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Abstractð  This paper presents on the variation of 

parameters, bandwidth between the disturbance observer (DOB) 

and reaction torque observer/reaction force observer 

(RTOB)/(RFOB), and the gains at the outer-loop/performance 

controller effects to the bilateral teleoperation control system. 

These design constraints affect during the design of bilateral 

teleoperation control system. Somehow the stability, robustness 

and performance of the DOB and RTOB based robust motion 

control system influenced by these design constraints. Similarly, 

the position and force control system also interconnected with 

the DOB and RTOB based robust motion control system. It is 

crucial to acknowledge the design constraints in order to design 

a bilateral control system. Moreover, improving the degree of 

reproducibility and operationality are important in bilateral 

control system. It indicates the transparency of the bilateral 

teleoperation control system which can be considered for further 

development. Thus, the aim of this paper is to conduct 

experiments to analyze on the design constraints of the robust 

motion control system in bilateral teleoperation control system. 

From these experiment results, the stability, robustness and 

performance of the DOB and RTOB based robust motion control 

system are validated. Moreover, improvement in the degree of 

reproducibility and operationality of bilateral teleoperation 

control system by the design constraints are analyzed. 

 
Index Termð disturbance observer (DOB), reaction torque 

observer (RTOB), parameter variation, position controller, force 

controller, stability, robustness, performance, bilateral 

teleoperation control system. 

 
I.  INTRODUCTION 

ALTHOUGH the application of DOB based motion control 

system has been implemented for almost three decades, there 

are yet still more space to analyze and improve the design 

control methods [1]. During the designing the DOB based 

motion control, parameters variation, bandwidth between the 

DOB and RTOB, and the gains at the outer-loop/performance 

controller influence not just robustness, but stability and 

performance of the motion control system [1], [2]. The outer-

loop consists of performance controllers which are position 

controller and force controllerȢ Furthermore, inner-loop consists 

of disturbance observer (DOB) and reaction torque observer 

(RTOB). These design constraints affect during the design of 

motion control system. Unlike in this paper, the analysis on the 

design constraints are investigated onto the bilateral 

teleoperation control system. Generally, four channel bilateral 

controller is well known to achieve high transparency and 

stability in bilateral teleoperation. It consists hybrid of position 

and force in acceleration dimension based on disturbance 

observer. Thus, it is critically important that all four channels 

must properly use in achieving high performance and stability 

sense of accurate transmission of remote impedances to the 

human operator. This is where the reproducibility and 

operationality  of the bilateral teleoperation control system step 

in [3]. 

Basically, the robustness of acceleration control on bilateral 

teleoperation is achieved by DOB [2], [4]ï[6]. Estimation of 

disturbance able to improve transparency and robustness of 

bilateral control. The bandwidth of DOB is set as high as 

possible to estimate and suppress the disturbances in a wide 

range of frequency. However, there are noise and robustness 

constraints in practical [1]. Another controller is designed at the 

outer-loop to obtain performance of the system. The robustness 

from inner-loop and performance from outer-loop are designed 

independently from each other. This control structure is called 

as two-degree of freedom control [4]. However, in practical, 

both outer and inner-loop are related in terms of robustness. 

Furthermore, (RFOB)/(RTOB) has been implemented to 

enable force feedback without force/torque sensor [7]. It is an 

application of DOB and used to estimate the environmental 

impedance. DOB can increase the bandwidth of reaction force 

information in wide bandwidth and the ability of the bilateral 

control is improved [8]. The RTOB is designed by subtracting 

the external disturbances and system uncertainties from input of 

a DOB. Thus the DOB and RFOB are almost similar however, 

only the latter has a model based control structure, means it 

requires the exact model of plant and external disturbance [2].  

Nevertheless, good sense of touch must be realized in the 

bilateral teleoperation control system. Thus, during the design 

of a bilateral teleoperation control system reproducibility and 

operationality are taken into account. Reproducibility is the 

degree of reproduction of environmental impedance in master 

side which is the fundamental motive in bilateral teleoperation 

control system. Operationality is degree of operational force 

which human operator feels besides reaction force from the 

environment which desired for comfort operation for human 

operator. 

