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Abstract 

 
This paper expands a fuzzy sliding mode based position controller whose sliding function is on-line tuned 

by backstepping methodology. The main goal is to guarantee acceptable position trajectories tracking 

between the robot manipulator end-effector and the input desired position. The fuzzy controller in 

proposed fuzzy sliding mode controller is based on Mamdani’s fuzzy inference system (FIS) and it has one 

input and one output. The input represents the function between sliding function, error and the rate of 

error. The second input is the angle formed by the straight line defined with the orientation of the robot, 

and the straight line that connects the robot with the reference cart. The outputs represent angular 

position, velocity and acceleration commands, respectively. The backstepping methodology is on-line tune 

the sliding function based on self tuning methodology. The performance of the backstepping on-line tune 

fuzzy sliding mode controller (TBsFSMC) is validated through comparison with previously developed robot 

manipulator position controller based on adaptive fuzzy sliding mode control theory (AFSMC). Simulation 

results signify good performance of position tracking in presence of uncertainty and external disturbance.  

 
Keywords:  Fuzzy Sliding Mode Controller, Backstepping Controller, Robot Manipulator, Backstepping on-
Line Tune Fuzzy Sliding Mode Controller  
 
 
 

1. INTRODUCTION  
In the recent years robot manipulators not only have been used in manufacturing but also used in vast 

area such as medical area and working in International Space Station. Control methodologies and the 
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mechanical design of robot manipulators have started in the last two decades and the most of researchers 

work in these methodologies [1]. PUMA 560 robot manipulator is an articulated 6 DOF serial robot 

manipulator. This robot is widely used in industrial and academic area and also dynamic parameters have 

been identified and documented in the literature [2-3].There are several methods for controlling a robot 

manipulator (e.g., PUMA robot manipulator), which all of them follow two common goals, namely, 

hardware/software implementation and acceptable performance. However, the mechanical design of robot 

manipulator is very important to select the best controller but in general two types schemes can be 

presented, namely, a joint space control schemes and an operation space control schemes[1]. Both of 

these controllers are closed loop which they have been used to provide robustness and rejection of 

disturbance effect. One of the simplest ways to analysis control of multiple DOF’s robot manipulators are 

analyzed each joint separately such as SISO systems and design an independent joint controller for each 

joint. In this controller, inputs only depends on the velocity and displacement of the corresponding joint and 

the other parameters between joints such as coupling presented by disturbance input. Joint space 

controller has many advantages such as one type controllers design for all joints with the same 

formulation, low cost hardware, and simple structure [1, 4].  

 

Sliding mode controller (SMC) is one of the influential nonlinear controllers in certain and uncertain 

systems which are used to present a methodical solution for two main important controllers’ challenges, 

which named: stability and robustness. Conversely, this controller is used in different applications; sliding 

mode controller has subsequent drawbacks , the first one is chattering phenomenon, which it is caused to 

some problems such as saturation and heat for mechanical parts of robot manipulators or drivers and the 

second one is nonlinear equivalent dynamic formulation in uncertain systems[1, 5-12].  In order to solve 

the chattering in the systems output, boundary layer method should be applied so beginning able to 

recommended model in the main motivation which in this method the basic idea is replace the 

discontinuous method by saturation (linear) method with small neighborhood of the switching surface. 

Slotine and Sastry have introduced boundary layer method instead of discontinuous method to reduce the 

chattering[13]. Slotine has presented sliding mode with boundary layer to improve the industry application 

[14]. R. Palm has presented a fuzzy method to nonlinear approximation instead of linear approximation 

inside the boundary layer to improve the chattering and control the result performance[15]. Moreover, C. C. 

