sense. The stability of the closed-loop system is proved 

mathematically based on the Lyapunov method. The 

first objective in proposed method is removed the 

chattering which artificial intelligence method is used to 

solve this challenge. The second target in this work is 

compensate the model uncertainty by SISO fuzzy 

inference system, in the case of robot arm, if we define 

   membership functions for each input variable, the 

number of fuzzy rules applied for each joint is    

which will result in a low computational load. In finally 

part fuzzy variable structure methodology with 

minimum rule base is used to compensate and adjusted 

the PD controller. In this case the performance is 

improved by using the advantages of variable structure 

and artificial intelligence compensate while the 

disadvantages removed by added each method to 

previous method.  
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