In the case of reproducibility, the position controller gain 

plays a big role in the sense of touch. The higher the gain, the 

better the degree of reproducibility [3]. However, of course the 

position controller gain cannot freely increase due to noise, 

sampling time, and so on. 

In paper [3] and [9], a further study of the force controller and 

variation of nominal inertia plays a vital role in operationality 

of bilateral teleoperation control system, respectively. It stated 

that high in force gain, ὑ or small in nominal inertia, ὐ 
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improve the operationality. In addition, the parameter variations 

affect the stability of the system. Theoretically, the stability of 

the system is analyzed by root locus, and as the nominal inertia,  

ὐ increase, instability occurs in the system. In this 

reproducibility and operationality section, the validation of this 

research section is confirmed by experimental results. In brief, 

these analyses are effective in improving the performance and 

stability of bilateral teleoperation control system. 

In this paper, the single link rotatory planar bilateral 

teleoperation control system is used. Generally, there are 

position control and force control system in a bilateral 

teleoperation control system. Both control system is influenced 

by the outer-loop gains, inner-loop gains, and variation of 

parameters. The outer-loop consists of performance controllers 

which are position controller, ὅ and force controller, ὅȢ As 

usual, position controller consists of proportional, ὑ   and 

derivative gain,  ὑ . The force controller consists of ὑ. 

Furthermore, inner-loop consists of disturbance observer gain, 

 Ὣ  and reaction torque observer gain, Ὣ . 

In brief, to understand more deeply about the bilateral 

teleoperation control system as motion control system, this 

paper presents on the effects of outer-loop gains, inner-loop 

gains, and variation of parameters to the bilateral teleoperation 

control system. These design constraints effect on the 

reproducibility and operationality of the bilateral teleoperation 

control system. The position control system of bilateral 

teleoperation control system is depended on ὑ , ὑ ,  Ὣ , 

and ὐ. Equally important that the force control system is 

depends on ὑ, Ὣ , and ὐ. 

This paper focuses on investigating the effects of the 

parameter variation, bandwidth of the DOB and RTOB, and the 

gains at the outer-loop/performance controller to the geared 

DC-motor in the bilateral teleoperation control system since 

most of the researchers study the bilateral teleoperation control 

system by using linear motor and non-geared DC-motor. 

Somehow, these design constraints that influence the stability, 

robustness, and performance of the DOB and RTOB based 

robust motion control system. Next, experiments are conducted 

to analyze on the design constraints of the robust motion control 

system in bilateral teleoperation control system. From these 

experimental results, the stability, robustness and performance 

of the DOB and RTOB based robust motion control system are 

validated. Moreover, improvement in the degree of 

reproducibility and operationality of bilateral teleoperation 

control system by the design constraints are analyzed too. 

This paper is organized as follows; Section II  introduces the 

bilateral teleoperation control system. Section III  explains about 

the disturbance observer (DOB) and reaction torque observer 

(RTOB). Section IV explains the reproducibility and 

operationality of a bilateral teleoperation control system. Next, 

Section V explains on robustness, stability, and performance of 

the bilateral teleoperation control system. Section VI  shows 

hardware setup of proposed bilateral teleoperation control 

system single link planar robot manipulator. Section VII  

discusses experiments and the results of the free motion and 

contact motion using the proposed experiments. Moreover, 

Section VIII  concludes the outcome of this paper and discussion 

on further work. 

II.  SINGLE L INK PLANAR ROBOT 

MANIPULATOR BILATERAL 

TELEOPERATION CONTROL SYSTEM 

The haptic sensation can be realized by implementing the 
bilateral control technique. By using such method, the force 
sensation occurs in the slave environment can be perceive by 
the masterôs control side and it goes both ways. For the precise 
perception of force sensation, both torque and position 
displacement should be transferred bidirectional. The total 
block diagram of bilateral motion control is summarized in Fig.  
2.1 [10]. TABLE I shows the list of parametersô definitions of 
this paper. 

