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Abstract: Transparency optimized state convergence scheme is a simple, elegant and easy 

to design bilateral control algorithm for nth-order linear teleoperation systems modeled on 

state space. It requires the solution of 3n+2 design equations to determine the control gains 

when the time delay in the communication channel is small. The controller thus obtained 

allows the slave system to follow the master system’s motion in a desired dynamic way 

while providing the human operator with a high degree of environment’s feeling during the 

steady state operation. This paper employs the transparency optimized state convergence 

scheme to design a bilateral controller for a class of nonlinear teleoperation systems which 

can be approximated by Takagi-Sugeno (TS) fuzzy models. To close the feedback loop 

around master and slave systems, a suitable parallel distributed compensation (PDC) type 

TS fuzzy controller is selected which allows to use the state convergence procedure in a 

true sense. In this way, all the benefits of the state convergence scheme have been kept 

intact while extending its applicability to nonlinear teleoperation systems at the same time. 

Further, the proposed fuzzy state convergence controller is more general as the existing 

linear state convergence controller can be derived from it. MATLAB simulations on a one-

degree-of-freedom (DoF) nonlinear teleoperation system are included to show the efficacy 

of the proposed fuzzy transparent state convergence controller. 

Keywords: state convergence; bilateral teleoperation systems; TS fuzzy models; 

MATLAB/Simulink 
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1 Introduction 

Teleoperation refers to the distant control of a process. The main components of a 

teleoperation system are the human operator, master system, communication 

channel, slave system and the environment. The system works under the control of 

a human operator who generates the desired motion for the slave system by 

driving the master system and these motion commands are then sent over the 

communication channel to the slave system which executes the required task on 

the remote environment. This system is known as unilateral. However, if the slave 

system also sends a task-related (usually force) feedback to the master system then 

the teleoperation system is said to be bilateraly controlled. The popularity of such 

bilateral systems can be judged from their deployment in diverse processes 

ranging from miniaturized surgical tasks to large scale industrial systems [1]. 

The control design of bilateral systems is challenging mainly due to the presence 

of time delay in the communication channel and the performance is further 

deteriorated due to the other form of systems’ uncertainties. The main objectives 

for the bilateral controller are to guarantee the stability in the presence of time 

delays and to provide a high degree of transparency (position and force tracking) 

[2]-[4]. Passivity based control algorithm has been widely used in bilateral 

systems owing to its robustness to time delays [5]-[7]. However, the passivity 

controller does not provide good tracking performance. To improve its tracking 

performance, a number of modifications to the passivity controller have also been 

proposed in the literature [8]. Other than passivity, adaptive control theory has 

also been used to design bilateral controllers [9]. Sliding mode [10] and H-infinity 

control [11] theories have also played an important role in robustifying the 

bilateral controllers. The use of intelligent techniques such as fuzzy logic and 

neural networks has also been explored in designing bilateral controllers [12]-[14]. 

The approximation property of these systems is central to the design of bilateral 

controllers. Another way to use fuzzy logic is  model based fuzzy approach which 

has proved to be an effective tool in the control of nonlinear systems [15]-[22] and 

its application to bilateral teleoperation systems has also been reported [23]-[25]. 

State convergence belongs to the class of non-passive schemes and provides a 

simple and elegant method to design the bilateral controller [26]. The distinct 

feature of the method is the possibility of achieving desired dynamic behavior of 

the teleoperation system. This method has been shown to control both linear and 

nonlinear teleoperation systems in the absence and presence of time delays [27]. 

While good position tracking and the desired dynamic behavior was achieved with 

the originally proposed state convergence method, human perception of the 

remote environment was not good. To overcome this limitation, a modification to 

the original state convergence scheme has recently been proposed which has 

helped in improving the transparency of the teleoperation system while 

maintaining stability and the desired dynamic behavior [28]. The modified scheme 
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is named as transparency optimized state convergence method and will be used in 

this study. 

This paper proposes to employ transparency optimized state convergence method 

in controlling a nonlinear teleoperation system which can be approximated by a 

class of TS fuzzy systems having common input and output matrices. A suitable 

form of PDC type fuzzy control law is selected to close the feedback loops around 

master and slave systems. The beauty of the selected control law lies in its 

capability to fully utilize the method of state convergence while providing large 

range operation. In our earlier work, we have proved that this control law can 

successfully establish the state convergence behavior in a nonlinear teleoperation 

system [24]-[25]. Following the same lines, we show that the fuzzy transparent 

bilateral controller can indeed be designed for the transparency optimized state 

convergence architecture with a nonlinear plant model. The validity of the 

proposed controller is confirmed through MATLAB simulations on a one DoF 

nonlinear teleoperation system. 

