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I. INTRODUCTION 
 

For high-fidelity teleoperation, transparency of the 

master–slave system is necessary. Therefore, as a 

performance measure, transparency is defined as “the 

description of the degree of telepresence of the remote 

site available to the human operator through the tele-

operator device” [1]. For bilaterally controlled 

teleoperation, transparency is determined by the 

reflection of slave/environment interaction forces to the 

user’s hand by the master device[2].  

 

II. TRANSPARENCY IN HAPTIC 

TELEOPERATION 
 

Let fh be the hand/master interaction force and fe be the 

slave/environment interaction force, the dynamics of the 

master and the slave can be written as[3]: 

𝑓𝑚 + 𝑓ℎ =  𝑀𝑚�̈�𝑚 + 𝐵𝑚�̇�𝑚 = 𝑀𝑚�̇�𝑚 + 𝐵𝑚𝑣𝑚,             (1) 

𝑓𝑠 − 𝑓𝑒 = 𝑀𝑠�̈�𝑠 + 𝐵𝑠�̇�𝑠 = 𝑀𝑠�̇�𝑠 +  𝐵𝑠𝑣𝑠.               (2) 

Where: 𝑀𝑚, 𝑀𝑠, 𝑓𝑚, 𝑓𝑠, 𝑥𝑚 , 𝑥𝑠, 𝑣𝑚 , 𝑣𝑠 are master inertia, 

slave inertia, master force, slave force, master position, 

slave position, master velocity and slave velocity 

respectively. 

For the ideal transparency, master position (𝑥𝑚) must 

be matched with the slave position (𝑥𝑠)and human force 

(fh) must be matched with the environment force (fe)[4] 

as follows: 

𝑥𝑚= 𝑥𝑠                   (3) 

fh = fe                          (4) 

The teleoperation system can be represented by an 

equivalent diagram according to [1] as shown in Fig. 1. 

 
Fig. 1 Equivalent circuit representation of a 

teleoperation system[1]. 

 

Here, Zh, Ze and Zt are dynamics of human operator hand, 

remote environment and transmitted impedance. 

For the evaluation of transparency of teleoperation, 

the another  appropriate way to represent is the two port 

network of teleoperation system [5] (as shown in Fig. 1) 

is to represent it by the hybrid matrix. 

[
𝐹ℎ

−𝑣𝑠
] = [

ℎ11 ℎ12

ℎ21 ℎ22
] [

𝑣𝑚

𝐹𝑒
]                  (5) 

For the ideal transparency, the hybrid matrix must look 

like: 

[
ℎ11 ℎ12

ℎ21 ℎ22
] = [

0 1
−1 0

]                              (6)                                                  

     

 

III. HYBRID MATRIX PARAMETERS 
A. Hybrid Parameters For 4C-Architecture 

In this section, the individual definition and physical 

meaning of hybrid parameters are discussed as below: 

i. 𝒉𝟏𝟏  =  
𝑭𝒉

𝑽𝒎
|𝑭𝒆=𝟎   

      

h11 represents the free motion behavior of input 

impedance as environment force(𝐹𝑒) is equal to zero. It 

also tells that what human operator feels in free motion 

by moving master arm [2]. 

In order to achieve ideal transparency of teleoperation, 

we need to derive the relationships of the hybrid matrix. 

From Fig. 2, we can write the following equations: 

𝐹ℎ + 𝐹ℎ𝐶6 − 𝑉𝑚𝐶𝑚 − 𝐹𝑒𝐶2𝑒−𝑠𝑡𝑑 − 𝑉𝑠𝐶4𝑒−𝑠𝑡𝑑 = 𝑉𝑚  (7) 

𝑉𝑚𝐶1𝑒−𝑠𝑡𝑑 + 𝐹ℎ𝐶3𝑒−𝑠𝑡𝑑 − 𝐹𝑒𝐶5 − 𝐹𝑒 − 𝑉𝑠𝐶𝑠 = 𝑉𝑠𝑍𝑠  (8) 

For calculating h11, separating 𝑉𝑠 from Eq. (8), 𝐹𝑒 = 0 

and put into the Eq. (7), we get: 