 
TABLE I 

LIST OF PARAMETERS DEFINITION 

Parameter Description 

ὰ Link 1 

ὐ  Real inertia 

ὐ Nominal inertia 

ὐ Motor inertia 

ὐ Load inertia 

ὔ Gear ratio 

ὑ  Nominal torque constant 

ὑ  Proportional gain 

ὑ  Derivative gain 

ὑ Force gain 

ὅ Position controller 

ὅ Force controller 

 Natural angular frequency 

 Damping coefficient 

Ὣ  Cut-off frequency of disturbance 
observer 

Ὣ  Cut-off frequency of reaction torque 

observer 

† Torque 

— Angle 

— Angular velocity 

— Angular acceleration 

ίόὴὩὶίὧὶὭὴὸ Reference value 

ίόὴὩὶίὧὶὭὴὸ Response value 

ίόὴὩὶίὧὶὭὴὸ Disturbance value 

ίόὴὩὶίὧὶὭὴὸ External value 

ίόὦίὧὶὭὴὸ Master system 

ίόὦίὧὶὭὴὸ Slave system 

ίόὦίὧὶὭὴὸ Common mode 

ίόὦίὧὶὭὴὸ Differential mode 

 Estimated value 
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Fig. 2.1.   Total block diagram of bilateral motion control by acceleration 

control 

 

In order to transfer information in haptic communication, the 

realization of position tracking and the law of action and 

reaction between master system and slave system are important. 

The †  represents the torque applied by human operator to the 

master manipulator while the † represents the torque applied 

by the environment at the slave manipulator. Equation (2.1) 

represents the summation of the action torque from human 

operator †  and reaction force from environment † should be 

zero. On the contrary, (2.3) represents that the position error 

between master position —  and slave position — should be 

coming to zero. 

 
† † π (2.1) 

— —ᴼπ (2.2) 

— — π (2.3) 

 
Moreover, the basic concept of bilateral motion control 

system on both master and slave system are required to comply 

in its total acceleration in differential mode, ὼ  and total force 

in common mode, † [10]. However, the common mode and the 

differential mode are independent to each other. In order to 

have interaction between this two modes, the second order 

Hadamard matrix, Ὄ  is applied as modal decomposition as 

shown in Equation (2.8). Equation (2.4) to (2.7) has the 

characteristic of the second order Hadamard matrix (quarry 

matrix). 

 

— ὅ— ὅὊ  (2.4) 

— ὅ— ὅὊ  (2.5) 

— — —  (2.6) 

† †Ƕ †Ƕ  (2.7) 

† —

† —
ρ ρ
ρ ρ

†Ƕ —

†Ƕ —
 

               Ὄ
†Ƕ —

†Ƕ —
 

 

 

(2.8) 

 

In order to fulfill the bilateral control system requirement and 
to comply the concept in a haptic system, this bilateral control 
system is equipped with disturbance observer (DOB) [6] and 
the reaction torque observer (RTOB) [7]. The differential mode 
of the system is position controlled using DOB while the 
common mode of the system is force controlled using RTOB. 
This system can automatically calculate force disturbance and 
external force that present in both master and slave system. The 
sensorless type of motion control system provide robustness of 
the system. Thus, the operator at the master system can feel the 
real sensation of the environment at the slave system even 
though the operator is not at the environment area. Fig. 2.2 
shows the block diagram of single link bilateral control based 
on acceleration control. 

