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Abstract 

In this research, Neuro-fuzzy fuzzy feedback linearization controller is recommended 

for sensitive three degrees of freedom dental actuator. To design stable high quality 

controller conventional feedback linearization controller is recommended. Conventional 

feedback linearization (FL) controller is a nonlinear, stable, and reliable controller. This 

controller is model-base and in uncertain situation, model-base is challenge. The 

nonlinear dynamic formulation problem in highly nonlinear system has been solved by 

fuzzy logic theorem. Fuzzy logic theory is used to estimate the system dynamics. This type 

of controller is free of mathematical dynamic parameters of plant. When system works in 

uncertainty, the nonlinearity term of system is not equal to equivalent term of FL 

controller. According to this technique, the number of rule base is reduced with respect to 

have PID like fuzzy logic controller. The simulation results show that the proposed 

controller works well in various situations. Based on result and discussion, proposed 

method can eliminate chattering in certain and uncertain condition. This controller 

reduces the level of energy due to the torque performance. This controller removed the 

fluctuation in presence of uncertainties.  

 

Keywords: proportional-integral-derivative controller, feedback linearization 

controller, fuzzy logic theory, multi degrees of freedom actuator, dental actuator, system 

uncertainty 

 

1. System 

The international organization defines the robot as “an automatically controlled, 

reprogrammable, multipurpose manipulator with three or more axes.” The institute of 

robotic in The United States Of America defines the robot as “a reprogrammable, 

multifunctional manipulator design to move material, parts, tools, or specialized devices 

through various programmed motions for the performance of variety of tasks”[1].  

Robot manipulator is a collection of links that connect to each other by joints, these 

joints are divided into main three categories: 

 Revolute joint: revolute joint has rotary motion around an axis and has one 

angular DOF, Figure 1 shows revolute joint. 
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Figure 1. Revolute (1 DOF) Joint 

 Prismatic joints: prismatic joint has linear motion around an axis and included 

one translates DOF, Figure 2 shows the prismatic joint [2-3].   

 

 

Figure 2. Prismatic (1 DOF) Joint 

 Spherical joints: spherical joint (actuator) consisting of three DOF. Figure 3 

shows the three degrees of freedom (spherical) joint. 
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Figure 3. Three Degrees of Freedom (Spherical) Joint 

The equation of a spherical motor governed by the following equation: 
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(1) 

Where τ is actuation torque, H (q) is a symmetric and positive define inertia matrix, B 

(q) is the matrix of coriolios torques, C (q) is the matrix of centrifugal torques.  

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 

variable  , independently of the motion of the other parts. Therefore, the angular 

acceleration is found as to be: 

 ̈         {  {   }} 
(2) 

This technique is very attractive from a control point of view. Study of spherical motor 

is classified into two main groups: kinematics and dynamics. Calculate the relationship 

between rigid bodies and final part without any forces is called Kinematics. Study of this 

part is pivotal to design with an acceptable performance controller, and in real situations 

and practical applications. As expected the study of kinematics is divided into two main 

parts: forward and inverse kinematics. Forward kinematics has been used to find the 

position and orientation of task frame when angles of joints are known. Inverse 

kinematics has been used to find possible joints variable (angles) when all position and 

orientation of task frame be active [4]. 

The main target in forward kinematics is calculating the following function: 

               
(3) 

Where         is a nonlinear vector function,                
  is the vector 

of task space variables which generally task frame has three task space variables, three 

orientation,                  is a vector of angles or displacement, and finally    is 

the number of actuated joints. The Denavit-Hartenberg (D-H) convention is a method of 

drawing spherical motor free body diagrams.  Denvit-Hartenberg (D-H) convention study 

is necessary to calculate forward kinematics in this motor.  

A systematic Forward Kinematics solution is the main target of this part. The first step 

to compute Forward Kinematics (F.K) is finding the standard D-H parameters.  The 

following steps show the systematic derivation of the standard D-H parameters. 
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1. Locate the spherical motor 

2. Label joints 

3. Determine joint rotation (    

4. Setup base coordinate frames. 

5. Setup joints coordinate frames. 

6. Determine  , that  , link twist, is the angle between    and      about an   .  

7. Determine    and    , that   , link length, is the distance between    and      

along   .   , offset, is the distance between      and    along    axis.  

8. Fill up the D-H parameters table. The second step to compute Forward kinematics 

is finding the rotation matrix (  
 ). The rotation matrix from{  } to {    } is given by the 

following equation; 

 

  
                 

(4) 

 

Where        is given by the following equation; 

 

       [
                 
                

   

] 
(5) 

 

and        is given by the following equation; 

 

       [

   
                 
                

] 
(6) 

 

So (  
 ) is given by    

 

  
                        (7) 

 

The final step to compute the forward kinematics is calculate the transformation   
  by 

the following formulation. 
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(8) 
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Figure 4 shows step input/output graph. 

