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Chapter 1

Introduction

1.1 Background

This section describes tactile sense and introduce researches of haptics to clarify the position of this

dissertation.

1.1.1 Tactile Sense

Human beings use tactile sense to sense and recognize various motions in daily life. There will be a

little time which tactile sense is not utilized. However, technologies about tactile sense are less developed

compared to technologies about acoustic sense and visual sense. Mikes and speakers for recording and

replaying sound have been developed maturely. In the point of visual sense, technologies about videos

and televisions are developed enough. On the other hand, technologies for recording and replaying

tactile sense are now developing [1]. This is caused from characteristics of tactile sense. Fig. 1-1 shows

characteristics of acoustic sense, visual sense and tactile sense. As shown in Fig. 1-1, human beings sense

acoustic information and visual information unilaterally. But, human beings recognize tactile sense by

two motions. One is adding the action force by touching the object. The other is receiving the reaction

force from the object. Bilateral motion is needed to receive tactile sense [2]. Thus, recoding and replaying

of tactile sense are not realized just expanding technologies of acoustic sense and visual sense. Acoustic

information and visual information are constructed in the time frame. But, tactile information should

include a touching motion. This makes the development of technologies for recording and replaying

tactile sense difficult.
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CHAPTER 1 INTRODUCTION

Fig. 1-1: Characteristics of various sensations.

The ways for sensing acoustic sense, visual sense and tactile sense are diverse. Fig. 1-1 shows that

human beings sense sound based on Fourier transformed acoustic information. Human beings sense

visual information based on the magnitude of red, green and blue color. Human ear can recognize the

frequency difference of sound. But, human eye can not recognize the continuous frequency difference

of color. So, human eye cannot discriminate coupled yellow color which is made from red color and

green color and pure yellow color. Human beings have two types of tactile receptors in the point of

the response speed [5]. One type feels fast motion, the other type feels slow motion. And, each tactile
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receptor has been allocated spatially to sense spatial differences [6].

Tactile sense is generated from reaction force. It is considered that tactile receptors sense time and

spatial differences. There are many challenges to improve technologies for recording and replaying

tactile sense to the level of real applications.

1.1.2 Haptics

Haptic means sense of touch. “Haptics” is defined as the research field applying tactile sensation and

control to interaction with computer applications. The word haptics includes human haptics and machine

haptics [7]. Human haptics focuses on how human begins recognize tactile sense from touching motions

[8]. This area includes psychology, brain science and cognitive science. Machine haptics focus on how to

give tactile sense to human beings. Machine haptics are trying to transmit virtual tactile sense. One of the

utilization of machine haptics are joysticks for game machines or cell phones which transmit vibrations

[9]. Human beings can notice that there are callings even if ring alerts cannot be recognized.

As an application of haptics, bilateral teleoperations are considered [10–13]. If tactile sense is received

in the teleoperation of atomic power plants or space environments, more dexterous tasks will be achieved.

Applications to micro-nano manipulations are also considered [14, 15]. Cell manipulation techniques

will be improved by transmitting tactile sense exaggeratingly. It will increase the success rate of cell

manipulations.

Presentations of tactile sense are researched in the field of haptics [16]. Two objectives are considered

for the presentation of tactile sense. One is environment and the other is human. In the point of environ-

ment, textures of objects are focused. If textures of objects are known in internet stoppings, we can buy

more preferred things. In the point of human, human motions or techniques are focused. These tech-

nologies are expected to apply in simulators for training [17]. Doctors in training can learn operations

from textbooks and video images but they do not know feelings of teleoperations. By utilizing simulators

which are transmitting not only sound and visual information but also tactile sense information, doctors

in training rehearse operations. Haptics have many potential to enrich human life [18].

For expanding the haptics to multi degree of freedom robot hands, manipulability problems have to be

considered for realizing the targeted motions. Manipulability is a quantitative measure of a manipulating

ability of robot arms in positioning and orienting end-effectors [19]. It is mainly researched on redundant

manipulators and multi-fingered robot systems [20, 21]. The quality of the master arm design has a

considerable influence on the maneuverability of master-slave systems [22]. This dissertation assumes
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that there is no constraint from manipulability to focus on basic researches for haptics.

1.1.3 Application to Network System

Network technologies are rapidly developing. These technologies are applied to factory communi-

cations, broadcastings, internets and so on. Audiovisual communications are at the core of multimedia

systems that allow users to interact across distances. It is common understanding that both audio and

video are required for high-quality interaction. While audiovisual information provides users with satis-

factory impressions of being present in remote environment, physical interactions and manipulations are

not supported. True immersion into distant environment and efficient distributed collaborations require

the ability to physically interact with remote objects and to literally get in touch with other people. Thus,

haptics is expected to be applied to network systems [23].

However, network systems cause the problems of communication constraints such as delay for packet

transmission, latency for packet processing, throughput limitation, and so on. These communication

constraints often causes time delay [24]. In real network systems, time delay is caused from various

layers and various processing. Unfortunately, this time delay makes the control system for haptics such

as bilateral teleoperation systems unstable [25].

This dissertation tackles the time delay problems to control systems for applying haptics to network

systems. Here, network systems are assumed to be delayed communication systems.

1.2 Orientation of Research

This research aims to establish fundamental technologies of motion control for haptics as shown in Fig.

1-2. Three are three players in haptics, human, environment and robots. Then, robots have to analyze

haptic data from human and environment. Robots have to play as haptic display to human. Network

communications of each robot should be considered to construct haptic networks. Thus, fundamental

technologies of haptics are composed of haptic data analysis, haptic display and communication. Thus,

main research topics mentioned in this dissertation are described as follows.

• Haptic data analysis technology

• Haptic display technology

• Communication technology
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Fig. 1-2: Fundamental technologies of motion control for haptics.

Haptic data analysis technology is to sense and analyze haptic data. This includes how to sense envi-

ronmental impedances and human motions. Haptic data analysis is important to abstract core components

of haptic data.

Haptic display technology is to replay haptic data to human beings. Control systems have to be

constructed considering characteristics of human tactile receptors.

Here, robot hands play a role of haptic analyzer and display. Robot hand mechanisms are common

technologies for haptic data analysis and haptic display.

Communication technology includes time delay compensation for motion control systems with de-

layed communication systems. Communication technology is a key part to expand the utility of haptics.

1.3 Chapter Organization

The chapter organization is described in Fig. 1-3. The following chapter mentions general motion

control techniques based on the acceleration control.

Chapter 3 to Chapter 5 focuses on haptic data analysis and haptic display technologies as basic re-

searches of motion control for haptics. Chapter 3 proposes the flexible actuator as robot hand mecha-
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Fig. 1-3: Chapter organization.

nisms for haptics. The position and the force transfer characteristics of the flexible actuator have been

verified. It is shown the flexible actuator is considered to be valuable for robot hand mechanisms for

haptics. Moreover, as one of the application of the flexible actuator, the experimental results of the bilat-

eral teleoperation system with the flexible actuator are shown. Chapter 4 focuses on haptic data analysis

and display for environmental impedances. A method for abstraction of environment based on frequency

characteristics has been proposed. The force response and the position response of environment are

transformed from time domain to frequency domain. Then, frequency characteristics of environment are

abstracted. A method for reproduction of environment using finite impulse response (FIR) filter is also

proposed. Desired frequency characteristics are approximated by using FIR filter. This method is valu-

able for abstraction and reproduction of real environment based on frequency characteristics. Chapter 5

focuses on haptic data analysis and display for the human motions. This chapter defines human action

mode and environmental action mode. A measured haptic motion is divided to each human action and

environmental action by human action mode and environmental action mode. Furthermore, two types of

haptic motion display systems are designed. One is based on human action mode. The other is based on

human action mode and environmental action mode.
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Chapter 6 and Chapter 7 focuses on communication technology for applying haptics to delayed com-

munication systems. Chapter 6 studies the time delay effect to motion control systems. This chapter

proposed the control system which is robust to unstable time delay. This chapter modifies the structure

of the time delayed control system with communication disturbance observer (CDOB) considering un-

stable time delay. As the nonlinear effect like communication packet dropouts or jitter can deteriorate

the total control system with integrators, a case study has been accomplished considering allocations of

the system model in CDOB. Then, the more robust CDOB structure against packet dropouts and jitter

is designed. Chapter 7 proposes the bilateral teleoperation system for delayed communication systems.

Firstly, model-free time delay compensator is proposed. The proposed control system does not utilize

the time delay model and the plant model, but the position control and the force control of the bilateral

control system are stabilized. A bilateral teleoperation system to synchronize haptic and visual sense is

also proposed. Moreover, allocations of high pass filter (HPF) are studied to attain the almost same per-

formance with systems which do not include time delay. By allocating HPF correctly, the performance

is improved with keeping the stability.

Finally, this thesis is summarized and concluded in Chapter 8. Contributions of this thesis and overall

discussions of technologies about haptic data analysis, haptic display and communication are mentioned.

The related studies are explained in the introduction section of each chapter. The precise motivation

of each topic is also described in the section.
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Chapter 2

Fundamental Technology of Motion
Control

This chapter describes the fundamental technology of motion control. Since the acceleration is the

primary state in the motion, the acceleration control is utilized as the fundamental technology of motion

control. 2.1 explains about basic technologies of the acceleration control. 2.2 describes the position, the

force and the compliance control systems. 2.3 shows the control system based on a virtual space. Finally,

this chapter is summarized in section 2.4.