 

 
Fig. 2.2.   Block diagram of single link bilateral control based on 

acceleration control 

 
In the differential mode, the system is fitted with the position 

controller ὅ while in the common mode, it is fitted with the 

force controller ὅ. The function of the position control system 

is to allow the tracking position system track the desired 

trajectory in the critically damp response. The position 

coefficient and velocity coefficient are set based in the natural 

angular frequency and a damping coefficient of the control 

system as show in Equation (2.9) and Equation (2.10) [11]. The 

force controller system has to maintain the contact stability 

between force at end-effectors and the force at the contact 

object [12]. They can be defined as; 

 
ὑ   (2.9) 

ὑ ς  (2.10) 

ὅ ὑ ὑί (2.11) 

ὅ ὑ  (2.12) 
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Fig. 2.3.   Fundamental inertia and gear ratio 

 

In terms of the concept of inerter, input torque from motor 

drives the load inertia, ὐ through gear ratio of  ὔȾὔ  in Figure 

2.3. Thus the total nominal inertia, ὐ and torque output, † is to 

be calculate as;  

 

ὐ  ὐ ὐ
ὔ

ὔ
 

 

(2.13) 

†  †
ὔ

ὔ
 

(2.14) 

 

 

III.  DISTURBANCE OBSERVER (DOB) AND 

REACTION TORQUE OBSERVER (RTOB) 

The DOB is a robust control tool that able to estimate the 

external disturbance and system uncertainties. DOB is also 

designed to cancel the disturbance torque as quickly as possible 

which act as disturbance compensation in a motion control 

system. Robust motion control is attained by using the 

disturbance observer, the robust motion controller makes a 

motion system to be an acceleration control system [8]. That is 

the reason DOB is implemented in order to establish robust 

acceleration controller [4]. The output of DOB is the friction 

effect under the constant angular velocity motion in the 

mechanism. A robust system means that the system is 

insensitive to the external disturbance and parameter variations. 

It can obtain wider bandwidth than force sensor due to settling 

sampling time and observer gain by using DOB [7]. 

DOB is very effective for motion control and robust to both 

parameter uncertainties and unknown disturbance [13] and also 

provide a DOB based robust position control system[1]. The 

feedback of estimated disturbance in the inner-loop is to obtain 

the robustness of the motion control system [13]. On the 

contrary, the outer-loop is to estimate the external forces to 

realize force servoing. Moreover, the PD controller is designed 

in outer-loop so that the performance requirements of the 

motion control system are satisfied [13]. This kind of structure 

is a two degree of freedom control [4]. However, in practical, 

both outer and inner-loop are related in terms of robustness.  

Fig. 3.1 shows the block diagram of joint space based 

disturbance observer and reaction torque observer to 

compensate the disturbance effect within the motor plant and 

estimate the external torque from both the master and slave 

manipulators, respectively. 

 
Fig. 3.1.   Block diagram of joint space based disturbance observer and reaction 

torque observer 

 

† ὐ ὐ— ὑ ὑ Ὅ Ὂ

Ὀ— †  

(3.1) 

             Ўὐ— ЎὑὍ  † (3.2) 

Ўὐ ὐ ὐ (3.3) 

Ўὑ ὑ ὑ  (3.4) 

† Ὂ Ὀ— †  (3.5) 

  where; 

 

Ὂ Coulomb friction; 

Ὀ—   Viscous friction; 

Ўὐ  Self-inertia variation; 

Ўὑ  Variation of torque coefficient; 

† Load torque; 

 

In Equation (3.1), the first term and second term are the 

torque pulsations due to self-inertia variation and variation of 

the torque coefficient of the motor, respectively. The third term 

and the fourth term denoted the coulomb and the viscous 

friction, respectively. The last term is the reaction torque caused 

by external torque. 

The disturbance torque is estimated from the current 

reference and a velocity response. The estimated torque, †Ƕ  is 

estimated using Equation (3.6) 

 

†Ƕ
Ὣ

ί Ὣ
†  

 

(3.6) 

where;  

Ὣ

ί Ὣ
 

 

(3.7) 

 

is the DOB low-pass filter (LPF) and Ὣ  is a 

cut-off frequency. 
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†Ƕ
Ὣ

ί Ὣ
Ὣ ὐ— Ὅ

Ὣ ὐ—  

 

(3.8) 

 

By using Equation (3.6), a realization of robust motion 

control is attained. The bandwidth of the DOB low-pass filter as 

in Equation (3.7) is set as high as possible to estimate a wide 

frequency range of disturbance. However, it is limited by 

practical and robustness constraints [1]. 