Weng and W. S. Yu improved the previous method by using a new method in fuzzy nonlinear 

approximation inside the boundary layer and adaptive method[16]. As mentioned [16]sliding mode fuzzy 

controller (SMFC) is fuzzy controller based on sliding mode technique to simple implement, most 

exceptional stability and robustness. Conversely above method has the following advantages; reducing the 

number of fuzzy rule base and increasing robustness and stability, the main disadvantage of SMFC is 

need to define the sliding surface slope coefficient very carefully. To eliminate the above problems control 

researchers have applied artificial intelligence method (e.g., fuzzy logic) in nonlinear robust controller (e.g., 

sliding mode controller) besides this technique is very useful in order to implement easily. Estimated 

uncertainty method is used in term of uncertainty estimator to compensation of the system uncertainties.  It 

has been used to solve the chattering phenomenon and also nonlinear equivalent dynamic. If estimator 

has an acceptable performance to compensate the uncertainties, the chattering is reduced. Research on 

estimated uncertainty to reduce the chattering is significantly growing as their applications such as 

industrial automation and robot manipulator. For instance, the applications of artificial intelligence, neural 

networks and fuzzy logic on estimated uncertainty method have been reported in [17-20]. Wu et al. [22] 

have proposed a simple fuzzy estimator controller beside the discontinuous and equivalent control terms to 

reduce the chattering. Elmali et al. [19]and  Li and Xu [21]have addressed sliding mode control with 

perturbation estimation method (SMCPE) to reduce the classical sliding mode chattering. This method was 

tested for the tracking control of the first two links of a SCARA type HITACHI robot. In this technique, 

digital controller is used to increase the system’s response quality. Conversely this method has the 

following advantages; increasing the controller’s response speed and reducing dependence on dynamic 
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system model by on-line control, the main disadvantage are chattering phenomenon and need to improve 

the performance.  

 
In recent years, artificial intelligence theory has been used in sliding mode control systems. Neural 

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

used in nonlinear, time variant and uncertainty plant (e.g., robot manipulator).  Fuzzy logic controller (FLC) 

is one of the most important applications of fuzzy logic theory. This controller can be used to control 

nonlinear, uncertain and noisy systems. This method is free of some model-based techniques as in 

classical controllers. As mentioned that fuzzy logic application is not only limited to the modelling of 

nonlinear systems [23-28]but also this method can help engineers to design easier controller. The main 

reasons to use fuzzy logic technology are able to give approximate recommended solution for unclear and 

complicated systems to easy understanding and flexible. Fuzzy logic provides a method which is able to 

model a controller for nonlinear plant with a set of IF-THEN rules, or it can identify the control actions and 

describe them by using fuzzy rules. The applications of artificial intelligence such as neural networks and 

fuzzy logic in modelling and control are significantly growing especially in recent years. For instance, the 

applications of artificial intelligence, neural networks and fuzzy logic, on robot arm control have reported in 

[29-31]. Wai et al. [29-30]have proposed a fuzzy neural network (FNN) optimal control system to learn a 

nonlinear function in the optimal control law. This controller is divided into three main groups: arterial 

intelligence controller (fuzzy neural network) which it is used to compensate the system’s nonlinearity and 

improves by adaptive method, robust controller to reduce the error and optimal controller which is the main 

part of this controller. Mohan and Bhanot [32] have addressed comparative study between some adaptive 

fuzzy, and a new hybrid fuzzy control algorithm for manipulator control. They found that self-organizing 

fuzzy logic controller and proposed hybrid integrator fuzzy give the best performance as well as simple 

structure. Research on combinations of fuzzy logic systems with sliding mode method is significantly 

growing as nonlinear control applications. For instance, the applications of fuzzy logic on sliding mode 

controller have reported in [11, 33-37]. 

 

Research on applied fuzzy logic methodology in sliding mode controller (FSMC) to reduce or eliminate the 

high frequency oscillation (chattering), to compensate the unknown system dynamics and also to adjust 

the linear sliding surface slope in pure sliding mode controller considerably improves the robot manipulator 

control process [34-35]. H.Temeltas [38] has proposed fuzzy adaption techniques for SMC to achieve 

robust tracking of nonlinear systems and solves the chattering problem. Conversely system’s performance 

is better than sliding mode controller; it is depended on nonlinear dynamic equqation. C. L. Hwang et al. 