ℎ11 =
𝐹ℎ

𝑉𝑚
=

𝑍𝑠𝑐𝑍𝑚𝑐+𝐶1𝐶4𝑒−2𝑠𝑡𝑑

𝑍𝑠𝑐(1+𝐶6)−𝐶3𝐶4𝑒−2𝑠𝑡𝑑                                  (9) 
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𝑤ℎ𝑒𝑟𝑒, 

     𝑍𝑠 =  
1

𝐺𝑠
, 𝑍𝑚 =

1

𝐺𝑚
, 𝑍𝑠𝑐 = 𝑍𝑠 +  𝐶𝑠, 

     𝑍𝑠 = 𝑀𝑠𝑠 + 𝐵𝑠,𝐶𝑠 =
𝐾𝑝𝑠

𝑠
+ 𝐾𝑑𝑠

, 

     𝑍𝑚𝑐 = 𝑍𝑚 + 𝐶𝑚,𝑍𝑚 = 𝑀𝑚𝑠 + 𝐵𝑚, 

     𝐶𝑚 =
𝐾𝑝𝑚

𝑠
+ 𝐾𝑑𝑚

,𝑡𝑑 = 𝑐𝑜𝑚𝑚𝑢𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑙𝑎𝑦 

ii. 𝒉𝟏𝟐  =  
𝑭𝒉

𝑭𝒆
|𝑽𝒎=𝟎 

 h12 is a measure of force tracking for the haptic 

teleoperation system when the master is in fixed 

position[2]. It also tells that what human operator feels in 

contact motion. For calculating h12, separating 𝑉𝑠 from 

eq. (8), put 𝑉𝑚 = 0 and put into the Eq. (7), we get: 

ℎ12 =
𝐹ℎ

𝐹𝑒
=  

𝐶2𝑒−𝑠𝑡𝑑𝑍𝑠𝑐−(1+𝐶5)𝐶4𝑒−𝑠𝑡𝑑

𝑍𝑠𝑐(1+𝐶6)−𝐶3𝐶4𝑒−2𝑠𝑡𝑑                 (10) 

iii. 𝒉𝟐𝟏 =  −
𝑽𝒔

𝑽𝒎
|𝑭𝒆=𝟎 

h21 is a measure of position (velocity) tracking 

performance when the slave does not come in contact 

with the environment (free space condition) . It also tells 

that how well slave follow the master position in free 

motion. 
For calculating h21, separating 𝐹ℎ from Eq. (8), put 𝐹𝑒 =
0 and put into the Eq. (7), we get: 

ℎ21 = −
𝑉𝑠

𝑉𝑚
= −

𝐶1(1+𝐶6)𝑒−𝑠𝑡𝑑+𝑍𝑚𝑐𝐶3𝑒−𝑠𝑡𝑑

𝑍𝑠𝑐(1+𝐶6)−𝐶4𝐶3𝑒−2𝑠𝑡𝑑              (11) 

iv. 𝒉𝟐𝟐 =  −
𝑽𝒔

𝑭𝒆
|𝑽𝒎=𝟎 

h22 is the output admittance when the master is fixed 

in position. It also tells that how well master/slave is 

locked in contact mode. 
For calculating h22, separating 𝐹ℎ from Eq. (8), put 

𝑉𝑚 = 0 and put into the Eq. (7), we get: 

ℎ22 = −
𝑉𝑠

𝐹𝑒
=

−𝐶2𝐶3𝑒−2𝑠𝑡𝑑+(1+𝐶5)(1+𝐶6)

[−𝐶4𝐶3𝑒−2𝑠𝑡𝑑+𝑍𝑠𝑐(1+𝐶6)]
            (12) 

From eq. (9) ~ (12), we get: 

 