Furthermore, by subtracting the external disturbances and 

system uncertainties from input of a DOB, it can estimate the 

reaction torque applied to the system. It is necessary important 

to identify them as precisely as possible. This process is called 

as reaction torque observer (RTOB) [7] as shown is Fig. 3.1. 

Equation (3.9) shows that the reaction torque observer is 

estimated through first-order LPF. RTOB can estimates external 

torque without torque sensor because it has many drawbacks.  

The study of comparison between force sensor and reaction 

force observer based on force control system has been analyzed 

[14].  

 

†Ƕ
Ὣ

ί Ὣ
†  

 

(3.9) 

where;  

Ὣ

ί Ὣ
 

 

 

(3.10) 

is the DOB low-pass filter (LPF) and Ὣ  is a 

cut-off frequency. 

 

 

 

IV.  REPRODUCIBILITY AND OPERATIONALOTY 

In [3], reproducibility and operationality are defined as ὖ and 

ὖ, respectively. Reproducibility is the degree of reproduction 

of environmental impedance in master side which is the 

fundamental motive in bilateral teleoperation control system. 

Operationality is degree of operational force which human 

operator feels besides reaction force from the environment 

which is desired for comfortable operation for a human 

operator. In an ideal state;  

 

ὖ ρ (4.1) 

ὖ π (4.2) 

which means there is a perfect reproduction of environment 

impedance in master side followed by zero operational force. 

However, this happens if the bandwidth of the DOB and RTOB 

is wide enough or infinity as the disturbance can be perfectly 

suppressed with the external force precisely estimated. With 

this condition, the ὖ and ὖ have become; 

 

ὖ ρ (4.3) 

ὖ
ρ

ὑ

ὐ

ὐ
ί 

 

(4.4.) 

Thus, there is a perfect reproduction of environment 

impedance in master side.  However, ὖ is not satisfied. Thus, 

according to the Equation 4.4, ὖ can be close to zero by 

increasing ὑ or using a smaller ὐ. 

In paper [3] and [9], a further study of the force controller and 

variation of nominal inertia, respectively, play a vital role in 

operationality of bilateral teleoperation control system. It is 

stated that high value of ὑ or small value of nominal inertia ὐ 

improves the operationality. Nevertheless, the reproducibility 

and operationality can be improved simultaneously by lowering 

the nominal inertia ὐ less than real inertia ὐ. In addition, the 

parameter variations affect the stability of the system. 

Theoretically, the stability of the system is analyzed by root 

locus, and as the nominal inertia ὐ increases, instability occurs 

in the system. 

 

As the force gain, ὑ indicates the operationality of the 

system during free motion, position controller which consists of 

ὑ  and ὑ  indicate the reproducibility of the system during 

contact motion. Thus, a few experiments are conducted to 

investigate the effect of position gains, force gains, and nominal 

inertia on reproducibility and operationality of the bilateral 

teleoperation system. 

 

 

V.  ROBUSTNESS, STABILITY  AND 

PERFROMANCE 

In bilateral teleoperation control system, the robustness, 

stability, and performance must be considered. Each gains and 

parameters play an important role when designing a bilateral 

teleoperation control system. Thus in this paper, experiments 

are conducted to investigate the effect of gains and parameters 

to the bilateral teleoperation control system. The robustness of 

the position control system depends on inner-loop (DOB) 

whereas the performance depends on the outer-loop (position 

controller) by using acceleration based controller. However, as 

mentioned in [1], the robustness and performance of a DOB 

based motion control system are adjusted in the inner and outer 

loops independently, which is not true. The robustness of a 

position control system depends on the DOB as well as the 

outer loop performance controller. By increasing the outer-loop 

gain, the robustness of the position control system improved, 

however, the robustness of inner-loop becomes more sensitive 

to disturbance at high frequency such as noise. Besides, 

increasing the outer-loop gain can cause vibration due to 

attracting high frequency dynamics, saturation, and energy 

consumption. 