The organization of the paper is as follows: We start by reviewing the 

transparency optimized state convergence architecture in Section 2. The proposed 

fuzzy logic controller is detailed in Section 3. Results are presented in Section 4. 

Section 5 draws the conclusion and provides future directions. 

2 Transparency Optimized State Convergence 

Scheme 

Transparency optimized state convergence scheme is recently proposed for the 

bilateral teleoperation systems with time delay in the communication channel. It is 

a modified form of the original state convergence scheme where the objectives of 

reflecting the full environmental force to the operator and the desired dynamic 

behavior of the closed loop teleoperation could not be achieved at the same time. 

This restriction is resolved to some extent in the modified version on the expense 

of limiting the allowable time delay in the communication channel and 

constraining the achievable closed loop behavior. Similar to the standard state 

convergence scheme, transparency optimized state convergence scheme also 

considers the master and slave systems modeled on state space as: 

z z z z z

z z z

x A x B u

y C x

 



g

                                   (1) 

Where the subscript z denotes either master (z=m) or slave (z=s) systems and 

various matrix entries in (1) are given as: 
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                  (2) 
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z z
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B b
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                    (3)  

The block diagram of the transparency optimized state convergence scheme is 

shown in Figure 1 and various parameters forming the architecture are described 

below: 

T: This scalar parameter represents the time delay offered by the communication 

channel. 

Fm: This scalar parameter represents the force applied by the human operator onto 

the master system. 

G2: This scalar parameter measures the influence of the operator’s force into the 

slave system. 

 

Figure 1 

Transparent state convergence method 
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Ze = [ze1,ze2,…,zen]: This vector parameter is the model of the remote slave 

environment. When the environment is modeled by a spring-damper system, then 

this vector will contain two non-zero elements and rest of the elements will be 

zero. 

G1: This scalar parameter represents the influence of the environmental force 

when reflected onto the master system. 

Rs = [rs1,rs2,…,rsn]: This vector parameter represents the influence of the master’s 

motion signals in the slave system. 

Rm = [rm1,rm2,…,rmn]: This vector parameter represents the influence of the slave’s 

motion signals in the master system. 

Km = [km1,km2,…,kmn]: This vector parameter is the state feedback controller for the 

master system. 

 

Figure 2 

Prposed fuzzy transparent state convergence method 
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Ks = [ks1,ks2,…,ksn]: This vector parameter is the state feedback controller for the 

slave system. 

Of these, G1, G2, Rs, Rm, Km and Ks form 4n+2 unknown parameters. The 

parameter G1 can be freely chosen and is taken as unity when perfect transparency 

of the teleoperation system is desirable. 

3 Proposed Transparent TS Fuzzy Logic Controller  

In this section, we will show the development of a transparent TS fuzzy logic 

controller for a class of nonlinear teleoperation systems which can be 

approximated by TS fuzzy models in phase variable form with common input and 

output matrices. Such a nonlinear teleoperation system can be given as: 

 z z z z z

z z z

x f x g u

y q x

 



g

                                  (4) 

The TS fuzzy description of (1) with ‘r’ plant rules can be given as: 

 

1 2

2 3

1

1 1

1

...

z z

z z

r n

zn i z zij zj z z

i j

z z

x x

x x

x h x a x b u

y x

 





  



 

g

g

g

                   (5) 

Where  i zh x is the normalized firing strength of ith fuzzy plant rule which is 

defined in (6) and satifies the two properties as in (6): 

 
 

 
   

1

1

, 0, 1
r

i z

i z i z i zr
i

i z

i

x
h x h x h x

x



 



  


                 (6) 

From Figure 2, we can introduce the TS fuzzy control law for the master system 

as: 

     1

1 1 11

1 r n n

m i m mij mj ej mj sj m

i j jm

u h x d x g z r x t T F
b   

                       (7) 

By plugging (7) in (5), the closed loop master sysem dynamics can be obtained as: 

       1 1 1

1 1 1

r n n

mn i m mij mij mj m ej mj sj m m

i j j

x h x d a x b g z r x t T b F
  

       
g

              (8) 
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Please note that we will considr nth component of the system dynamics throughout 

the rest of the paper as in (8). Let us now introduce the time invariant coefficients 

for the master system as: 

mj mij mijc d a          (9) 