[39]have proposed a Tagaki-Sugeno (TS) fuzzy model based sliding mode control based on N fuzzy based 

linear state-space to estimate the uncertainties. A multi-input multi-output FSMC reduces the chattering 

phenomenon and reconstructs the approximate the unknown system has been presented for a robot 

manipulator [34]. Investigation on applied sliding mode methodology in fuzzy logic controller (SMFC) to 

reduce the fuzzy rules and refine the stability of close loop system in fuzzy logic controller has grown 

specially in recent years as the robot manipulator control [10]; [40-42]. Lhee et al. [40]have presented a 

fuzzy logic controller based on sliding mode controller to more formalize and boundary layer thickness. 

Emami et al. [43]have proposed a fuzzy logic approximate inside the boundary layer. H.K.Lee et al. [44] 

have presented self tuning SMFC to reduce the fuzzy rules, increase the stability and to adjust control 

parameters control automatically. However the application of FSMC and SMFC are growing but the main 

SMFC drawback compared to FSMC is calculation the value of sliding surface  pri-defined very carefully. 

Moreover, the advantages of SMFC compared to FLC reduce the number of fuzzy rule base and increase 

the robustness and stability. At last FSMC compare to the SMFC is more suitable for implementation 

action.  
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In various dynamic parameters systems that need to be training on-line tuneable gain control methodology 

is used. On-line tuneable control methodology can be classified into two main groups, namely, traditional 

adaptive method and fuzzy adaptive method. Fuzzy adaptive method is used in systems which want to 

training parameters by expert knowledge. Traditional adaptive method is used in systems which some 

dynamic parameters are known. In this research in order to solve disturbance rejection and uncertainty 

dynamic parameter, on-line tuneable method is applied to artificial sliding mode controller. F Y Hsu et al. 

[45]have presented adaptive fuzzy sliding mode control which can update fuzzy rules to compensate 

nonlinear parameters and guarantee the stability robot manipulator controller. Y.C. Hsueh et al. [35] have 

presented self tuning sliding mode controller which can resolve the chattering problem without to using 

saturation function. For nonlinear dynamic systems (e.g., robot manipulators) with various parameters, on-

line control technique can train the dynamic parameter to have satisfactory performance. Calculate sliding 

surface slope is common challenge in classical sliding mode controller and fuzzy sliding mode controller. 

Research on adaptive (on-line tuneable) fuzzy control is significantly growing, for instance, different 

adaptive fuzzy controllers have been reported in [32, 46-48]. The adaptive sliding mode controller is used 

to estimate the unknown dynamic parameters and external disturbances. For instance, the applications of 

adaptive fuzzy sliding mode controller to control the robot manipulators have been reported in [11, 16, 37].  

Yoo and Ham [49]have proposed a MIMO fuzzy system to help the compensation and estimation the 

torque coupling. In  robot manipulator with  membership function for each input variable, the 

number of fuzzy rules for each joint is equal to  that causes to high computation load and also this 

controller has chattering. This method can only tune the consequence part of the fuzzy rules. Medhafer et 

al. [50] have proposed an indirect adaptive fuzzy sliding mode controller to control robot manipulator. This 

MIMO algorithm, applies to estimate the nonlinear dynamic parameters. If each input variable have  

membership functions, the number of fuzzy rules for each joint is  Compared with the 

previous algorithm the number of fuzzy rules have reduced by introducing the sliding surface as inputs of 

fuzzy systems. Y. Guo and P. Y. Woo [51]have proposed a SISO fuzzy system compensate and reduce 

the chattering. First suppose each input variable with  membership function the number of fuzzy rules 

for each joint is  which decreases the fuzzy rules and the chattering is also removed.  C. M. Lin and C. 

F. Hsu [52] can tune both systems by fuzzy rules. In this method the number of fuzzy rules equal to   

with low computational load but it has chattering. Shahnazi et al., have proposed a SISO PI direct adaptive 

fuzzy sliding mode controller based on Lin and Hsu algorithm to reduce or eliminate chattering with 

fuzzy rules numbers. The bounds of PI controller and the parameters are online adjusted by low 

adaption computation [36]. Table 1 is illustrated a comparison between sliding mode controller [1, 5-11,  

13], fuzzy logic controller (FLC)[23-32], applied sliding mode in fuzzy logic controller (SMFC)[10, 40-42], 

applied fuzzy logic method in sliding mode controller (FSMC)[45-46, 51] and adaptive fuzzy sliding mode 

controller [5-11]. 