 

Figure 4. Input/Output Step Action 

Figure 5 shows output/input action for Repeating Sequence Interpolated signals. 

Regarding to Figure 4 and 5, for these two inputs the output signals are the same and go 

towards saturation.  
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Figure 5. Input/Output Repeating Sequence Interpolated Action 

 

2. Control 

To control of multi degrees of freedom actuator, three purposes are very important: 

 Stability: Stability is due to the proper functioning of the system. A system is 

called stable if for any bounded input signal the system’s output will stay bounded. 

Therefore limitation of output deviation is very important for any design. 

 Robust: Robust method is caused to achieve robust and stable performance in the 

presence of uncertainty and external disturbance. A system is robust when it would also 

work well under different conditions and external disturbance. 

 Reliability: to control of nonlinear and uncertain systems, reliability play 

important role and most of model-base controller are reliable. 

Therefore, design a controller based on above factors are the main challenge in many 

researches. Conventional control theory, intelligent control theory and hybrid control 

algorithm are three methods to control of highly nonlinear system, where, conventional 

control theories are work based on nonlinear dynamic parameters of system’s dynamic, 

intelligent control theory is worked based on intelligent control theory and it is free of 

nonlinear dynamic parameters of system’s dynamic and hybrid algorithm is designed 

based on the application of intelligent control theory in nonlinear system.  Computed 

torque controller (CTC) is an effective nonlinear control methodology for highly 
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nonlinear robot manipulator. The principles of this type of controller are based on 

feedback linearization and compute the required arm torques. Computed torque controller 

works based on behavior (dynamic formulation) of robot manipulator which caused to 

works very well when all dynamic and physical parameters are known. In uncertain 

dynamic parameters when the robot manipulator has variation computed torque controller 

has challenges[5]. In most of industrial applications, dynamic parameters of serial links 

robot manipulators have uncertain parameters or indefinite payload consequently design 

nonlinear conventional controllers based on dynamic formulation of robot manipulator 

(e.g., computed torque controller) are the vital challenge. In recent years, much research 

has been done in the area of computed torque controller for nonlinear systems which has 

been reported in papers and textbooks [6-7]. The main idea to design computed torque 

controller is feedback linearization method. However CTC is a nonlinear controller which 

has an acceptable performance in certain condition but it has challenge in uncertainty. To 

reduce CTC’s uncertainty challenge artificial intelligent theory (fuzzy logic) is 

introduced. In recent years, artificial intelligence theory has been used in control of 

nonlinear systems. Fuzzy logic controller (FLC) is one of the most important applications 

of fuzzy logic theory. This controller has been used to control of nonlinear, uncertain, and 

noisy systems. After the invention of fuzzy logic theory in 1965 by Zadeh, this theory was 

used in wide range applications such as control theory or system modeling. The nonlinear 

dynamic formulation problem in highly nonlinear system has been solved by fuzzy logic 

theorem. Fuzzy logic theory is used to estimate the system dynamics. This type of 

controller is free of mathematical dynamic parameters of plant. To solve the equivalent 

challenge in presence of uncertainty and external disturbance, two methods have been 

introduced:  

 design fuzzy computed torque controller (FCTC) 

 design computed torque fuzzy controller (CTFC) 

Fuzzy computed torque controller (FCTC) is stable nonlinear intelligent controller. In 

this methodology, the main controller is computed torque controller and fuzzy logic 

controller is applied to it to estimate the nonlinear dynamic formulation in presence of 

uncertainty and external disturbance. In computed torque fuzzy controller the main 

controller is fuzzy logic controller and CTC is applied to fuzzy logic controller to reduce 

the fuzzy rules based on reduce the number of inputs and improve the stability of close 

loop system in fuzzy logic controller. In this paper hybrid controller, fuzzy computed 

torque controller, is introduced to control of high sensitive dental joint [8-9]. 
 

This paper is organized as follows; section two, is served as an introduction to the 

dynamic formulation of multi degrees of freedom joints, computed torque controller, and 

fuzzy logic algorithm.  Part three, introduces and describes the methodology. Section four 

presents the simulation results and discussion of this algorithm and the final section is 

describing the conclusion. 