2.1 Motion Control Based on Acceleration Control

Motion control is a technology for realizing various motions from integrated electrical and mechanical

systems [26]. In this thesis, robots are utilized as integrated electrical and mechanical systems. The

output of motion control is the position and the force. By increasing the control performance of the

position and the force, the quality of the motion increases.

Since the acceleration is the primary state in the motion, the acceleration control is utilized as the

fundamental technology of motion control. The position is derived from the double integration of the

acceleration and the force is derived from the multiplication of the inertia. Thus, the position and the

force are controlled by the acceleration control. Figure 2-1 shows the motion control system based on

the acceleration control.

A motion control system is composed of a robot system, an acceleration controller and an acceleration

reference generator. The acceleration reference generator generates the acceleration reference for realiz-
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Fig. 2-1: Motion control system based on acceleration control.

ing the targeted position and force in the outer loop. The acceleration controller controls the acceleration

of the robot system in the inner loop. The position and the force are outputted from the robot system.

2.1.1 Disturbance Observer

In the actual robot motion control, the disturbance force fdis and the external force fext as well as the

reference force f ref are added to the robot. The disturbance force fdis includes the external force fext,

the frictional force ffric and the force caused by the parametric fluctuation of the robot mass M and the

thrust coefficient Kt as shown in (2.1).

fdis = fext + (M −Mn) ẍ
res + (Ktn −Kt) i

ref
a . (2.1)

Hear, n means a nominal value.

Figure 2-2 shows the block diagram of disturbance observer (DOB) [26]. In Fig.2-2, ẍref , icmp and

irefa are the acceleration reference, the compensation current for the motor and the current reference for

the motor. The disturbance force fdis in (2.2) is estimated through low pass filter (LPF) as shown in

(2.2). gd is cut-off frequency of LPF.

f̂dis =
gd

s+ gd
fdis. (2.2)

From (2.2)，a robot system which is shown in Fig. 2-2 is equivalently transformed to Fig. 2-3．Figure 2-3

shows that the disturbance fore fdis is transmitted to a robot system through HPF. If the cut-off frequency

of HPF gd is large enough, the disturbance force fd hardly affects the system. The bandwidth for the

acceleration control is decided from the cut-off frequency of HPF gd.
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Fig. 2-2: Acceleration control based on DOB.

Fig. 2-3: Equivalent system of Fig. 2-2.
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Fig. 2-4: Reaction force observer.

2.1.2 Reaction Force Observer

DOB is utilized as a force estimator by identifying the frictional forceffric, the robot mass M and the

thrust coefficient Kt. This observer is called reaction force observer (RFOB) [27]. Figure 2-4 shows the

block diagram of RFOB. Mr is the identified mass and gr is the cut-off frequency of LPF of RFOB. f ext

is estimated through LPF as shown in (2.3).

f̂ ext =
gr

s+ gr
f ext. (2.3)

Here, the bandwidth of the reaction force estimation is decided from gr.

2.2 Control System

The output of motion control is the position and the force as explained in 2.1. For realizing various

motions, the position and the force should be controlled ideally.
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Table 2.1: Control stiffness

Target of control Control stiffness
Position ∞

Compliance Finite values
Force 0

However, the position control and the force control cannot be achieved simultaneously. If the position

control is achieved completely, the force is indeterminate. If the force control is achieved completely, the

position is indeterminate. This fact is represented by an index called control stiffness [26].

∂f

∂x
= κ, (2.4)

where x and f denote the position of a robot and the force exerted on a robot. Table 2.1 shows a relation

between a target of motion and a required control stiffness. The ideal position control is achieved if

κ is infinite, since ∂x approaches zero at infinite time. On the other hand, the ideal force control is

achieved if κ is zero, since ∂f approaches zero at infinite time. The compliance control is represented as

a combination of the position control and the force control.
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Fig. 2-5: Position control system.

2.2.1 Position Control

Figure 2-5 shows the position control system [26]. Cp is a position controller and xcmd denotes the

position command. In this dissertation, the position controller Cp(s) denotes PD controller as (2.5)

Cp(s) = Kp +Kvs. (2.5)

Kp is a position feedback gain and Kv is a velocity feedback gain.
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Fig. 2-6: Force control system.

2.2.2 Force Control

Figure 2-6 shows the force control system [28]．Cf is a force controller and f cmd denotes the force

command. In this dissertation, the force controller Cf denotes P controller as (2.6)

Cf = Kf . (2.6)

Kf is a force feedback gain. PD control can be achieved in the force control system. However, P control

is adopted here, since force information has some noise and the derivatives of the force are very noisy.
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Fig. 2-7: Compliance control system based on position control.

2.2.3 Compliance Control

Figure 2-7 shows the position based compliance control system [29]. xcmd
c , ẋcmd

c and ẍcmd
c are the

virtual position response, the virtual velocity response and the virtual acceleration response, respectively.

The compliance from the external force is set from a force feedback gain Kf , a virtual mass Mc, a virtual

damping Dc and a virtual stiffness Kc. If ẍref = ẍres is realized in Fig. 2-7, (2.7) is achieved.

xres = xcmd −
Kf

Mcs2 +Dcs+Kc
f̂ res. (2.7)
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Fig. 2-8: Control system based on virtual space.

2.3 Control System Based on Virtual Space

A control space for multi degree of freedom robots can be constructed in a virtual space [30]. A virtual

space does not depend on a real space but on the target of motion. Thus, by designing the virtual space,

various kinds of motion are realized in multi degree of freedom robots.

2.3.1 Virtual Space

A control system based on a virtual space for N degree of freedom robots are shown in Fig. 2-8.

Each robot is implemented with DOB and RFOB. The position and the force response of each robot in

a real space are transformed to a virtual space by a modal transforming matrix T ∈ ℜN×N . Modes are

corresponding to the state variables in the virtual space.

Controllers in the virtual space generate acceleration references. These values are transformed to the

real space by a inverse transforming matrix T−1 ∈ ℜN×N .
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Fig. 2-9: Bilateral control system based on common mode and differential mode.

2.3.2 Bilateral Control Based on Differential Mode and Common Mode

A bilateral control system is a example of a control system based on a virtual space [31]. A bilateral

control is a control system for the teleoperation system which composed of a master robot and a save

robot. A human operator manipulates a master robot and a slave robot contacts with environment.

The bilateral control system has two objectives. One is the position tracking between the master robot

and the slave robot. The other is realization of the law of action and reaction between the master robot

and the slave robot.

The bilateral control system based on the differential mode and the common mode attains those objec-

tives. Figure 2-9 shows the control system. Here, xresm , xress , f res
m and f res

s are the position response of

the master robot, the position response of the slave robot, the force response of the master robot and the

force response of the slave robot, respectively. Cp (s) = Kp+Kvs is a position controller and Cf = Kf

is a force controller. DOB and RFOB are implemented to the master robot and the slave robot.

In Fig. 2-9, the force controller is implemented to the common mode and the position controller is

implemented to the differential mode. The force in the common mode (fcom) and the position in the
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differential mode (xdif ) are defined in (2.8)–(2.9).

fcom = fm + fs, (2.8)

xdif = xm − xs. (2.9)

The acceleration references of the common mode and the differential mode are set in (2.10)–(2.11).

ẍrefcom = Cf

(
f cmd
com − f res

com

)
, (2.10)

ẍrefdif = Cp (s)
(
xcmd
dif − xresdif

)
. (2.11)

The position tracking and the law of action and reaction between the master robot and the slave robot are

realized by setting xcmd
dif to 0 and f cmd

com to 0.

Acceleration references in the virtual space (2.10)–(2.11) are transformed to the real space as shown

in (2.12)–(2.13).

ẍrefm =
1

2
ẍrefcom +

1

2
ẍrefdif , (2.12)

ẍrefs =
1

2
ẍrefcom − 1

2
ẍrefdif . (2.13)

2.4 Summary

In this chapter fundamental technologies of motion control are described. The acceleration control

system is introduced. Then, DOB for realizing the robust acceleration control system is explained. After

that, each control system is shown. Finally, control systems based on virtual spaces are shown for multi

degree of freedom robots.
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Chapter 3

Robot Hand Using Flexible Actuator

3.1 Background and Outline

Robot hands have been utilized as mechanical interfaces in haptics [32, 33]. For abstraction and

reproduction of haptic information, robot hands are utilized as recorders and displays [34].

For transmitting the position and the force from actuators to fingertips of robot hands, wire mecha-

nisms have been researched [35–40]. The merit of wire mechanisms is a flexibility of the allocation of

actuators and fingertips of robot hands. On the other hand, the demerit of wire mechanisms is that it

does not transmit the position and the force from actuators to fingertips of robot hands accurately from

frictions of pulleies. The transmittable frequency bandwidth is low from its flexibility. In addition, the

pulling motion is capable but the pushing motion is incapable.

Robot hands which integrate small motors have been developed [41–43]. By integrating small motors,

the size of robot hands can be reduced to same with human hands. Moreover, the degree of freedom is

same with human hands. But, by using small motors, the force caused from the robot hand is limited.