 

This paper is organized as follows: 

In section 2, design proposed backstepping on-line tunable gain in fuzzy sliding mode controller is 

presented. Detail of dynamic equation of robot arm is presented in section 3. In section 4, the simulation 

result is presented and finally in section 5, the conclusion is presented. 

 

2. DESIGN PROPOSED BACKSTEPPING ON-LINE TUNE FUZZY SLIDING MODE 
CONTROLLER 

Sliding mode controller (SMC) is a influential nonlinear, stable and robust controller which it 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[1, 5-11]. A time-varying sliding surface  is 

given by the following equation: 
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(1) 

where λ is the constant and it is positive. The derivation of S, namely,  can be calculated as the following 

formulation [5-11]: 

 (2) 

The control law for a multi degrees of freedom robot manipulator is written as: 

 (3) 

Where, the model-based component  is the nominal dynamics of systems and it can be calculate as 

follows: 

 
(4) 

Where  is an inertia matrix which it is symmetric and positive,  is 

the vector of nonlinearity term and  is the vector of gravity force and  with 

minimum chattering based on [5-11] is computed as; 

 
(5) 

 

Where  is a dead zone (saturation) function and, u and b are unlimited 

coefficient, by replace the formulation (5) in (3) the control output can be written as; 

 

(6) 

Where the function of  defined as; 

 

(7) 

 

The fuzzy system can be defined as below 

 

(8) 

where   

 

(9) 

where  is adjustable parameter in (8) and  is membership function.  

error base fuzzy controller can be defined as 

 (10) 

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

formulation 

 

(11) 

Where is the minimum error,  is the minimum approximation error.  

 

 

 



Farzin Piltan, N. Sulaiman, S. Roosta, A. Gavahian & S. Soltani  

 

International Journal of Engineering  (IJE), Volume (5) : Issue (5) : 2011                                                                   424 

TABLE 1: Comparison of six important algorithms 

 

Type of method Advantages Disadvantages What to do? 

1. SMC • Good control 

performance for 

nonlinear systems 

• In MIMO systems 

• In discrete time 

circuit 

• Equivalent dynamic 

formulation 

• Chattering  

• It has limitation under 

condition of : uncertain system 

and external disturbance 

Applied artificial 

intelligent method in 

SMC (e.g., FSMC or 

SMFC) 

2. FLC • Used in unclear and 

uncertain systems 

• Flexible 

• Easy to understand 

• Shortened in design  

• Quality of design 

• Should be to  defined fuzzy 

coefficient very carefully 

• Cannot guarantee the stability 

• reliability 

Applied adaptive 

method in FLC, tuning 

parameters and applied 

to classical linear or 

nonlinear controller 

3. SMFC • Reduce the rule 

base 

• Reduce the 

chattering 

• Increase the 

stability and 

robustness 

• Equivalent part 

• Defined sliding surface slope 

coefficient very carefully 

• Difficult to implement 

• Limitation in noisy and 

uncertain system 

Applied adaptive 

method, self learning 

and self organizing 

method in SMFC 

4. FSMC • More robust 

• Reduce the 

chattering 

• Estimate the 

equivalent 

• Easy to implement 

• Model base estimate the 

equivalent part 

• Limitation in noisy and 

uncertain system  

 

Design fuzzy error base 

like equivalent controller 

and applied adaptive 

method 

5. Adaptive 

FSMC  

• More robust 

• eliminate the 

chattering 

• Estimate the 

equivalent 

 

• Model base estimate the 

equivalent part 

 

 

 

suppose  is defined as follows 

 

(12) 
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Where  

 

(13) 

where the is the positive constant. 