When a DOB is used, the system obtained a good robustness 

in a wide range of frequency, yet its performance is limited by 

the dynamic characteristics of the first order of DOB. Increasing 

the bandwidth of DOB improves the robust stability. DOB 

cannot estimate high frequency disturbance precisely, so the 

robustness of the system deteriorates. Thus the disturbance can 

be suppressed accurately if it stays within the bandwidth of 
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DOB. Thus there is a trade-off between the robustness and 

noise response to determine the bandwidth of DOB [1]. 

The disturbance observer gain also does not make the system 

unstable. The bandwidth of DOB supposed to set as high as 

possible to compensate and estimate the disturbance in wide 

range of frequency. However, it is limited by practical and 

robust constraints[1]. These are dependent on sampling time 

and noise [3]. 

Furthermore, a DOB estimates external disturbances and 

system uncertainties in the inner-loop. The robustness of the 

force control system is achieved by feeding back the estimated 

disturbances. However, system uncertainties should be 

identified as a priori to design an RTOB in the outer-loop. 

Although the structures of a DOB and an RTOB are quite 

similar, only the latter is a model based control method, means 

it requires the exact model of plant and external disturbance 

which is the most challenging issue in its design [2]. In general, 

an RTOB is considered as a feed-forward control structure to 

simplify the analysis. However, it is not true.  

Nevertheless, the design parameters of a DOB and an RTOB 

change not only the performance, but also the stability of the 

force control system. The setting of different bandwidth of 

DOB and RTOB able to form a phase lead-lag compensator, 

and the stability and performance of force control system can be 

improve by increasing the bandwidth of RTOB [1]. 

Moreover, the stability of the force control system 

significantly changes due to the imperfect identification of 

inertia and torque coefficient. The torque coefficient, ὑ should 

be precisely identified in the design of RTOB to improve the 

performance. The performance of RTOB changes significantly 

by the imperfect identification of torque coefficient. However, 

the inertia identification can be neglected due to small 

acceleration in force control [2]. Thus, the stability of the force 

control system can improve the stability by designing  ὐ ὐ. 

However, in practice, although torque coefficient identification 

can be achieved precisely, identification of inertia may not be a 

simple task, e.g., the inertia of a multi-body system is quite 

complex and non-linear. Therefore, not only the performance, 

but also the stability of the force control system deteriorates 

significantly by the imperfect identification of inertia and torque 

coefficient [1]. 

Thus, when it mentioned stability of force control, not just the 

nominal inertia, ὐ affect the stability, force gain, ὑ  , and 

bandwidth of RTOB also affect the stability of the force control 

system. As ὑ  increase, the stability of the force control system 

deteriorates. The design parameters of the DOB and RTOB 

drastically effect the stability of the force control system. 

Increase the bandwidth of RTOB increase the stability. 

Moreover, if the nominal inertia is lower than inertia, the 

stability improve in the design of RTOB [1]. In short, the 

stability of force control to estimate the reaction torque from the 

environment can be improved by designing the force control 

system using ὐ ὐ and Ὣ Ὣ . 

 

 

 

 

VI.  HARDWARE SETUP OF 

BILATERAL  TELEOPERATION 

CONTROL SYSTEM PLANAR  ROBOT 

MANIPULATOR 

There are two sets of planar robot manipulators. Each joint is 
actuated by a planetary geared DC-Micromotor with 
incremental encoder. It has 5000ppr (pulse per revolution) 
before gearhead. The links are designed with a 0.12m each with 
a base attached to a platform to prevent any unwanted vibration. 
The link can be either used to operate the system by human 
operator on master side or to the environmental contact on the 
slave side. The links at both master and slave side are horizontal 
orientated that provided zero gravitational effects. Thus, only 
disturbance effect and frictional force presented in the gearhead 
and motor. Moreover, the main purpose of this setup is to 
investigate the operationality torque and reproducibility of this 
propose geared bilateral teleoperation control system. Fig. 6.1 
shows the picture of the manipulator assembled while Fig. 6.2 
shows the parts of a single manipulator. 