The other way for connecting actuators to fingertips of robot hands is rod mechanisms. Rod mechanisms

are utilized in forceps robots [44]. The advantage of rod mechanisms is precise transfer characteristics of

the position and the force. However, the disadvantage of rod mechanisms is that it restricts the allocation

of actuators and fingertips of robot hands. For increasing the degree of freedom, the mass of the robot

hand will increase.

Thus, the thrust wire mechanism has been developed for flexibly allocating actuators and fingertips

of robot hands [45, 46]. The thrust wire enables not only the pull motion but also the push motion. The
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Fig. 3-1: Flexible actuator.

thrust wire transmits the position and the force from linear motors to end-effectors, and this mechanism

is called as the flexible actuator.

For applying the flexible actuator to bilateral teleoperation systems, the position and the force pass

bands of the flexible actuator are needed to be wider than the bandwidth from 0 to 10 Hz. The bandwidth

from 0 to 10 Hz is the bandwidth of the human manipulation [47]. For transmitting more vivid force

sensation, the position and the force pass bands of the thrust wire are desired to be wider than the

bandwidth from 0 Hz to 10 Hz. This is because high frequency forces up to 1 kHz are important for the

human perception.

This chapter shows verification results for the position and the force transfer characteristics of the

thrust wire. Section 3.2 explains the developed flexible actuator. Section 3.3 shows the verification result

of the position and the fore transmission characteristics. From the position and the force pass bands of

the thrust wire, the flexible actuator is evaluated whether it can be applied to teleoperation systems. 3.4

shows the experimental results of the bilateral teleoperation system with the flexible actuator. Finally,

this chapter is summarized in section 3.5.

3.2 Flexible Actuator

3.2.1 Outline of Flexible Actuator

Figur 3-1 shows the outline of the flexible actuator. The thrust wire transmits the position and the

force from linear motors to end-effectors. The thrust wire is designed based on releases which are utilized

as transmission mechanisms to press a shutter button of a camera from a remote place.

The flexible actuator is considered to be valid for robot hands for haptic systems. As usages of the
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Fig. 3-2: Structure of thrust wire.

Table 3.1: Specifications of thrust wire

Inner Length 1550.0 mm
wire Diameter ϕ1.2 mm
Outer Length 1460.0 mm
tube Outer diameter ϕ3.6 mm

Inner diameter ϕ1.3 mm

flexible actuator, telesurgeries, remote manipulations in atomic power plants and haptic communication

systems are considered.

3.2.2 Thrust Wire

Figure 3-2 shows the structure of the thrust wire. Specifications of the thrust wire are shown in Table

3.1. The thrust wire is composed of the outer tube and the inner stranded wire. The inner wire is made of

SUS304 which is coated by Nylon and Inner wire is stranded in order to strike a balance between rigidity

and flexibility. On the other hand, the outer tube has three layer structures, which consist of the polyvinyl

chloride coating, the hard drawn steel wire and the polythene tube. There is a little friction between the

inner wire and the outer tube. This is because that the pair of the nylon coating and the polyvinyl chloride

coating constrains the affection of frictions. The usage of the outer tube for the passage of the inner wire

enables not only the pull motion but also the push motion.
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Fig. 3-3: Verification system for position transfer characteristic.

3.3 Verification of Flexible Actuator

From the position and the force pass bands of the thrust wire, the flexible actuator is evaluated whether

it is valuable to be applied to bilateral teleoperation systems.

3.3.1 Verification System

Verification System for Position Transfer Characteristic

The verification system for the position transfer characteristic is shown in Fig. 3-3. As shown in

Fig. 3-3 (a), the experimental system is composed of the actuator part and the end-effector part. In the
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actuator part, a linear motor and a position encoder are equipped. The end-effector part has a position

encoder.

The control system for the verification of the position transfer characteristic is shown in Fig. 3-3 (b).

This control system is selected for realizing the position control in the wide bandwidth robustly. This

kind of the robust control system is important for the motor which is equipped with the thrust wire. DOB

is utilized for suppressing the disturbance [26]. gd is a cut-off frequency of disturbance observer. xcmd
act ,

xresact , ẋ
res
act and xreswire are the position command of the linear motor, the position response of the linear

motor, the velocity response of the linear motor and the position response of the thrust wire, respectively.

The acceleration reference ẍrefact is utilized for realizing the position command xcmd
act and the velocity

command ẋcmd
act . irefa is the current reference, fext

act is the external force from the thrust wire and ffric
act

is the frictional force of the linear motor. M and Kt are the mass and the force coefficient of the linear

motor. Note that the subscript n means the nominal value. Cp = Kp + sKv is a position controller. Kp

is a proportional gain, and Kv is a derivative gain.
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Fig. 3-4: Verification system for force transfer characteristic.
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Verification System for Force Transfer Characteristic

The verification system for the force transfer characteristic is shown in Fig. 3-4. As shown in Fig.

3-4 (a), this experimental system is also composed of the actuator part and the end-effector part. In the

actuator part, a linear motor and a position encoder are equipped. The end-effector part has a position

encoder and a force sensor. This force sensor is fixed to the base plate.

The control system for the verification of the force transfer characteristic is shown in Fig. 3-4 (b).

DOB is utilized for suppressing the disturbance and RFOB is utilized for estimating the external force

to the linear motor [28]. gr and Mr is a cut-off frequency and the model mass of RFOB. f cmd
act , fext

act ,

fext
wire and ffric

model are the force command of the linear motor, the external force to the linear motor, the

external force to the thrust wire and the frictional force model of RFOB. The acceleration reference ẍrefact

is utilized for realizing the force command f cmd
act . The external force to the thrust wire is measured by

the force sensor. Cf = Kf is a force controller. Kf is a proportional gain for force controller.
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Fig. 3-5: Allocation of actuator part and end-effector part.

3.3.2 Verification Result

Experiments for verifications were conducted in 3 kinds of allocation of the thrust wire as shown in

Fig. 3-5. In each case, the actuator part and the end-effector part are set straight line, bended 90 degree

and bended 180 degree, respectively. Bend radiuses are ∞mm, 751.2mm and 375.6mm, respectively.

Table 3.2 shows control parameters for experiments for verifications. These parameters were decided

from the performance of the verification systems. Since the position control and the force control were

performed to the linear motor, the effect of the thrust wire was not considered. In the experiments for

verifications, sinusoidal functions with various frequencies were added as the position command and the

force command.

As a result, the position transfer characteristic is obtained as a Bode diagram of the transfer function
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Table 3.2: Control parameters

Nominal mass Mn 0.5 kg
Position feedback gain Kp 1600

Velocity feedback gain Kv 80

Force feedback gain Kf 2

Cut-off frequency of DOB, RFOB gd, gr 500 rad/s

Fig. 3-6: Position transfer characteristic.

xreswire

xresact

as shown in Fig. 3-6. In addition, the force transfer characteristic is obtained as a Bode diagram

of the transfer function
f ext
wire

f ext
act

as shown in Fig. 3-7. In Fig. 3-6 and Fig. 3-7, the legend symbols

∞mm, 751.2mm and 375.6mm are the experimental results when the bend radius is ∞mm, 751.2mm

and 375.6mm, respectively. Figures 3-6 (a) and 3-7 (a) show gain characteristics. Figures 3-6 (b) and

3-7 (b) show phase characteristics. In the ideal transfer characteristic, gain characteristics should be 0

dB, and phase characteristics should be 0 deg. Shaded areas show the bandwidth from 0.1 to 10 Hz. For

applying the flexible actuator to bilateral teleoperation systems, the ideal transfer characteristic is needed
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Fig. 3-7: Force transfer characteristic.

to be realized in shaded areas. The bandwidth from 0 to 10 Hz is the bandwidth of human manipulation.

From Fig. 3-6, the position pass band is decreasing when the bend radius becomes small from ∞mm

to 375.6mm. As gain characteristics are decreasing from 0 dB, phase characteristics are also decreasing.

When the bend radius is decreased from ∞mm to 375.6mm, the ideal transfer characteristic is almost

realized from 0.1 to 40 Hz. From Fig. 3-7, when the bend radius decresed from ∞mm to 375.6mm, gain

characteristics of transfer function
fext
wire

f ext
act

decreases 3 dB at the 0.1 Hz – 2.0 Hz frequency bandwidth.

This is because the frictional force of the thrust wire is increasing. The force pass band is decreasing

when the bend radius becomes small from ∞mm to 375.6mm. As gain characteristics are decreasing

from 0 dB, phase characteristics are also decreasing. When the bend radius decresed from ∞mm to

375.6mm, the ideal transfer characteristics are almost realized from 0.1 to 17 Hz.

It is shown that, when the bend radius becomes small from ∞mm to 375.6mm., the ideal transfer

characteristic is almost realized from 0.1 to 40 Hz in the position transmission and 0.1 to 17 Hz in the

force transmission. Thus, the position and the force pass bands of the thrust wire are wider than 0.1 to 10

Hz. Therefore, the flexible actuator is considered to be valuable to be applied to teleoperation systems.
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Fig. 3-8: A bilateral teleoperation system with flexible actuator.