According to the nonlinear dynamic equivalent formulation of robot manipulator the nonlinear equivalent 

part is estimated by (8) 

 

(14) 

Based on (3) the formulation of proposed fuzzy sliding mode controller can be written as; 

 (15) 

Where  

Figure 1 is shown the proposed fuzzy sliding mode controller. 

+

Sliding Function

Dead Zone Function

(remove the chattering)

Nonlinear equivalent dynamic 

Robot manipulator O/P

Mamdani
, 
s FIS Estimator

S

S

K

O/P

e

e
.

 

FIGURE 1: Proposed fuzzy sliding mode algorithm: applied to robot manipulator 

As mentioned above pure sliding mode controller has nonlinear dynamic equivalent limitations in presence 

of uncertainty and external disturbances in order to solve these challenges this work applied Mamdani’s 

fuzzy inference engine estimator in sliding mode controller.  However proposed FSMC has satisfactory 

performance but calculate the sliding surface slope by try and error or experience knowledge is very 

difficult, particularly when system has structure or unstructured uncertainties; backstepping self tuning 

sliding function fuzzy sliding mode controller is recommended. The backstepping method is based on 

mathematical formulation which this method is introduced new variables into it in form depending on the 

dynamic equation of robot manipulator. This method is used as feedback linearization in order to solve 

nonlinearities in the system. To use of nonlinear fuzzy filter this method in this research makes it possible 

to create dynamic nonlinear equivalent backstepping estimator into the online tunable fuzzy sliding control 

process to eliminate or reduce the challenge of uncertainty in this part. The backstepping controller is 

calculated by; 

 

 

 



Farzin Piltan, N. Sulaiman, S. Roosta, A. Gavahian & S. Soltani  

 

International Journal of Engineering  (IJE), Volume (5) : Issue (5) : 2011                                                                   426 

 (15) 

Where  is backstepping output function,  is backstepping nonlinear equivalent function which can 

be written as (16) and  is backstepping control law which calculated by (17) 

 (16) 

 (17) 

 

Based on (10) and (16) the fuzzy backstepping filter is considered as  

 

(18) 

Based on (15) the formulation of fuzzy backstepping filter can be written as; 

 (19) 

Where  

The adaption low is defined as 

  (20) 

where the is the positive constant and   

 

(21) 

The dynamic equation of robot manipulator can be written based on the sliding surface as; 

 (22) 

It is supposed that 

 (23) 

The derivation of Lyapunov  function (  ) is written as 

 

 

 

 

 

 

 
Where  is adaption law and , consequently  can be considered by 

 

(24) 

The minimum error can be defined by 
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(25) 

 is intended as follows 

 

 

    

 

 

(26) 

For continuous function  and suppose  it is defined the fuzzy backstepping controller in form 

of (19) such that 

 
(27) 

As a result TBsFSMC is very stable which it is one of the most important challenges to design a controller 

with suitable response. Figure 2 is shown the block diagram of proposed TBsFSMC.  

+

Sliding Function

Dead Zone Function

(remove the chattering)

Nonlinear equivalent dynamic 

Robot Manipulator O/P

Mamdani, s FIS Estimator

S

S

K

O/P

Nonlinear fuzzy filter

Tune the Sliding function

e

e
.

Inertial Matrix(M)

Backstepping low generation

Backstepping equivalent part

(B+C+G)

+

e

e
.

S

O/P

O/P

 

FIGURE 2: Proposed backstepping fuzzy like on line tuning FSMC algorithm: applied to robot manipulator 
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3. APPLICATION: DYNAMIC OF ROBOT MANIPULATOR 
It is well known that the equation of an n-DOF robot manipulator governed by the following equation [1-3]: 

           (28) 

Where τ is actuation torque,  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: 

  (29) 

Where the matrix of coriolios torque is ,  is the matrix of centrifugal torques, and  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. Therefore, the angular acceleration is found as to be [2-3, 5-11]: 

  (30) 

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

Position control of PUMA-560 robot manipulator is analyzed in this paper; as a result the last three joints 

are blocked. The dynamic equation of PUMA-560 robot manipulator is given as 

 

      

(31) 

 

Where 

 

      

(32) 

 

      

(33) 

 

      

(34) 

 

      

(35) 

Suppose  is written as follows  
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      (36) 

and  is introduced as  

      (37) 

 can be written as 

      (38) 

 

4. RESULT: VALIDITY CHECKING BETWEEN TBSFSMC, SMC AND FSMC  
To validation of this work it is used 6-DOF’s PUMA robot manipulator and implements proposed 

TBsFSMC, SMC and FSMC in this robot manipulator. 