 

 
Fig. 6.1.   Overall hardware manipulator setup 

 

 
Fig. 6.2.   Parts of a single manipulator 

 
Planetary gearhead able to provide higher torque for a low 

torque DC-Micromotor. Moreover, the backlash is crucial to the 
haptic application where it can affect the performance of the 
bilateral system. However, the backlash of this gearhead is less 
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than 1º, small enough to avoid degrading the performance of the 
bilateral system.  

The output of master and slave manipulator is position that 
measured by the encoders mounted at the back of each motor 
shaft. The velocity response is obtained by derivative of 
position response and filter away the noisy signal by LPF within 
the computer software. Within the software, the processed data 
is set to analog voltage reference signal to the motor driver. The 
reference value represents the desired current that the motor 
driver injected to the motor. The motor torque is directly 
proportional to the motor current [15]. Fig. 6.3 shows the 
overall diagram of the system. 

 

Fig. 6.3.   Overall diagram of the system 

 
Micro-Box 2000 x86 Based Real-Time System is an 

affordable and robust platform for rapid control prototyping 
applications as shown in Fig. 6.4. It is rugged, high performance 
and can fulfil real-time analysis and control system testing 
needs. The control system for these experiments is designed 
using Simulink which is integrated to the Micro-Box and allow 
real-time modeling and simulation of control systems which is 
important to plot real time data. Moreover, the sampling time of 
this Micro-Box can go up to 1ms.  

 
Specifications of the Micro-Box: 

1. Rugged, high performance industrial PC. 
¶ Fan less, low-power consumption design (22W typical) 
¶ Support for all standard PC peripherals, includes 

external floppy. 
¶ Sturdy, compact size. 

2. I/O-equipped with AD/DA, Encoder, CAN, and DI/O 
modules. 

3. Onboard Celeron® M 1GHz/256 MB DDR RAM, 64MB 
compact flash RAM (expandable to 1GB). 

4. Stand-alone operation with xPC Target Embedded 
OptionTM. Users can write the Simulink® model onto a 
CF card without an Internet connection. 

5. I/O pins specifications in Fig. 6.5. 
 
 
 
 
 
 
 
 

Fig. 6.4.   Micro-Box 2000 x86 Based Real-Time System 

 

Fig. 6.5.   Micro-Box 2000 I/O pins 

 

VII.  EXPERIMENTAL RESULTS 

AND DISCUSSION 

At each experiment, an action 1Nm torque input at each 1 

second is applied at the master system. The reaction torque 

from the slave system is recorded. The position response and 

torque response from RTOB from each master and slave system 

are recorded and compared. During the experiments of free 

motion, the human operator operates the master handle while 

the slave handle is not constrained by environment or object. 

Next, during the contact motion, the slave handle is in contact 

with the environment or object. The experiments are conducted 

with the parameters shown in TABLE II . 

TABLE II  

PARAMETERS IN EXPERIMENT 7.1-7.4 

Parameter Description Value 

ὰ Link 1 πȢρςά 

ὐ Nominal inertia πȢπρυὯὫά  

ὑ  Nominal torque constant  

πȢυχτὔάȾὃ 

ὔȡὔ  Gear ratio ρτȡρ 

 

A.  Increment of Position Controller Gain 

In this section, fixed paramters for the experiments are shown 

in TABLE III while experiments are conducted with four 

different cases of position controller gains, ὑ  and ὑ  as shown 

in TABLE IV. This section, contact motion experiment are 

conducted according to the cases. Fig. 7.1 to 7.4 show the 

torque and position responses of both master and slave for each 

case. Fig. 7.5 shows the combination of all cases of torque 

responses at slave system. 
TABLE III  

 PARAMETERS IN EXPERIMENT 7.1 

Parameter Description Value 

Ὣ  Cut-off frequency of 

disturbance observer 
σππὶὥὨȾί 

Ὣ  Cut-off frequency of reaction 
torque observer 

σππὶὥὨȾί 

ὑ Force gain ρ 
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TABLE IV  
EXPERIMENTAL CASES IN EXPERIMENT 7.1 