Computed torque controller (CTC): Computed torque controller (CTC) is one of 

the effective nonlinear control methodologies for second order nonlinear system (e.g., 

robot manipulator). Computed torque controller works based on behavior (dynamic 

formulation) of system, which caused to works very well when all dynamic and physical 

parameters are known. In uncertain dynamic parameters when the system has variation 

computed torque controller has challenges. In this type of controller, if the desired 

position trajectory for the manipulator defined as      , and the actual position trajectory 

defined as      , the tracking error calculated by;  
 

                 (9) 

If state space equation is defined by; 
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 ̇         (10) 

 

According to the Brunousky canonical form   is the nonlinearity term and defined by; 

 

   ̈         {     ̇   } (11) 
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(13) 

 

The requirement torque calculated by;  

 

         ̈        ̇    (14) 

The formulation of PD computed torque controller is; 

      ( ̈     ̇     )       ̇  (15) 

 

The PI computed torque controller formulation is; 

      ( ̈        ∑ )       ̇  (16) 

 

The PID computed torque controller formulation is; 

 

      ( ̈         ̇    ∑ )       ̇  (17) 
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Figure 6 shows the trajectory following in pure CTC in certain condition. 

 

Figure 6. Trajectory Following for CTC in Certain Condition 

According to Figure 6, from the rise-time point of view, the rise time is about 2.5 

second. In certain condition, CTC has acceptable performance. Figure 7, shows the 

trajectory following for CTC in presence of uncertainty. 
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Figure 7. Trajectory Following for CTC in uncertainty 

According to Figure 7, in uncertain condition CTC has moderate fluctuation and 

caused to instability. Regarding to Figure 6 and 7, CTC is used for certain condition but in 

uncertain condition it cannot guarantee the stability.  

 

3. Design Adaptive Fuzzy Algorithm 

According to above discussion, CTC has an important challenge in uncertainty. To 

solve this challenge PID fuzzy theory is add to CTC to tuning the CTC coefficients in 

uncertain condition as adaptive algorithm. To design fuzzy logic adaptive algorithm we 

used Gaussian membership function as follow formulation: 

 

       
       

     
(18) 

 

To design PID like fuzzy algorithm with minimum rule base following formulation is 

introduced: 

 

              ̂  |       ̂  |     (19) 
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The number of linguistic variables for each input is 5. Figure 8 shows the membership 

functions for inputs. 

 

 

Figure 8. Degree of Membership for PD/PI Algorithm 

The rate of error input is [0 to 1] and the rate of change of error is [-5 to 5]. The rule 

viewer of this design shows in Figure 9. 
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Figure 9. In/Out Rule Viewer for PD/PI Algorithm 

After design rule base and membership function for PD and PI based PD algorithm, 

tuning the rate of are started. To tuning the rate of universe discourse, neuro-fuzzy is 

used. Figure 10 shows the testing data. 

 

 

Figure 10. Neuro-Fuzzy Testing Data 

Regarding to Neuro-fuzzy tuning the average testing error is about 0.075. To reduce 

the rate of error in this design two important parameters are play important roles: type of 

membership function and number of rule base however the number of training data is 
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important. If we change, the linguistic variables from 5 to 7 the average testing error is 

reduce from 0.075 to 0.055.  

To normalize the error and change of error scaling factors are applied (           to   

and  ̇ as bellows: 

        (20) 

 ̇      ̇ (21) 

Figure 11 shows the trajectory following in CTC and adaptive CTC. According to the 

following Figure, adaptive CTC has an important positive point in certain condition: the 

rise-time in adaptive CTC is better than CTC. 

 

 

Figure 11. Trajectory Following for CTC and Adaptive CTC in Certain 
Condition 

The power of disturbance rejection is very important to robust checking in any 

controllers. Figure 12 shows trajectory accuracy in CTC and adaptive CTC. Regarding to 

Figure 12, CTC has fluctuations in presence of uncertainty. Adaptive CTC improve the 

robustness and stability as well rise time. 
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Figure 12. Trajectory Following for CTC and Adaptive CTC in Presence of 
Uncertainty 

 

4. Conclusion 

In this research, adaptive control of dental actuator is presented. According to this 

research, dental actuator works in saturation point in open loop. To solve this challenge 

feedback linearization controller is presented. This controller is nonlinear and works well 

in certain condition. However this type controller has acceptable performance in certain 

condition but the rise time is about 2.5 seconds. In uncertainty, this controller has 

fluctuations and it has not stability and robustness. To improve the stability and 

robustness, adaptive fuzzy algorithm is presented. To tuning the rate of error and change 

of error neuro-fuzzy algorithm is introduced. After evaluation fuzzy algorithm by neuro-

fuzzy methodology, the rate of error is about 0.075. Adaptive fuzzy algorithm can solve 

two main challenges: stability and rise time.  
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