3.4 Application to Bilateral Teleoperation System

For clarifying the effect of the flexible actuator, the bilateral teleoperation system with the flexible

actuator which does not include communication channel is utilized. Then, the position and the force pass

bands of the bilateral teleoperation system with the flexible actuator are verified.

3.4.1 Bilateral Teleoperation System with Flexible Actuator

Figure 3-8 shows the bilateral teleoperation system with the flexible actuator. The experimental system

is shown in Fig. 3-8 (a). This bilateral teleoperation system is composed of a master system and a slave

system. Each system has the actuator part and the end-effector part. From Fig. 3-8 (a), it is shown that

the actuator part and the end-effector part are set flexibly by utilizing the flexible actuator. The actuator

part has a position encoder and a linear motor. End-effector part is equipped with a position encoder

and a force sensor. In this experiment, the force sensor is not fixed to the base plate. Human operator

manipulates the master system of the end-effector part. The end-effector part of the slave system contacts

environment.
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The control system is shown in Fig. 3-8 (b). As an application to the bilateral teleoperation system,

the bilateral control is performed between the linear motor of the master system and the linear motor

of the slave system. 4-channel bilateral control is utilized as the bilateral control method [44]. DOB

is utilized for suppressing the disturbance and RFOB is utilized for estimating the external force to the

linear motor. This control system is selected for realizing the bilateral control between the master linear

motor and the slave linear motor in the wide bandwidth robustly. This kind of robust control system is

important for the motors which are equipped with the thrust wire. xresact , x
res
wire, f ext

act , f ext
wire and ẍrefact are

the position response of the linear motor, the position response of the thrust wire, the external force to

the linear motor, the external force to the thrust wire and the acceleration reference to the linear motor,

respectively. The external force to the thrust wire is measured by the force sensor of the end-effector

part. The subscript m means the master system and s means the slave system. Cp = Kp + sKv is a

position controller, and Cf = Kf is a force controller. For clarifying the effect from the flexible actuator,

this bilateral control system does not include the communication channel. Thus, the master system and

the slave system are controlled by one computer.

3.4.2 Experimental Result

In the experiments, two cases of experiments were conducted. One experiment was that the slave

system contacted with a soft object which is sponge. The other experiment was that the slave system

contacted with a hard object which is iron. Control parameters shown in Table 3.2 were utilized in this

experiment. These parameters were decided from the performance of the experimental system. Since

this bilateral control was performed to linear motors, the effect of the thrust wire was not considered. The

experimental results in time domain were transformed to those in frequency domain by using discrete

Fourier transform. The measurement time was 10 s, and the position and the force were measured at

sampling frequency of 1 kHz.

Frequency spectra of the position and the force responses are shown in Fig. 3-9. The legend symbol

master is the spectrum of the position response of the thrust wire xextm,wire or the external force to the thrust

wire fext
m,wire in the master system. The legend symbol slave is the spectrum of the position response of

the thrust wire xress,wire or the external force to the thrust wire f res
s,wire in the slave system. The position

response is measured by the position encoder of the end-effector part. The external force is measured by

the force sensor of the end-effector part. In the ideal condition, the spectrum of the master system and the

spectrum of the slave system are the same shape. Shaded areas show the bandwidth from 0 to 10 Hz. The
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Fig. 3-9: Frequency spectra.

bandwidth from 0 to 10 Hz is the bandwidth of human manipulation. Thus, when the ideal condition is

realized in this bandwidth, the human manipulation is transmitted by the bilateral teleoperation system.

For the human perception, the ideal condition is desired to be realized more than the bandwidth of 0 to

10 Hz. From Fig. 3-9 (a) and Fig. 3-9 (b), two spectra of the position response are almost equal between

the master and the slave system. In Fig. 3-9 (c) and Fig. 3-9 (d), it is shown that two spectra of the

external force are also almost equal from the bandwidth of 0 to 20 Hz. At high frequency bandwidth,

two spectra of external force are not equal.

Therefore, human manipulations are transmitted by the bilateral teleoperation system with the flexible

actuator.
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3.5 Summary

This chapter verified the position and the force transfer characteristics of the thrust wire. From the

verification result, the flexible actuator was considered to be applied to teleoperation systems.. Moreover,

as one of the application of the flexible actuator, the experimental results of the bilateral teleoperation

system with the flexible actuator were shown. It was shown that the flexible actuator has the merits

of both wire mechanisms and rod mechanisms when the flexible actuator was applied to the bilateral

teleoperation system.
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Chapter 4

Reproduction of Environment Based on
Frequency Characteristic

4.1 Background and Outline

Some researches have been conducted for reproduction of ‘haptic information’ especially about vir-

tual environment [48]. In the field of creating virtual environment, creating a virtual wall that behaves

passively has been an active research area. The limiting factors for stably generating the stiffness has

been analyzed by [49].

On the other hand, the way to abstract and reproduce ‘haptic information’ is also important for repro-

duction of real environment. An algorithm for estimating the non-linear environmental impedances is

proposed by [50]. The force sensation recorder system which was able to abstract and reproduce from

real environment was introduced [17]. They set environment as constructed with the stiffness and the

damper which has the non-linear effect.

Frequency characteristics are not considered mainly in those methods. However, frequency charac-

teristics are important in the field of auditory sensing and optical sensation. Human beings’ ear senses

the sound which is Fourier transformed. Human beings’ eye senses the image based on the magnitude

of red, green and blue [4]. Abstraction and processing of image information is conducted based on this

characteristic [51]. In the field of haptics, frequency characteristics are important based on the structure

of finger tactile receptors [5]. Human begins has two types of tactile receptors in the point of the re-

sponse speed. One type feels the fast motion; the other type feels the slow motion. Therefore, frequency

characteristics are important for ‘haptic information’.
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Fig. 4-1: The process of abstraction and reproduction of environment.

In this chapter, a method for abstraction and reproduction of environment based on frequency char-

acteristics are explained. Figure 4-1 shows the process of abstraction and reproduction of environment.

Firstly, the robot hand adds the force to environment as shown in Fig. 4-1(a). The force response and

the position response of environment are transformed from time domain to frequency domain. Thus, the

frequency characteristic of environment is abstracted. Secondly, FIR filter is designed to reproduce the

frequency characteristic of environment as shown in Fig. 4-1(b). Finally, as shown in Fig. 4-1(c), FIR

filter is implemented to the control system of the robot hand to reproduce environment.

The composition of this chapter is described as follows. An method for abstraction of environment

based on frequency characteristics is shown in section 4.2. In section 4.3, a method for reproduction of

environment using FIR filter is explained. The validity of the proposed methods are shown by experi-

mental results in section 4.4. Finally, this chapter is summarized in section 4.5.
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Fig. 4-2: Modeling of environment.

4.2 Abstraction of Environment Based on Frequency Characteristic

In this section, a method for abstraction of environment based on frequency characteristics is proposed.

Firstly, environment is modeled. Then, the control system for abstraction of environment is designed.

4.2.1 Modeling of Environment

Environment is modeled a s Fig. 4-2. This environment assumes that the input is the force f (t), and

that the output is the position p (t). The impulse response of environment is supposed to h (t). And,

environment is approximated as linear and time invariant. Here, t means time [s].

Then, the transfer function from the force to the position of environment is calculated as (4.1)–(4.3).

Φff = F (ω)F (−ω) , (4.1)

Φxf = X (ω)F (−ω) , (4.2)

H (ω) =
Φxf (ω)

Φff (ω)
=

X (ω)

F (ω)
, (4.3)

where ω is the angular frequency, Φff is the power spectrum of the force, Φxf is the cross spectrum of

the position and the force. F (ω), X (ω) and H (ω) are the fourie transformed value of f (t), x (t) and

h (t). H (ω) is the transfer function of environment.

When environment is expressed with the constant stiffness ke [N/m] and the damper de [(N×s)/m],

the absolute value of the inverse transfer function H (ω) becomes as Fig. 4-3. As well as the constant

stiffness and the damper, various kinds of frequency characteristics are expressed by utilizing the transfer

function of environment.

4.2.2 Control System

The control system for abstraction of environment is shown in Fig. 4-4. DOB is utilized for the

acceleration control. The force response is estimated by RFOB for sensing the wide band force response.
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Fig. 4-3: Example of frequency characteristic of environment.

Fig. 4-4: Control system for abstraction of environment.

The force control is performed to the robot for adding the force to environment. Kf in Fig. 4-4 shows a

feedback gain in the force control system.

4.3 Reproduction of Environment Using FIR Filter

In this section, a method for reproduction of environment using FIR filter is proposed. FIR filter

is utilized for realizing desired frequency characteristics. Then, the control system for reproduction of

environment is shown.
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Fig. 4-5: 4th order FIR filter.

4.3.1 Design of FIR Filter for Reproduction of Environment

In this subsection, FIR Filter is introduced and the design method of FIR filter for reproducing the

environmental frequency characteristics is explained. FIR filter is designed based on the frequency sam-

pling method [52, 53]. Here, the window function is utilized to reduce the modeling error of the high

frequency area.

FIR Filter

FIR filter is a type of a digital filter. It has a finite response to an impulse. 4th order FIR filter is

expressed as Fig. 4-5. x (n) is the input to the FIR filter, y (n) is the output from FIR filter and z is the

operator of Z transform. The output of FIR filter in Fig. 4-5 becomes as (4.4).

y (n) =

4∑
k=0

h (k)x (n− k) . (4.4)

The desired finite impulse response can be set by designing h (0) to h (4), respectively. The transfer

function of FIR filter H (jω) is calculated as (4.5).

