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Abstract 

Medical robots are sensitive tools to improve the surgery’s performance. One of the 

most active research area in this field is control of medical robot. In this research, 

nonlinear, stable and robust Sliding Mode controller (SMC) is used as a based controller. 

This algorithm works based on the functional operation. The main traditional functions 

for this algorithm are switching and saturation functions. In this research, fuzzy 

algorithm is used to design a unique function to adjust the output performance. According 

to this research, the chattering eliminated based on applied modified sliding function, 

which is more robust than conventional sliding mode controller. 

 

Keywords: surgical robots, four degrees of freedom, Sliding Mode Controller, fuzzy 

logic theory 

 

1. System’s Dynamic (4 DOF Medical Robot Manipulator) 

Robot manipulators have many applications in aerospace, manufacturing, automotive, 

medicine and other industries. Robot manipulators consist of three main parts: 

 Mechanical 

 Electrical 

 control. 

The dynamic functions are extracted from mechanical part of robot manipulator. A 

dynamic function is the study of motion with regard to the forces. Dynamic modeling of 

surgical robot manipulators is used to illustrate the behavior of robot manipulator (e.g., 

nonlinear dynamic behavior), design of nonlinear conventional controller and for 

simulation. It is used to analyses the relationship between dynamic functions output (e.g., 

joint motion, velocity, and accelerations) to input source of dynamic functions (e.g., 

force/torque or current/voltage). Dynamic functions is also used to explain the some 

dynamic parameter’s effect (e.g., inertial matrix, Coriolios, Centrifugal, and some other 

parameters) to system’s behavior [1].  

The equation of multi degrees of freedom (DOF) surgical robot manipulator dynamics 

is considered by the following equation[1]: 

 

, ( )- ̈  , (   ̇)-  , - (1) 

  

The dynamic formulations for 4 Degrees of Freedom serial links surgical robot 

manipulator are computed by; 
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According to [8] the inertial matrix elements (  ) are  
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The Corilios ( ) matrix elements are;  
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Where, 
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Based on above discussion, ( )- is     matrix and , ̇ ̇- is    , therefore , ( )  ̇ ̇- 
is       
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According to [8] Centrifugal ( ) matrix elements are;   
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Gravity ( ) Matrix elements are;  
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Then  ̈ is written as follows;  
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  is presented as follows;  
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Basic information about inertial and gravitational constants is show in tables 1 and 2 
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Table 1. Inertial Constant Reference (Kg.m2) 

                          

                          

                              

                               

                                   

                                     

                                         

                                      

                                         

                                       

                                          

                                  

                              

                              

                 

Table 2. Gravitational Constant (N.m) 

                           

                            

                   

 

Figure 1 shows the simscape modeling of 4 DOF robot manipulator. 

 



International Journal of Bio-Science and Bio-Technology 

Vol.8, No.6 (2016) 

 

 

190            Copyright ⓒ 2016 SERSC 

 

Figure 1. System’s Model 

System’s physical model shows as follow: 

 

Figure 2. System’s Physical Model 

2. Traditional Sliding Mode Control 

Control part is used to adjust the timing between the subparts of robot manipulator to 

reach the best trajectory. Sliding mode controller (SMC) is a powerful nonlinear 

controller which has been analyzed by many researchers especially in recent years. This 

theory was first proposed in the early 1950 by Emelyanov and several co-workers and has 

been extensively developed since then with the invention of high speed control devices 

[2]. The main reason to opt for this controller is its acceptable control performance in 

wide range and solves two most important challenging topics in control which names, 

stability and robustness. Sliding mode controller is divided into two main sub controllers: 

discontinues controller(    ) and equivalent controller(   ).  Discontinues controller 
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causes an acceptable tracking performance at the expense of very fast switching. 

Conversely in this theory good trajectory following is based on fast switching, fast 

switching is caused to have system instability and chattering phenomenon. Chattering 

phenomenon can causes some problems such as saturation and heats the mechanical parts 

of robot manipulators or drivers. To reduce or eliminate the chattering, various papers 

have been reported by many researchers which classified into two most important 

methods: boundary layer saturation method and estimated uncertainties method.  In recent 

years, artificial intelligence theory has been used in nonlinear control systems. Neural 

network, fuzzy logic and neuro-fuzzy are synergically combined with nonlinear classical 

controller and used in nonlinear, time variant and uncertain plant. Consider a nonlinear 

single input dynamic system is defined by [3-5]: 

 ( )   ( ⃗)   ( ⃗)  (38) 

 

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[6-8]:  

 

 ̃       , ̃    ̃
(   )-  (39) 

 

A time-varying sliding surface  (   ) in the state space    is given by: 
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λ is the positive constant. To further penalize tracking error, integral part can be used in 

sliding surface part as follows: 
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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  (   ). 
 

 

 

 

  
  (   )    | (   )| 

(42) 

ζ is positive constant. 