[
ℎ11 ℎ12

ℎ21 ℎ22
]=

[

𝑍𝑠𝑐𝑍𝑚𝑐+𝐶1𝐶4𝑒−2𝑠𝑡𝑑

𝑍𝑠𝑐(1+𝐶6)−𝐶3𝐶4𝑒−2𝑠𝑡𝑑

𝐶2𝑍𝑠𝑐𝑒−𝑠𝑡𝑑−(1+𝐶5)𝐶4𝑒−𝑠𝑡𝑑

𝑍𝑠𝑐(1+𝐶6)−𝐶3𝐶4𝑒−2𝑠𝑡𝑑

−
𝐶1(1+𝐶6)𝑒−𝑠𝑡𝑑+𝑍𝑚𝑐𝐶3𝑒−𝑠𝑡𝑑

𝑍𝑠𝑐(1+𝐶6)−𝐶4𝐶3𝑒−2𝑠𝑡𝑑

−𝐶2𝐶3𝑒−2𝑠𝑡𝑑+(1+𝐶5)(1+𝐶6)

[−𝐶4𝐶3𝑒−2𝑠𝑡𝑑+𝑍𝑠𝑐(1+𝐶6)]

] 

Put td=0 in the above matrix to obtain the hybrid matrix 

without communication delay 

[
ℎ11 ℎ12

ℎ21 ℎ22
]=[

𝑍𝑠𝑐𝑍𝑚𝑐+𝐶1𝐶4

𝑍𝑠𝑐(1+𝐶6)−𝐶3𝐶4

𝐶2𝑍𝑠𝑐−(1+𝐶5)𝐶4

𝑍𝑠𝑐(1+𝐶6)−𝐶3𝐶4

−
𝐶1(1+𝐶6)+𝑍𝑚𝑐𝐶3

𝑍𝑠𝑐(1+𝐶6)−𝐶4𝐶3

−𝐶2𝐶3+(1+𝐶5)(1+𝐶6)

[−𝐶4𝐶3+𝑍𝑠𝑐(1+𝐶6)]

](13) 

 

B. Selection of Controller gains for Ideal 

Transparency of 4-Channel Architecture: 

If we compare Eq. (6) and eq. (13), we can select the 

relations of C1, C2, C3 and C4 in terms of C5, C6, Zsc, Zmc to 

achieve good transparency of teleoperation. 

From eq. (6), h11=0 which gives 𝑍𝑠𝑐𝑍𝑚𝑐 + 𝐶1𝐶4 =0. Now 

by selecting the following relations of 𝐶1 and 𝐶4 in terms 

of 𝑍𝑠𝑐and 𝑍𝑚𝑐, we can achieve the ideal transparency as 

[2]: 

𝐶1 = 𝑍𝑠𝑐  = 𝑍𝑠+ 𝐶𝑠                 (14) 
𝐶4 = −𝑍𝑚𝑐  = - (𝑍𝑚 + 𝐶𝑚)               (15) 

From eq. (6), h22=0 which gives−𝐶2𝐶3 + (1 + 𝐶5) 

(1 + 𝐶6) = 0 

For ideal transparency, 

𝐶2 =  (1 + 𝐶6)                   (16) 

𝐶3 =  (1 + 𝐶5)               (17) 

 

IV. SIMULATION 
A. Simulation Scenario 

The simulation of 4C-architecture is done in 

Matlab/Simulink by implementing an equivalent 

4channel teleoperation model according to Fig. 2. A 

benchmark test of free and contact motion is performed 

and force and position profiles are depicted. Details of 

Parameters of master and slave devices are mentioned in 

Table I. 

 

 
 

Fig.2 Block Diagram Representation of 4-Channel Architecture  

 

 

 

 

 

 

 

Fig. 2 Block diagram representation of 4channel architecture 
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Table I Parameters of master, slave devices and 

environment 

 

There are 4 controllers (C1 to C4) connected in 4-

channel architecture including two compensators named 

C6 and C5. Among C1 to C6 controllers/compensators, C6 

and C5 are master and slave local force compensators, 

respectively[6]. Cm and Cs are master local velocity 

controller and slave local velocity controller [6] 

respectively. C2 and C3 are used to measure the contact 

forces of the remote side. The measured master and slave 

velocities are passed through the impedance filters (C1Vh 

and C4Ve) to convert them into forces[6]. 