With the coefficients in (9), the closed loop master system in (8) can be simplified 

as: 

   1 1 1

1 1

n n

mn mj mj m ej mj sj m m

j j

x c x b g z r x t T b F
 

     
g

               (10) 

Now, to close the loop around slave system, the following TS fuzzy control law is 

introduced (see Figure 2): 

     2

1 1 11

r n n
sij

s i s ej sj sj mj m

i j js

d
u h x z x r x t T g F t T

b  

 
      

 
                (11) 

The closed loop slave system can now be computed using (5) and (11) as: 

       1 1 1 2

1 1 1

r n n

sn i s sij sij s ej sj s sj mj s m

i j j

x h x d a b z x b r x t T b g F t T
  

        
g

     (12) 

Similar to the master system, we define the time invariant coefficients for the 

slave system as: 

sj sij sijc d a                     (13) 

With the definition in (13), the closed loop slave system in (12) can be written as: 

     1 1 1 2

1 1

n n

sn sj s ej sj s sj mj s m

j j

x c b z x b r x t T b g F t T
 

      
g

              (14) 

As a part of the design procedure, state convergence method assumes the time 

delay in the communication channel to be small and the operator’s force as 

constant. Thus, Taylor expansion of first order can be used to approximate the 

time delayed terms as: 

 

 

 

mjmj mj

sjsj sj

mm m m

x t T x T x

x t T x T x

F t T F T F F

 

 

  

g

g

g

;

;

;

                                            (15) 

With the approximation in (15), closed loop master dynamics of (10) can be 

written as: 
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             (16) 

Similarly, closed loop dynamics of the slave system in (14) can be approximated 

as: 
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          (17) 

By plugging (17) in (16) and using the phase variable representation of the slave 

system, closed loop master system dynamics of (16) can be written as: 
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                    (18) 

Similarly, by plugging (16) in (17) and using the phase variable representation of 

the master system, the closed loop slave system dynamics of (17) can be written 

as: 
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g

                                  (19) 

Let us now define the state convergence error between master and slave systems 

as: 

, 1,2,...,ej mj sjx x x j n                     (20) 

We now write the closed loop master system dynamics of (18) in terms of state 

convergence error as: 
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Similarly, the closed loop slave system dynamics of (19) is also written in terms of 

state convergence error as: 
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                    (22) 

By taking the time derivative of (20) and using (21)-(22), we find the closed loop 

error dynamics of the teleoperation system as: 
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We now form an augmented system of the closed loop master-error systems’ 

dynamics using (21) and (23) as: 

   

   

11 12 1

1 221 22

1 1n
mn j j mj

m

j ejj jen

a a x bx
F

x bD Da a
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g

g
               (24) 

Where the entry  xy j
a implies evaluation at jth state and all the entries in (24) are 

given as (with the zeroth index values being zero: 0 0 00, 0, 0m s er r z   ): 
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                    (25) 
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               (26) 

According to the method of state convergence, error should evolve as an 

autonomous system. This will happen upon the satisfaction of the following 

conditions: 

 21 0, 1,2,...,
j

a j n                     (27) 

2 0b                      (28) 

Once the error will behave like an autonomous system, augmented system of (24) 

can be assigned the desired dynamic behavior. This leads to the following 

conditions: 

         11 22 , 1,2,...,j jj j
s a s a s p s q j n                     (29) 

Where the coefficients 
jp and 

jq form the desired polynomials for master and 

error systems respectively: 
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               (30) 

The design conditions (27)-(29) ensure that the states’ error converges to zero and 

the master system exhibits the desired behavior. However, the convergence of 

force error is not guaranteed. To achieve that the operator force matches with the 

environmental force in steady state, we first compute the transfer function of the 

closed loop augmented system of (24) under the effect of autonomous error 

system: 

 

 

 

 

 
 

         

1 1

1

1

1

1 2

11 11 11 111 2 1

, 1, 2,...,

1 , 2, 1,2,...,

, 2

...

mj j

m j

n j

j j

n n n

j n n

numx s
j n

F s den

s b n j n
num

s b n

den s a s a s a s a

 



 



  

    
 



     

              (31) 

The transfer function in (31) can now be evaluated at steady state and compared 

against the stiffness of the environment as: 

 

 
1 1

11 11

0 1m

m e

x b

F a z
  


                  (32) 

The design condition (32) ensures that the force error will converge to zero in 

steady state. Now, we have 4n+2 design variables: 

1 2, , , , , , 1,2,...,mj sj mj sjg g c c r r j n  while the number of design equations (27)-(29), 

(32) are 3n+2. To create a balance, we let: , 1,2,...,mj mjr c j n    which will 

reduce the number of design variables to 3n+2. However, to achieve that the 

environmental force is fully reflected to the operator, 1g has to be unity which will 

again create an imbalance between the number of design variables and the design 

equations. To overcome this, the constant coefficient of the desired master system 

polynomial is constrained by the other teleoperation system’s variables and now 

the design procedure is balanced. 