 

If  S(0)>0 
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To eliminate the derivative term, it is used an integral term from t=0 to t=       
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Where        is the time that trajectories reach to the sliding surface so, suppose 

S(        ) defined as; 
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Above equation guarantees time to reach the sliding surface is smaller than  
| ( )|

 
  since 

the trajectories are outside of  ( ). 
            ( )       (    )      (47) 

 

suppose S is defined as  
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The derivation of S, namely,  ̇ can be calculated as the following; 

 ̇  ( ̈   ̈ )   ( ̇   ̇ )     (49) 

 

suppose the second order system is defined as; 

 

 ̈        ̇       ̈   ( ̇   ̇ )   (50) 

  is the dynamic uncertain, and also since          ̇   , to have the best 

approximation , ̂ is defined as 

 ̂    ̂   ̈   ( ̇   ̇ )   (51) 

 

A simple solution to get the sliding condition when the dynamic parameters have 

uncertainty is the switching control law: 
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The switching function    ( ) is defined as 
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The  ( ⃗⃗⃗  ) is the positive constant.  

 
 

 

 

  
  (   )    ̇   [   ̂      ( )]    (   ̂)     | |  

(54) 

 

The sliding surface can be calculated as  
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in this method the approximation of   is computed as 
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The sliding mode control law for multi degrees of freedom robot manipulator is written 

as: 

 

           (57) 
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The model-based component     is the nominal dynamics of systems calculated as 

follows: 

 

    [ 
  (     )   ̇]   (58) 

     is computed as; 

 

          ( ) (59) 

The sliding mode control of robot manipulator is calculated as;  

  [   (     )   ̇]       ( ) (60) 

Figure 3 shows trajectory following in traditional SMC. Regarding to this Figure it has 

high frequency oscillation but in rise time point of view, it has an acceptable performance 

and it has about 0.6second delay time.  

 

Figure 3. SMC Trajectory Performance 

Figure 4 shows the torque performance. According to this Figure, SMC has extremely 

high frequency oscillation.  

 

0 5 10 15 20 25 30
-2

-1

0

1

2

3

4

5

 

 

X: 1.6

Y: 4.778
SMC

Reference



International Journal of Bio-Science and Bio-Technology 

Vol.8, No.6 (2016) 

 

 

194            Copyright ⓒ 2016 SERSC 

 

Figure 4. SMC Torque Performance 

Figure 5 shows the power of disturbance rejection. According to the following 

Figure this algorithm is extremely robust and stable in presence of uncertainty. 
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Figure 5. Power of Disturbance Rejection in SMC  

3. Design Artificial Intelligence based Surface Slope 

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. The 

derivative part of PD methodology is worked based on change of error and the derivative 

coefficient. In this research the modified PD is used based on boundary derivative part.  
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)   ( ) 

 

(61) 

 

             ̇ (62) 

The result of modified PD method shows the power of disturbance rejection in this 

methodology. Based on the modified formulation the partly linear sliding mode controller 

formulation is; 
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In the proposed method fuzzy rule base was designed to have a nonlinear sliding surface 

slope function. The fuzzy system can be defined as below 
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  (               ) is adjustable parameter and  (  ) is membership function. 

Error base fuzzy controller can be defined as 

        (   ̇)  (66) 

To eliminate the chattering fuzzy inference system is used instead of saturation and/or 

switching function.  

              ̇      (67) 

The fuzzy division can be reached the best state when    ̇    and the error is minimum 

by the following formulation 

          ,      | ∑   
 

   
 ( )      |- 

(68) 

 

  is the minimum error,       | ∑    
    ( )      | is the minimum approximation 

error. Figure 6 shows the fuzzy instead of saturation function. 

 

Figure 6. Nonlinear Fuzzy Inference System instead of Saturation Function 

To estimate the dynamic formulation in uncertainty fuzzy logic method is applied to 

equivalent part.  
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Based on fuzzy logic methodology 
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   is adjustable parameter (gain updating factor) and  ( ) is defined by; 
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Figure 7 shows the trajectory following in this algorithm. According to this Figure, the 

high frequency oscillation eliminates but the time response increases from 0.6 seconds in 

conventional SMC to 1.4 seconds in proposed methodology. 

 

Figure 7. Trajectory Following in Proposed Surface Slope SMC 

Figure 8 shows torque performance in proposed method. 

 

Figure 8. Torque Performance in Proposed Surface Slope SMC 

Based on Figure 8, this method reduces the rate of energy consumed because of chattering 

elimination. 
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Figure 9 shows the power of disturbance rejection. This method is more robust than pure 

SMC as well as saturation SMC. According to Figure 9, the rise time in this algorithm 

fixed in 1.4 seconds. Therefore, these methods can support the time stability. 

 

Figure 9. Power of Disturbance Rejection in Proposed Surface Slope SMC 

4. Conclusion 

Refer to the research, a chattering free fuzzy sliding mode controller is introduced and 

this suitability for use in the control of medical robot manipulator has proposed. Sliding 

mode control methodology is selected as the main controller to construct the control law 

and address the stability and robustness of the close-loop system. The proposed approach 

effectively combines the design techniques from conventional switching surface slope 

sliding mode control and fuzzy logic to improve the performance of sliding surface slope 

and improve the trajectory following, disturbance rejection and eliminate the chattering 

phenomenon, and enhance the robustness property of the controller. The system 

performance in sliding mode controller is sensitive to the sliding function. Therefore, 

compute the optimum value of sliding function for a system is important which this 

problem has solved by adjusting the surface slope of the sliding function continuously in 

real-time. The chattering phenomenon is estimated by the fuzzy method when estimating 

the saturation/switching function with rule bases. This controller solved chattering 

phenomenon by applied modified fuzzy inference system method in new sliding mode 

controller. 
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