H (jω) =
4∑

k=0

h (k) exp (−jkω) , (4.5)

where ω is the angular frequency. From (4.5), it is shown that the transfer function of FIR filter is

designed by tuning h (0) to h (4).

Frequency Sampling Method

This method composed of two steps. Step one is 1. sampling of desired frequency. Step two is 2.

inverse discrete transform to sampled value.
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1. Sampling of Desired Frequency

The abstracted environmental frequency characteristic Href (ω) is sampled every ∆ω =
2π

NT
[rad/s].

N is a number of the sampled value. Ts is a sampling time of FIR filter. Then, the sampled value H (k)

(k = 0, 1, . . . N − 1) is derived as (4.6).

H (k) = Href

(
2πk

NTs

)
.

(k = 0, 1, · · ·N − 1)
(4.6)

After that, the phase delay is added to the sample value H (k) as shown in (4.7).

H
′
(k) =



H (k) exp

(
−j

(
N − 1

2

)
2πk

N

)
,(

k = 0, · · · N − 1

2

)
H (k) exp

(
j

(
N − 1

2

)
2π

N
(N − k)

)
.(

k =
N − 1

2
+ 1, · · ·N − 1

)
(4.7)

2. Inverse Discrete Transform to Sampled Value

N points Inverse Discrete Transform (IDFT) are conducted to H
′
(k).

h (n) =
1

N

N−1∑
k=0

H
′
(k) exp

(
j2πkn

N

)
.

(n = 0, 1, · · ·N − 1)

(4.8)

h (n) (n = 0, 1, . . . N − 1) becomes the finite impulse response of FIR filter.

Window Function

A window function w (n) is multiplied to the calculated finite impulse response of FIR filter h (n)

(n = 0, 1, . . . N − 1).

h
′
(n) = h (n)w (n) .

(n = 0, 1, · · ·N − 1)
(4.9)

Blackman window which has a large dynamic range is utilized as the window function. The window

function is utilized to reduce the modeling error of the high frequency area. By following above steps,

the finite impulse response of FIR filter which reproduces the desired frequency characteristic is derived

as shown in (4.9).
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Fig. 4-6: Control system for reproduction of environment.

4.3.2 Control System

The control system for reproduction of environment is shown in Fig. 4-6. DOB and RFOB are im-

plemented to the robot hand. FIR filter reproduces the environmental position command xenvres depending

on the human force input fh to the robot hand. The position control is performed for tracking the repro-

duced environmental position command xenvcmd. Kp and Kv in Fig. 4-6 show a position feedback gain and

a velocity feedback gain in the position control system. By utilizing FIR filter, the desired environmental

frequency characteristic is reproduced between the human force input fh and the environmental position

command xenvcmd.

The control system in Fig. 4-6 generates not only the environmental position command xenvres but

also the environmental velocity command ẋenvcmd and the acceleration command ẍenvcmd depending on the

human force input. FIR filter for generating the environmental velocity command (
d

dz
H (k)) and the

acceleration command (
d

dz2
(k)) are designed as shown in (4.10) and (4.11).

d

dz
H (k) = (jω)Href

(
2πk

NTs

)
,

(k = 0, 1, · · ·N − 1)
(4.10)

– 39 –



CHAPTER 4 REPRODUCTION OF ENVIRONMENT BASED ON FREQUENCY
CHARACTERISTIC

d

dz2
(k) =

(
−ω2

)
Href

(
2πk

NTs

)
.

(k = 0, 1, · · ·N − 1)
(4.11)

These FIR filters are designed by multiplying jω or −ω2 to the environmental transfer function Href (jω).

In Fig. 4-6,
d

dz
H (k) and

d

dz2
(k) are implemented, respectively.
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Fig. 4-7: Experimental system.

Table 4.1: Control parameters for abstraction of environment

Nominal mass Mn 0.16 kg
Force feedback gain Kf 44

Cut-off frequency of DOB gdis 1200 rad/s
Cut-off frequency of RFOB greac 1200 rad/s

4.4 Experiment

In this section, experimental results are shown to confirm the validity of the proposed method. Two

kinds of experiments are done. One experiment is for abstraction of environment, the other is reproduc-

tion of environment.

4.4.1 Experimental System

Experiments was conducted using forceps robots as shown in Fig. 4-7. Figure 4-7(a) shows the robot

for abstraction of environment. The end-effector is equipped for grasping environment. Figure 4-7(b)

shows the robot for reproduction of environment. These two robots are comprised of one linear motor

and one encoder. The resolution of encoder is 0.1 µm. Parameters in experiments are listed in Table 4.1

and Table 4.2.
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Table 4.2: Control parameters for reproduction of environment

Nominal mass Mn 1.25 kg
Position feedback gain Kp 10000

Velocity feedback gain Kv 200

Cut-off frequency of DOB gdis 1000 rad/s

Fig. 4-8: Experimental materials.

4.4.2 Experimental Result

This subsection shows the experimental results.

Abstraction of Environment

The experiments were carried out with the sponge, te gel and the rubber as shown in Fig. 4-8. For

adding an uniform force input to a certain frequency bandwidth, a bandwidth limited signal as shown in

Fig. 4-9 is utilized as a force command f cmd. Figure 4-9 (a) shows the time domain signal and Fig. 4-9

(b) shows the Fourier transformed signal. It is shown that the uniform force is added from 0 to 1 rad/s

from Fig. 4-9.

In the experiment, the force input is set as (4.12).

f cmd = 4
sin (fbandt)

(fbandt)
. (4.12)

where, t is time[s], fband is the bandwidth of the band limited signal. The band limitted signal of (4.12)

adds the uniform force from 0 to fband rad/s. In the experiment, fband is set to add the uniform force

from 0 to 150 Hz.

– 42 –



CHAPTER 4 REPRODUCTION OF ENVIRONMENT BASED ON FREQUENCY
CHARACTERISTIC

Fig. 4-9: Band-limited signal.
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Fig. 4-10: Frequency spectrum of force response.

Fig. 4-11: Frequency spectrum of position response.

Figure 4-10–Fig. 4-12 shows the experimental results. Figure 4-10 and Fig. 4-11 are the Fourier

transformed value of the position response and the force response. The vertical line shows gain[dB] and

the horizontal line shows frequency[Hz]. From Fig. 4-10, it is shown that the uniform force is added

from 0 to 150 Hz. The large gain in Fig. 4-10(b) and (c) are caused from the signal noise for sensing the

force response. Figure 4-11 shows the spectrum of the position response for each environment.

Figure 4-12 shows the environmental impedances which are derived from Fig. 4-10 and Fig. 4-11. En-

vironmental transfer functions are derived by reversing the spectrum of Fig. 4-12. Figure 4-12 shows that

each environmental impedance becomes large in high frequency area. It is also shown that impedances

of the sponge and the gel are linear to the frequency and the rubber is not. Therefore, frequency charac-

teristics of environment are important to discriminate environmental impedances.

– 44 –



CHAPTER 4 REPRODUCTION OF ENVIRONMENT BASED ON FREQUENCY
CHARACTERISTIC

Fig. 4-12: Frequency spectrum of abstracted environment.
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Fig. 4-13: Impulse response of FIR filter.

Fig. 4-14: Each frequency spectrum of environment.

Reproduction of Environment

For reproduction of environment, each parameter of FIR filter are designed by using frequency-

sampling method. The order of the FIR filter is 127. The accuracy of environmental reproduction

depends on the order of FIR filter. In this case, the accuracy of the frequency is about 8 Hz. The tactile

receptor of human beings does not sense continuous frequency differences of the motion and sense the

magnitude of the fast motion or the slow motion [5]. Thus, 8 Hz is enough as the accuracy of frequency.

Finite response (h(0) – h(127)) of designed FIR filters are shown in Fig. 4-13.

Figure 4-14 shows the experimental results. In the experiment, the band limited signal is added as

the force response. ‘Real’ shows abstracted environment, ‘Filter’ shows the inverse value of frequency

characteristics which have been realized by FIR filter and ‘Environment’ shows reproduced environment.

It is shown that frequency characteristics are same between abstracted environment and the inverse value
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of frequency characteristics which have been realized by FIR filter. It is also shown that reproduced

environment is same with abstracted environment as follows. 0 to 90 Hz in the case of the sponge, 0 to

60 Hz in the case of the gel and 0 to 60 Hz in the case of the rubber. Then, three cases of environment

such as the sponge, the gel and the rubber are reproduced. Therefore, it is shown that environment is

reproduced by using the proposed control system.
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4.5 Summary

In this chapter, a method for abstraction of environment based on frequency characteristics has been

proposed. The force response and the position response of environment were transformed from time do-

main to frequency domain. Then, frequency characteristics of environment were abstracted. A method

for reproduction of environment using FIR filter was also proposed. Desired frequency characteristics

were approximated by using FIR filter. The validity of the proposed methods has been shown by exper-

imental results. This method is valuable for abstraction and reproduction of real environment based on

frequency characteristics.
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Haptic Motion Display System Based on
Directionality

5.1 Background and Outline

Human environment has many unknown elements compared to industrial plants. Thus, the human

recognition is important for robots working in human environment. The human recognition includes the

recognition of the human face [54], the recognition of the human speech [55] and the recognition of the

human intention [56,57]. With the application of the human recognition, a cooperation of human beings

and robots is realized [58]. Robots are able to cooperate with human beings physically by detecting or

predicting the human motion [59]. To the next step to human beings and robots interaction, robots which

learn the human haptic motion [60] and robots which display the human haptic motion are researched.