4 Simulation Results 

In order to validate the proposed fuzzy model based transparent controller, 

MATLAB simulations are carried out using a one DoF nonlinear teleoperation 

system which can be described in differential equation/state space form as: 
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Where 
1zx and 

2zx are the state variables representing the position and velocity of 

the master/slave systems, 1

z z

z
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m gl
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J
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is the corresponding scheduling variable. To construct the TS fuzzy model of the 

teleoperation system, we determine the extreme values of the scheduling variable 

over the range of its operation, which is assumed to be  / 3 / 3   in this 

study. The extreme values are found to be min 0.827  and max 1.0   which 

further help in constructing the following fuzzy sets: 
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                 (34) 

Based on (34), the two rule TS fuzzy model of (33) can now be given as: 

Model Rule 1: IF z is 1 THEN 
1 1

11 12 2 11
2

0 1 0z z

z

z z z z
z

xx
u

a a x b
x

 
                    

 

g

g
       (35) 

Model Rule 2: IF z is 2 THEN 
1 1

21 22 2 21
2

0 1 0z z

z

z z z z
z

xx
u

a a x b
x

 
                    

 

g

g
      (36) 

By assuming: mm =0.5kg, lm=0.5m, Jm=0.0417Kg-m2, ms =2.0kg, ls=1.0m, 

Js=0.667Kg-m2; the parameters in (35) and (36) for master and slave systems are 

computed as: 

11 12 11

21 22 21

58.86, 12.0, 24.0

48.67, 12.0, 24.0

m m m

m m m

a a b

a a b

  

  
                        (37) 

11 12 11

21 22 21

29.43, 1.50, 1.50

24.34, 1.50, 1.50

s s s

s s s

a a b

a a b

  

  
                 (38) 

Besides system parameters, we need environmental model and the desired 

polynomials for master and error systems to obtain the control gains. The 
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environment is assumed to behave like a spring-damper system with the following 

parameters: 

 0.8 0.02eZ                                         (39) 

Also, the desired polynomials for master and error systems are selected as: 

 

 

2

1

2

: 10 0

: 10 25 0

p s s s p

q s s s

  

  
                  (40) 

Please note that the last coefficient
1p of the desired master polynomial cannot be 

chosen freely as it is constrained by other parameters and will be determined as a 

part of the solution. It is pertinent to mention that the selection of the desired 

polynomials in (40) is vital to ensure the stability and performance of the time 

delayed closed loop teleoperation system. Now, by considering the time delay in 

the communication channel to be 0.01T s and 1g as unity, we obtain the 

following solution to the design equations (27)-(29),(32) through MATLAB 

symbolic toolbox: 
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                    (41)  

In order to implement the fuzzy logic controllers on master and slave systems, we 

determine the control gains based on the solution in (41), system parameters in 

(37)-(38) and the time invariant parameters in (9),(13) as: 

   

   

   

   

1 11 12

2 21 22

1 11 12

2 21 22
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D d d

D d d
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D d d

 

 

   

   

                      (42) 

We now simulate the nonlinear teleoperation system of (33) by using the system 

parameters in Table 1 and the control gains in (41)-(42). The behavior of the 

teleoperation system as the operator applies a constant force of 0.1N is depicted in 

Figure 3. It can be observed that slave system is following the trajectory of the 

master system starting from the same initial conditions. Also, observe that the 

master system exhibits the desired dynamic behavior as assigned through the 

polynomial  p s . The control inputs for both the master and slave systems in this 
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case are also recorded and displayed in Figure 4. It should be noted that the 

transparency optimized state convergence scheme is found to be sensitive to 

actuator saturation phenomenon and can easily be driven to instability. Thus, poles 

of the closed loop teleoperation system should be selected carefully to avoid the 

actuator saturation problem. We also analyze the environmental force which is 

reflected onto the master system. Figure 5 shows the operator’s applied force as 

well as the force reflected from the slave system as it interacts with the 

environment. It can be observed that the operator is able to fully perceive the 

environment during the steady state. This result coincides with the design 

condition (32) which only ensures the force tracking in steady state. The behavior 

of the closed loop teleoperation is also analyzed under the application of more 

realistic time varying operator’s force. The position and force tracking results for 

this case are shown in Figure 6. It can be observed that the slave system is at 

different initial position than the master system and is able to catch the master 

system after a transient. However, a constant force reflection error is observed 

during the ramp period, which disappears when the force becomes constant. 
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Figure 3 