Table II shows the gains of all the controller and 

compensators which are set according to Eqs. (14) ~ (17). 

 

Table II Controller gains and justifications according to 

transparency index 

Controllers/ 

Compensators 

Formulas Gains 

𝐶𝑚 𝐾𝑝𝑚

𝑠
+ 𝐾𝑑𝑚

 
25

𝑠
+ 3 

𝐶𝑠 𝐾𝑝𝑠

𝑠
+ 𝐾𝑑𝑠

 
50

𝑠
+ 7 

𝐶1           𝑍𝑠 +
 𝐶𝑠=(𝑀𝑠𝑠 + 𝐵𝑠) + 

(
𝐾𝑝𝑠

𝑠
+ 𝐾𝑑𝑠

) 

0.1𝑠 +  8

+
50

𝑠
 

𝐶2 1 + 𝐶6 0 

𝐶3 1 + 𝐶5 1 

𝐶4 −(𝑍𝑚 +  𝐶𝑚)=-

(𝑀𝑚𝑠 +

𝐵𝑚) −(
𝐾𝑝𝑚

𝑠
+ 𝐾𝑑𝑚

) 

−0.1𝑠
− 4

−
25

𝑠
 

𝐶5 𝐶3 − 1 0 

𝐶6 𝐶2 − 1 -1 

In our simulation model, C5=0 which provides the gain 

of C3=1, whereas C6=-1 which implies that C2=0 

therefore there will be no need of the force measurement 

sensor on the slave side[5] 

 

B. Simulation Results and Discussion 

The simulation model provided the position and force 

profiles in free and contact motion both in the absence 

and presence of time delays (as shown in Fig. 4 and Fig. 

5). 

 
Fig. 4 Position and force profiles of master/ slave 

devices in the absence of time delay 

 
Fig. 5 Position and force profiles of master/ slave 

devices in the presence of time delay 

 

From Fig. 4, we can conclude that free motion and 

contact mode starts from 1 to 1.5 seconds and 1.5 to 8 

seconds, respectively. The human operator input force 

Fh= 5N is applied at the master side in the form of 

trapezoidal pulse from t = 1 to 8secs. This simulation is 

done initially for no time delay, where master force tracks 

the slave with initial contact oscillations as the slave 

comes in contact with the environment at 200mm (as 

shown in the upper plot of fig. 4). The lower plot in fig. 

4 shows the position tracking, where in free motion 

(before 1.5 secs) the slave tracks the master well and after 

making contact at 1.5 seconds, there is a small error 

between xm and xs which is synchronized with force 

tracking in contact mode as can be seen in upper plot of 

Fig. 4.  

Similarly, the force and position tracking is done in 

the presence of communication delay (100 msec) as 

shown in Fig. 5. In the presence of delay, the contact 

motion occurs at 2.2 seconds. When the slave comes in 

contact with the environment, there is a jerk in the master 

and slave forces. The position profile in the lower plot of 

Fig. 5 shows that due to the time delay, there is an error 

between master and slave positions xm and xs respectively 

in the free motion condition. When the slave comes in 

contact with the environment at 200mm then there is a 

small error between xm and xs which dies out very quickly. 

  

Parameters Master 

device 

Slave 

device 

Environm

ent 

Mass 

(𝑀𝑚, 𝑀𝑠, 𝑀𝑒) 

0.1 Kg 0.1 Kg Negligible 

Damper(

𝐵𝑚, 𝐵𝑠 , 𝐵𝑒) 

0.001 

N.s/mm 

0.001 

N.s/mm 

Negligible 

Spring 

constant(

𝐾𝑚 , 𝐾𝑠 , 𝐾𝑒) 

Negligible Negligible 5 N/mm 
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V. CONCLUSION 
4-channel architecture is validated in a Matlab/Simulink 

model to show better transparency in the behavior of 

master and slave devices. The magnitude of the position 

error is negligible even when the time delay is considered 

in the simulation model. According to ideal transparency 

index, different controllers/compensators are designed 

and validated such that there is no need of force 

measurement on the slave side by getting reduced 

number of sensors usage.   
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