In the previous researches about learning and displaying of the human haptic motion, the human haptic

motion is measured in visual information [61]. Pavlovic proposed a method of teaching manipulating

motions to robots. However, not only position information but also force information are important for

measuring the human haptic motion such as handling objects. The reaction force from environment is

utilized for acquiring human assembly motions [62]. In the proposed method, a instructor teaches a

motion to robots by a force input. Then, robots display the motion to a learner by force information.

However, especially the human action force in force information is important for measuring the human

haptic motion.

For measuring the human action force, bilateral teleoperations are good candidates [63]. A bilateral

teleoperation system is composed of a master system and a slave system. These master-slave systems
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are bilateral controlled [64–66]. During bilateral teleoperations, the master system is manipulated by

a human operator, and the slave system contacts with environment. Then, the master system measures

the reaction force from the human operator, and the slave system measures the environmental position

response. Therefore, by using the bilateral teleoperation system, the human action force and the environ-

mental position response are measured [67].

After measuring the human action force and the position response, those data should be analyzed for

abstracting motion. The concept of mode is useful for abstracting motions. As an example of mode,

environmental mode has been researched for expressing the complicated environmental surface [68,

69]. Biped robots walk on the unevenness terrain recognizes the roughness based on environmental

mode. End-effectors sense the contact information based on environmental mode. Function mode has

been defined to realize various kinds of functions including the grasping function and the manipulating

function [70]. Function mode has been designed based on the targeted function of a system. In this

chapter, human motion is abstracted by mode. This mode is defined as action mode corresponding

to environmental mode and function mode. Figure 5-1 shows environmental mode, function mode and

action mode. Environmental mode is expressing environmental fragments. From Fig. 5-1 (a), when three

end-effectors are contacting environment, environmental mode is expressing environmental fragments

such as up and down, right and left and non-linear. Function mode is expressing functionalities of multi

robot systems. From Fig. 5-1 (b), when two robots are grasping and manipulating objects, function mode

is expressing functionalities such as the grasping function and the manipulating function. From Fig. 5-1

(c), action is divided to human actions and environmental actions from the point of the human action

force and the environmental position response. Action indexes are assigned to each human action mode

and environmental action mode.
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Fig. 5-1: Outline of each mode.
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This chapter proposes a motion abstraction method and a motion display method based on action

mode. The process for the motion measurement, the abstraction and the display is shown in Fig. 5-2.

First in Fig. 5-2 (a), a bilateral control system [17] is implemented to the master robot hand and the

slave robot hand. ‘Instructor’ does a motion by using the master robot hand. During a motion, ‘human

action force’ and ‘environmental position response’ of Fig. 5-2 (a) are measured. Next in Fig. 5-2 (b),

measured ‘human action force’ and ‘environmental position response’ are analyzed for abstracting the

motion. Then, the measured motion is abstracted as human action mode and environmental action mode.

Finally, in Fig. 5-2 (c), the haptic motion display system is implemented to the robot hand. In Fig. 5-2 (c),

‘robot hand position response’ is caused from the result of ‘human action force’. ‘Learner’ recognizes

the motion directionality of ‘Instructor’ by adding the action force.

The composition of this chapter is described as follows. Section 5.2 explains about the motion ab-

straction method. Then, action mode and action indexes are defined. The motion display system based

on force information is explained in section 5.3. The motion display system based on position and force

information is explained in section 5.4. Finally, this chapter is summarized in section 5.5.
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Fig. 5-2: Process for motion measurement, abstraction and display.
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Fig. 5-3: Master-slave system.

5.2 Abstraction of Human Motion

This section proposes the motion abstraction method based on action mode and action indexes. Firstly,

a master-slave system and those control system are explained. This system is utilized to sense the hu-

man action force and the environmental position response. Then, action mode and action indexes are

explained.

5.2.1 Master-Slave System

In this subsection, the bilateral controlled master-slave system is explained. Figure 5-3 shows an

information flow of the master-slave system. Human operator adds the action force fh to the master

system, and the reaction force from environment fe is added to the slave system. Communication is

conducted between the master system and the slave system for sharing xm, xs, fh and fe.

5.2.2 Control System

Figure 5-4 shows the bilateral control system for the master system and the slave system. The bilateral

control system is implemented in the differential mode and the common mode. fh, fe, xm and xs are

the action force from the human operator, the reaction force from environment, the position response

of the master robot and the position response of the slave robot, respectively. Moreover, ẍref
dif , ẍref

com,

ẍref
m and ẍref

s are the acceleration reference of the differential mode, the acceleration reference of the

common mode, the acceleration reference of the master robot and the acceleration reference of the slave

robot, respectively. By implementing this control system, the slaw of action and reaction between the

human force fh and the environmental reaction force fe and the position tracking of the master system

xm and the slave system xs are realized.
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Fig. 5-4: Bilateral control system based on common mode and differential mode.

5.2.3 Action Mode and Action Index

Firstly, for calculating action mode and action indexes, the human action force data fm,i and the

environmental position response data xs,i are set as follows.

fm,i =
[
fm,i [1] · · · fm,i [M ]

]T
, (5.1)

xs,i =
[
xs,i [1] · · · xs,i [M ]

]T
. (5.2)

where i = 1, · · · , N , d = 1, · · · ,M , and N is a degree of freedom of the robot hand, M shows the

number of the data saved in chronologic order, and the superscript T means the transpose of a matrix.

fm,i [d] is i th part of d th reaction force data of the master robot hand, and xs,i [d] is i th part of d th

position response data of the slave robot hand.

Secondly, the correlation matrices Rh ∈ ℜN×N and Re ∈ ℜN×N are calculated as follows.

Rh =

 fT
m,1 · fm,1 · · · fT

m,1 · fm,N
...

. . .
...

fT
m,N · fm,1 · · · fT

m,N · fm,N

 , (5.3)

Re =

 xT
s,1 · xs,1 · · · xT

s,1 · xs,N

...
. . .

...
xT
s,N · xs,1 · · · xT

s,N · xs,N

 . (5.4)
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Components of the correlation matrices Rh and Re are calculated by inner products of each human action

force data fm,i and environmental position response data xs,i, respectively. The correlation matrices Rh

and Re show statistical relationships of each human action force data fm,i and environmental position

response data xs,i.

Thirdly, transformation matrices T h ∈ ℜN×N and T e ∈ ℜN×N are calculated by diagonalizing the

correlation matrices Rh and Re as shown in (5.5) – (5.8), respectively. Calculations of transformation

matrices T h and T e from correlation matrices Rh and Re are realized by Jacobi method [71].

T−1
h RhT h = diag

{
λh,1, λh,2, · · · , λh,N

}
, (5.5)

T h = [th,1, th,2, · · · , th,N ] , (5.6)

where i = 1, · · · , N , and λh,i is the i th eigenvalue, and th,i ∈ ℜN is its corresponding eigenvector.

T−1
e ReT e = diag

{
λe,1, λe,2, · · · , λe,N

}
, (5.7)

T e = [te,1, te,2, · · · , te,N ] , (5.8)

where i = 1, · · · , N , and λe,i is the i th eigenvalue, and te,i ∈ ℜN is its corresponding eigenvector.

Since the correlation matrices Rh and Re are real symmetric matrices, following two points are

realized [72]. One point is that transformation matrices T h, T e and eigenvalues λh,i, λe,i are calculated

in any human action force data fm,i and any environmental position response data xs,i. The other point

is that transformation matrices T h and T e are orthonormal matrices. Thus, inverse matrices T−1
h and

T−1
e are equal to transposed matrices of T T

h and T T
e .

Then, human action mode and human action indexes are calculated as

th,1, th,2, · · · , th,N , (5.9)

λh,1, λh,2, · · · , λh,N . (5.10)

Environmental action mode and environmental action indexes are calculated as

te,1, te,2, · · · , te,N , (5.11)
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λe,1, λe,2, · · · , λe,N . (5.12)

For expressing the directionality, each eigenvector of transformation matrices T h and T e are utilized.

Eigenvalues are utilized for showing the total input to each action mode in the measured haptic motion.
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Fig. 5-5: Motion display system based on force information.

5.3 Motion Display System Based on Force Information

This section proposes the motion display system based on force information. Firstly, the outline of

this motion display system is explained. Then, the control system is shown. After that, experimental

results are shown.

5.3.1 Outline of Motion Display System Based on Force Information

Figure 5-5 shows the proposed motion display system. where fh, T−1
f , fh

mode, Df and ẋg
mode are the

human action force, the transformation matrix to action mode, the human action force in action mode,

the virtual damping matrix which is designed from action ratios, the velocity command for the motion

display system and the position response of robots, respectively. (5.13) shows the virtual damping matrix.