Master and slave systems’ states under an operator’s force of 0.1N (a) Position signals (b) Zoomed 

position signals (c) Velocity signals 
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                                         Figure 4                                                Figure 5 

            Control inputs for master and slave systems             Operator and environmental forces  

We also analyze the effect of uncertainties on the performance of the closed loop 

teleoperation system. To this end, we first consider 100% uncertainty in the time 

delay. With the same control gains as in (41)-(42) and considering 0.02T s , we 

simulate the teleoperation system under the application of a constant applied force 

measuring 0.1N and the results are shown in Figure 7. It can be seen that although 

the state convergence between master and slave systems is achieved, a deviation 

from the desired dynamic behavior is evident. Further, this deviation increases as 

the uncertainty in the time delay increases which can be observed from figure 8 

where a 200% uncertainty in the time delay ( 0.03T s ) is considered. However, 

the transparency of the teleoperation system is achieved in steady state as both the 

slave position signal and the environmental force matches with the master position 

signal and the operator’s applied force after the transient period. 
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          (a)                  (b) 

Figure 6 

Performance of teleoperation system with time varying operator’s force (a) Master-slave position 

signals (b) Operator-environment forces  

Besides the uncertainty in the time delay, we also study the effect of uncertainty in 

coefficient of viscous friction on the performance of teleoperation system. The 

result of this analysis is shown in Figure 9 where a 50% uncertainty is considered 

in the coefficient of viscous friction of both master and slave systems. It can be 
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seen that the teleoperation system is exhibiting a sluggish response. The effect of 

adding the uncertainty in the time delay and the coefficient of viscous friction at 

the same time is shown in Figure 10. It is evident that the uncertainty in the 

coefficient of viscous friction has a greater impact in degrading the system’s 

performance. 

Finally, we compare the performance of the proposed fuzzy logic controller with 

the existing linear controller in achieving the transparency during large range 

operation. The linear controller is derived from the proposed controller using (43) 

and is given in (44). 
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                (44) 
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Figure 7 

Effect of 100% uncertainty in time delay on the performance of teleoperation system (a) Master-slave 

position signals (b) Operator-environment forces 
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Figure 8 

Effect of 200% uncertainty in time delay on the performance of teleoperation system (a) Master-slave 

position signals (b) Operator-environment forces 
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(a)                  (b) 

Figure 9 

Effect of 50% uncertainty in the coefficient of viscous friction on the performance of teleoperation 

system (a) Master-slave position signals (b) Operator-environment forces 
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Figure 10 

Effect of 50% uncertainty in the coefficient of viscous friction and time delay on the performance of 

teleoperation system (a) Master-slave position signals (b) Operator-environment forces 
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By considering the final position to be reached as 1 rad, the nonlinear 

teleoperation system is simulated and the performance of the two controllers is 

recorded. The errors in the position and the force signals for the two cases are then 

computed and are displayed in Figure 11. It can be observed that the proposed 

fuzzy logic controller has shown superior performance as the error in position and 

force signals has converged to zero while a constant position and force error is 

seen in case of the linear controller. Thus, perfect transparency is achieved by the 

proposed fuzzy logic controller. 
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Figure 11 

Comparison of proposed fuzzy logic controller and existing linear controller (a) Master-slave position 

errors (b) Operator-environment force errors 

Conclusions 

This paper has presented the design of a fuzzy model based transparent controller 

for a nonlinear teleoperation system based on its TS fuzzy description. The 

proposed TS fuzzy logic control laws for the master and slave systems allow using 

the method of state convergence in its true sense. The feasibility of the presented 

approach is evaluated through simulations in MATLAB environment on a one 

DoF tele-manipulator. It is concluded that the proposed approach can control a 

nonlinear teleoperation system with a small time delay in the communication 

channel. Future work involves enabling the scheme to work in the presence of 

time varying delays. The robustness of the scheme to parameter uncertainties need 

to be improved as well. 
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