 
Tracking performances Figure 3 is shown tracking performance in TBsFSMC, SMC and FSMC without 

disturbance for proposed trajectory.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By comparing this response, Figure 3, conversely the TBsFSMS and FSMC’s overshoot are lower than 

SMC's, SMC’s response is faster than TBsFSMC. The Settling time in TBsFSMC is fairly lower than SMC 

and FSMC. 

 

 

FIGURE 3:   TBsFSMC, SMC and FSMC: without disturbance 
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Disturbance rejection: Figure 4 is indicated the power disturbance removal in TBsFSMC, SMC and 

FSMC. Besides a band limited white noise with predefined of 40% the power of input signal is applied to 

above controllers; it found slight oscillations in SMC and FSMC trajectory responses.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Among above graph, relating to step trajectory following with external disturbance, SMC and FSMC have 

slightly fluctuations. By comparing overshoot and rise time; SMC's overshoot (4.4%) is higher than FSMC 

and TBsFSMC, SMC’s rise time (0.6 sec) is considerably lower than FSMC and TBsFSMC. As mentioned 

in previous section, chattering is one of the most important challenges in sliding mode controller which one 

of the major objectives in this research is reduce or remove the chattering in system’s output. Figure 4 also 

has shown the power of boundary layer (saturation) method to reduce the chattering in above controllers. 

Overall in this research with regard to the step response, TBsFSMC has the steady chattering compared to 

the SMC and FSMC.   

 
Errors in The Model  

Although SMC and FSMC have the same error rate (refer to Table.2), they have high oscillation tracking 

which causes instability and chattering phenomenon at the presence of disturbances. As it is obvious in 

Table.2 proposed TBsFSMC has error reduction in noisy environment compared to the other controllers 

and displays smoother trend in above profiles. 

 
FIGURE 4: TBsFSMC, SMC and FSMC: with disturbance. 
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TABLE2: RMS Error Rate of Presented controllers 
 

RMS Error Rate SMC FSMC TBsFSMC 
Without Noise 1e-3 1.2e-3 1e-5 

With Noise 0.012 0.013 1e-5 

 

5. CONCLUSION  
Refer to the research, a position backstepping on-line tuning fuzzy sliding mode control (TBsFSMC) design 

and application to 6 DOF’s robot manipulator has proposed in order to design high performance nonlinear 

controller in the presence of uncertainties. Regarding to the positive points in backstepping algorithm, 

sliding mode methodology, estimate the equivalent nonlinear part by applied fuzzy logic methodology and 

on-line tunable method, the output has improved. Each method by adding to the previous algorithms has 

covered negative points. In this work in order to solve uncertainty challenge in pure SMC, fuzzy logic 

estimator method is applied to sliding mode controller. In this paper Mamdani's fuzzy inference system has 

considered with one input (sliding function) fuzzy logic controller instead of mathematical nonlinear 

dynamic equivalent part. The system performance in fuzzy sliding mode controller is sensitive to the sliding 

function especially in presence of external disturbance. This problem is solved by adjusting sliding function 

of the fuzzy sliding mode controller continuously in real-time by on-line fuzzy like backstepping algorithm. 

In this way, the overall system performance has improved with respect to the fuzzy sliding mode controller 

and sliding mode controller. As mentioned in result, this controller solved chattering phenomenon as well 

as mathematical nonlinear equivalent part in presence of uncertainty and external disturbance by applied 

backstepping like fuzzy supervisory method in fuzzy sliding mode controller and on-line tuning the sliding 

function.  
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