Df =


d1 0 · · · 0

0 d2
...

...
. . . 0

0 · · · 0 dN

 . (5.13)

Here, action ratios εi are defined as (5.14).

εi =
λf,i

λf,max
, (5.14)

where i is 1, · · · , N . λf,max is the maximum value of human action indexes. Action ratios range from

0 to 1. The value of action ratios shows the importance of the corresponding action mode. The virtual

damping matrix Df is designed to induce the action mode which has the large action ratio. Moreover,

the action mode which has the small action ratio is suppressed.

5.3.2 Control System

Figure 5-6 shows the control system for the motion display system which is explained in 5.3.1. DOB
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Fig. 5-6: Control system of motion display system based on force information.

is implemented to the robot hand for realizing the robust acceleration control. RFOB is utilized to sense

the human action force f̂
res

. In Fig. 5-6, ẍref shows the acceleration reference of the robot and Kiv

shows the velocity feedback gain. Here, virtual damping matrix is designed as (5.15).

di =
dg
εi
, (5.15)

where i is 1, · · · , N and dg shows the nominal damper.

As action ratio εi ranges from 0 to 1, the action mode which has the largest action ratio has the nominal

damper dg. In the other action modes, the virtual damper increases from the nominal damper dg.
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Fig. 5-7: Flexible actuator.

5.3.3 Experiment

Experimental System

Figure 5-7 shows the flexible actuator which is utilized in this experiment. As explained in chapter

3, the flexible actuator is composed of the linear motor, the thrust wire and the end-effector. The thrust

wire works to transmit the force from the linear motor to the end-effector.

Figure 5-8 shows the experimental system. The experimental system composed of the robot hand for

the master system and the robot hand for the slave system. Each robot hand is controlled from separated

computers and each of them are communicated in real time by RT-Socket [73]. Control parameters for

experiments are shown in Table 5.1.

– 60 –



CHAPTER 5 HAPTIC MOTION DISPLAY SYSTEM BASED ON DIRECTIONALITY

Fig. 5-8: Experimental system.

Table 5.1: Control parameters

Nominal mass Mn 0.5 kg
Position feedback gain Kp 1600

Velocity feedback gain Kv 80

(bilateral control)

Force feedback gain Kf 2

Velocity feedback gain Kiv 500

(motion guide)

Base damper dg 80

Cut-off frequency gdis, greac 500 rad/s
of DOB, RFOB
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Fig. 5-9: Experimental cases.

Experimental Result

Experiments for the motion measurement, the motion abstraction and the motion display have been

conducted. In the experiments for the motion measurement, three cases of motions as show in Fig. 5-9

were conducted. Case 1 is corresponding to the grasping motion with two fingers as shown in Fig. 5-

9(a). Case 2 is corresponding to the grasping motion with three fingers as shown in Fig. 5-9(b). Case 3

is corresponding to the grasping motion with five fingers as shown in Fig. 5-9(c).

In the experiment for the motion display, it is supposed that following kinds of the force are added to

the master robot hand.


fh
mode,1

fh
mode,2

fh
mode,3

fh
mode,4

fh
mode,5

 =



sin

(
2πt

5

)
sin

(
2πt

5

)
sin

(
2πt

5

)
sin

(
2πt

5

)
sin

(
2πt

5

)


. (5.16)

Here, t means a time [s].

Figure 5-10–Fig. 5-12 show the experimental results. Figure 5-10(a) – (c) show the force response of

the master robot in the experiment for the motion abstraction. From Fig. 5-10(a), it is shown that f res
m,2

and f res
m,5 sense the reaction force. In case 1, the grasping motion is conducted by f res

m,2 and f res
m,5 as shown

in Fig. 5-9(a). From Fig. 5-10(b) and (c), the reaction force is sensed from the robot hands which are

utilized for the grasping motion.
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Figure 5-11(a) – (c) show the action mode which has the largest action ratio. These values are cal-

culated by analyzing the experimental results of Fig. 5-10. In Fig. 5-11, each circle is corresponding to

the robot hand of Fig. 5-9. The direction and the length Fig. 5-11 are corresponding to the eigen vector

of each action mode. From Fig. 5-11, it is shown that action mode which has the largest action ratio is

corresponding to each grasping motion. Therefore, it is shown that the human motion is abstracted by

utilizing the proposed motion abstraction method.

Figure 5-12(a) – (c) shows the velocity response of action mode for experiments of the motion display.

Each line is showing the corresponding action ratios. From Fig. 5-12, it is shown that large velocity

response is caused from the action mode which has large action ratio. By utilizing the proposed motion

display system, the action mode which has the large action ratio is induced and the action mode which

has the small action ratio is restricted.

Therefore, the proposed motion abstraction and motion display system are verified from experimental

results. These methods are valid to visualize the intention of the human action.
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Fig. 5-10: Experimental results for motion measurement.

Fig. 5-11: Abstracted action modes.

Fig. 5-12: Experimental results for motion display.
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Fig. 5-13: Motion display system based on position and force information.

5.4 Motion Display System Based on Position and Force Information

This section proposes the motion display system based on position and force information. Firstly,

the outline of this motion display system is explained. Then, the control system is shown. After that,

experimental results are shown.

5.4.1 Outline of Motion Display System Based on Position and Force Information

Figure 5-13 shows the proposed motion display system. This motion display system is composed of

two systems. One system is for the action force extraction. In this system, the human action force is

spatially filtered. So, the human action force of the desired direction is extracted in this system.

The other system is the modal compliance control system. A targeted compliance is realized between

the extracted action force and the position response. The compliance is decided based on action indexes.

5.4.2 Control System

The haptic motion display system is realizing the position response directionality depending on the

human action force directionality. The relationship of the position response directionality and the human

action force directionality are realized by environmental action indexes and human action indexes.

Control System for Motion Display

Figure 5-14 shows the control system for the haptic motion display. DOB is implemented to the robot

hand. The human action force fh is estimated by using RFOB as f̂
res

. In Fig. 5-14, the estimated

reaction force f̂
res

is transformed to human action mode by T−1
h . The modal compliance controller

calculates the position command xc
e, the velocity command ẋc

e and the acceleration command ẍc
e as

follows.

M cẍ
c
e +Dcẋ

c
e +Kcx

c
e = −CKff

res
h , (5.17)
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Fig. 5-14: Control system of motion display system based on position and force information.

where C is a connection matrix, and Kf , Kc, M c and Dc are matrices of the modal compliance

controller. C, Kf , Kc, M c and Dc are designed from the desired stiffness between the force response

of the human action mode f res
h and the position response of environmental action mode xres

e . The design

method of C, Kf , Kc, M c and Dc are explained in next subsection 5.4.3. Then, the position control is

performed in environmental action mode. Kp and Kv are a proportional gain and a derivative gain. The

acceleration reference of the robot hand ẍref is calculated by transforming the acceleration reference of

the environmental action mode ẍref
e .
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5.4.3 Design of Modal Compliance Controller

In the modal compliance controller, the desired stiffness between f res
h and xres

e is designed as

f res
h,i

xrese,j

=
1

λh,i

λh,max

√
λh,i

λe,j
, (5.18)

λh,max = max {λh,i} , (5.19)

where i = 1, · · · , N , and j = 1, · · · , N . The desired stiffness is set as the amplitude of the human action

index
λh,i

λh,max
and the ratio of action indexes

√
λh,i

λe,j
.

λh,i

λh,max
is set for realizing the strong relationship

between the human action mode which has the large human action indexes and environmental action

mode.

√
λh,i

λe,j
is designed for making the stiffness as the ratio of the total human action force and the total

environmental position response in the measured haptic motion. From the point of the implementation,

when

√
λh,i

λe,j
is larger than Kp, both λh,i and λe,j are tuned to make

√
λh,i

λe,j
equal to Kp. Therefore, the

range of the modal stiffness is 0 to Kp.

For realizing the desired stiffness, the connection matrix C and matrices of the modal compliance

controller Kf , Kc, M c, Dc are set as

C =


λh,1

λh,max
· · ·

λh,1

λh,max
...

. . .
...

λh,N

λh,max
· · ·

λh,N

λh,max

 , (5.20)

Kf = diag

{
1√
λh,1

,
1√
λh,2

, · · · , 1√
λh,N

}
, (5.21)

Kc = diag

{
1√
λe,1

,
1√
λe,2

, · · · , 1√
λe,N

}
, (5.22)

M c = diag

{
Mn

Kp

√
λe,1

,
Mn

Kp

√
λe,2

, · · · , Mn

Kp

√
λe,N

}
, (5.23)

Dc = diag

{
2

√
Mn

Kpλe,1
, 2

√
Mn

Kpλe,2
, · · · , 2

√
Mn

Kpλe,n

}
, (5.24)
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where Mn is a nominal mass of DOB.

When the ideal acceleration control is realized by DOB, (5.29) is yielded from (5.17) and (5.20) –

(5.24) as follows.

Firstly, the acceleration reference of the modal compliance controller is calculted as (5.25).

ẍref
e = Kp (−xres

e − xc
e) +Kv (−ẋres

e − ẋc
e) + (−ẍc

e) . (5.25)

When the ideal acceleration control is realized by DOB, i. e. ẍref = ẍres, (5.26) is derived from

(5.17) and (5.25).