Case ╚╟ȟ╚╓ 

Case 1 ρππȟςπ 
Case 2 σππȟσυ 
Case 3 υππȟτυ 
Case 4 ρπππȟφυ 

 

When the position controller gain increase, the position 

control system performance increased. This also led to increase 

in performance and stability in force tracking at force control 

system during contact motion. It is appropriate for good 

characteristic to set the gains as large as possible. However, as 

mentioned in Section 5.0, the gain cannot increase freely. These 

are dependent on sampling time and noise [3]. 

As mentioned above, the reproducibility is the fundamental 

motive in bilateral teleoperation which means the good bilateral 

system has a good reproduction of environment impedance at 

master side. When position controller gain is set to large value, 

reproducibility is remarkably progressed [3]. In contrast, the  

reproducibility deteriorated as the position gain small and 

higher position error occurred in contact motion as shown in 

Fig. 7.6. This position error between master and slave can lead 

to human operator cannot feel the sense of touch right.  

Thus, during the contact motion, the position and force are 

almost perfectly track when the position controller gain is large 

and the reproducibility is high. Thus, the human operator can 

feel sharp touch sense of hard object. However, the larger the 

environmental stiffness, the system becomes unstable [3]. 

 

 
Fig. 7.1.   Case 1 (Contact motion) 

 

 
Fig. 7.2.   Case 2 (Contact motion) 

 

 
Fig. 7.3.   Case 3 (Contact motion) 
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Fig. 7.4.   Case 4 (Contact motion) 

 

 
Fig. 7.5.   Torque response at slave system 

 

 
Fig. 7.6.   Position error (Contact motion) 

 

 

B.  Increment of Force Controller Gain 

In this section, fixed paramters for the experiments are shown 

in TABLE V while experiments are conducted with five 

different cases of force controller gains, ὑ as shown in TABLE 

VI . This section, contact and free motion experiments are 

conducted according to the cases. Then, free motion experiment 

was conducted according to Case 1 and Case 4. Fig. 7.7 to 7.12 

show the torque and position responses of both master and slave 

for each case. Fig. 7.12 show the combination of all cases of 

torque responses at slave system. 

 
TABLE V 

PARAMETERS IN EXPERIMENT 7.2 

Parameter Description Value 

ὑ  Proportional gain σππ 

ὑ  Derivative gain συ 
Ὣ  Cut-off frequency of 

disturbance observer 
σππὶὥὨȾί 

Ὣ  Cut-off frequency of reaction 

torque observer 
σππὶὥὨȾί 

 
TABLE VI  

EXPERIMENTAL CASES IN EXPERIMENT 7.2 

Case ╚█ 

Case 1 πȢυ 
Case 2 ρ 
Case 3 ς 
Case 4 υ 
Case 5 ρπ 

 

When the force controller gain increase during the contact 

motion, the performance and stability of position and force 

tracking improved. The suppression of external disturbance also 

improved. However, as the force controller gain further 

increase, the performance and stability of position tracking 

deteriorates during the contact motion, respectively. The 

stability of the force control system also deteriorates as ὑ 

increases [2]. Thus, the force control gain cannot be increased 

freely due to the stability constraints. The responds of position 

and force control system become underdamped.  It is 

appropriate for good characteristic to set the gains as large as 

possible.  

 
Fig. 7.7.   Case 1 (Contact motion) 
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Fig. 7.8.   Case 2 (Contact motion) 

 

 
Fig. 7.9.   Case 3 (Contact motion) 

 

 
Fig. 7.10.   Case 4 (Contact motion) 

 

 
Fig. 7.11.   Case 5 (Contact motion) 

 

 
Fig. 7.12.   Torque response at slave system 

 