M cẍ
res
e +Dcẋ

res
e +Kcx

res
e = −CKfF

res
h . (5.26)

Then, (5.26) is transformed to (5.27).

xres
e

=



1

Mc,1s2 +Dc,1s+Kc,1
0 · · · 0

0
1

Mc,2s2 +Dc,2s+Kc,2

...

...
. . . 0

0 · · · 0
1

Mc,Ns2 +Dc,Ns+Kc,N


CKff

res
h .

(5.27)

Here, CKff
res
h is culated as (5.28).

CKff
res
h =



1√
λx,1

λf,1

λf,max
0 · · · 0

0
1√
λx,2

λf,2

λf,max

...

...
. . . 0

0 · · · 0
1√
λx,N

λf,N

λf,max


f res
h . (5.28)
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xres
e = −



λh,1

λh,max

1√
λh,1

λe,1

Mn

Kp

(
s2 + 2

√
Kp

Mn
s+

Kp

Mn

)
...

λh,N

λh,max

1√
λh,1

λe,N

Mn

Kp

(
s2 + 2

√
Kp

Mn
s+

Kp

Mn

)

· · ·
. . .

· · ·

λh,1

λh,max

1√
λh,N

λe,1

Mn

Kp

(
s2 + 2

√
Kp

Mn
s+

Kp

Mn

)
...

λh,N

λh,max

1√
λh,N

λe,N

Mn

Kp

(
s2 + 2

√
Kp

Mn
s+

Kp

Mn

)


f res
h .

(5.29)

(5.29) is calculated from (5.27) and (5.28). Eq. (5.29) shows Laplace transformed dynamics between

the force response of human action mode f res
h and the position response of environmental action mode

xres
e . And, it is shown that all natural frequencies in transfer function from f res

h to xres
e are set as

√
Kp

Mn
.

Moreover, the damping coefficient is set to 1. When s is set to 0, stiffness between f res
h and xres

e is set

to the desired stiffness which is shown in (5.18).
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Fig. 5-15: Experimental system.

5.4.4 Experiment

Experimental System

Experiments were conducted to verify the motion abstraction methods based on human action mode

and environmental action mode. The haptic motion display system is also verified by adding various

types of the human action force. In these experiments, the verification was conducted by the artificially

added external force.

The experimental system is shown in Fig. 5-15. For verifying the designed haptic motion display

system, only the two degree of freedom was utilized in the master system and the slave system. Two

slave systems contact with different environment. One environment is the sponge, the other environment

is the foam polystyrene. These two environments are set for simulating the real environment. When all

human hands touch the objects in the real environment, each hand does not feel totally same stiffness.

Each system is composed of a linear motor and an encoder. The rated thrust force and the maximum

rated thrust force of the linear motors are 20 N and 78 N, respectively. The resolution of encoders is 0.1

µm. Control parameters used in the experiments are shown in Table 5.2. These parameters are decided
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Table 5.2: Control parameters

Nominal mass Mn 0.5 kg
Position feedback gain Kp 2500

Velocity feedback gain Kv 100

Force feedback gain Kf 2

Cut-off frequency of DOB, RFOB gd, gr 500 rad/s

from the performance of the experimental system.

Experiments were composed of experiments for the motion measurement, the motion abstraction and

the motion display. In the experiments for the motion measurement, the bilateral control system [17] is

utilized. Following three kinds of the action force were supposed to be added to the master system in the

experiments for the motion measurement.

Case 1 fhum
1 = 10, fhum

2 = 5,

Case 2 fhum
1 = 5, fhum

2 = 5,

Case 3 fhum
1 = 5, fhum

2 = 10.

These external forces are realized by the current reference values to the linear motors of two master

systems. After experiments for the motion measurement, human action mode, environmental action

mode and action indexes of each action mode were calculated. In the experiments for the motion display,

abstracted action mode and action indexes were implemented in the motion display system. Only the

master system was utilized in the experiments for the motion display. Eq. (5.30) and (5.31) show the

action force which was supposed to be added to the master system.

fhum
1 = a cos (bt) , (5.30)

fhum
2 = a sin (bt) , (5.31)

where t[s] is time. The action force fhum
1 and fhum

2 are designed for adding all ratios of the action

force (fhum
1 and fhum

2 ) at the constant amplitude. This is the reason that only two degree of freedoms

of the master system and the slave system were utilized. These action forces were realized by setting the

reaction force to the system as shown in (5.30) and (5.31). In the experiments for motion display, a and

b in (5.30) and (5.31) were set as 5 and
2

5
π just arbitrary values.
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Experimental Result

Figure 5-16 – Fig. 5-18 show the experimental results. Figure 5-16 shows the experimental results for

the motion measurement. Figure 5-16 (a) – (c) show the force response of each master system and slave

system. It is shown that the force responses are measured as the aimed action force. Figure 5-16 (d) – (f)

show the position response of each master system and slave system. From Fig. 5-16, it is shown that the

position response is caused depending on the the action force and the environmental position response.

Figure 5-17 shows abstracted action modes. In Fig. 5-17, human action mode and environmental

action mode are shown. The human action mode which has the largest human action index is shown

in the bold line. The environmental action mode which has the largest environmental action index is

shown in the bold line. In Fig. 5-17 (a) – (c), the human action modes which have the largest human

action index are th,1, th,2 and th,2, respectively. Those human action modes are decided by the ratio of

the action force fhum
1 and fhum

2 . The environmental action modes which have the largest environmental

action index are te,1, te,1 and te,2, respectively. Those environmental action modes are decided by the

ratio of the environmental position response xress,1 and xress,2 . Those environmental action modes are not

equal to the human action modes. This is because that each stiffness of environment is different. Thus, it

is shown that human action mode is expressing the human action force directionality and environmental

action mode is expressing the environmental position response directionality.

Figure 5-18 (a) – (c) show the force response in human action mode and the position response in

environmental action mode. The human action mode which has the largest human action index is shown

in bold line. The environmental action mode which has the largest environmental action index is shown

in bold line. In Fig. 5-18 (a) – (c), ‘l h’ is showing a human action index, and ‘l e’ is showing an

environmental action index. From Fig. 5-18 (a) – (c), it is shown that the position response of environ-

mental action mode is caused depending on the force response of human action mode which have the

large human action index. In addition, it is also shown that the amplitude of the position response of

environmental action mode is depending on the amplitude of environmental action indexe.

Figure 5-18 (d) – (f) show the stiffness response. For calculating the stiffness responses, the force

response of the human action mode which has the largest human action index are divided by the position

response of environmental action mode. In Fig. 5-18 (d) – (f), ‘sqrt(l h/l e)’ is showing the ratio of action

indexes
√

λh

λe
. The ratio is showing the designed stiffness between the force response of the human action

mode which has the largest human action index and the position response of environmental action mode.
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Fig. 5-16: Experimental results for motion measurement.

Dot lines of Fig. 5-18 (d) – (f) are showing these designed stiffness. From Fig. 5-18 (d) – (f), it is shown

that the stiffness is realized as the designed values. In addition, these designed values are decided from

the ratio of action indexes of each action mode.

Therefore, it is shown that the designed haptic motion display system is realizing the position response

directionality depending on the human action force directionality. In addition, the relationship of the

human action force directionality and the position response directionality are decided based on human

action indexes and environmental action indexes.
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Fig. 5-17: Abstracted action modes.

Fig. 5-18: Experimental results for motion display.
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5.5 Summary

This chapter has defined human action mode and environmental action mode. A measured haptic mo-

tion is divided to each human action and environmental action by human action mode and environmental

action mode. Furthermore, two types of haptic motion display system have been designed. One is based

on human action mode. The other is based on human action mode and environmental action mode. The

validity of the proposed methods was shown from the experimental results.
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Chapter 6

Motion Control System with Time Delay

6.1 Background and Outline

Time delay in control systems seriously deteriorates the stability and the performance of the control

system and many works have been addressed [74]. The time delay problem used to be dealt with mainly

in process or plant engineering in the early phase of time delay system researches. In recent years, the

time delay problem in network based control systems (NBCs) or networked control systems (NCSs) has

been drawing much attentions [75,76]. Time delay is time varying and unpredictable in network systems.

Moreover, there are also other communication constraints like packet dropouts, limited bandwidth, and

so on. This kind of situations becomes more seriously, if space communication is considered [77].

As a time delay compensation method, Smith predictor is a famous and useful approach [78, 79]. It

predicts the delayed output of the system by using the controlled system model and the time delay model.

Then, the time delay effect in the control system is compensated by using the predicted delayed output.

PID controller and Model predictive(MPC) is also a useful method and used for various researches

[80, 81].

A time delay compensation method based on network disturbance (ND) concept and CDOB has been

studied [82, 83]. The major advantage of this method is the time delay model is not required, thus it

can be implemented easily in most cases where time delay is unknown. However, the disadvantage is

that CDOB is not so robust to the system model error, the disturbance and time-varying delay. Recently,

CDOB which is robust against the model error and the disturbance is proposed [84, 85]. This improved

CDOB utilizes the compensation value from the delayed system input instead of the system output.
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Fig. 6-1: Feedback control system with time delay.

For solving the problem to implement CDOB to NBCs or NCSs in which time delay is unstable, the

robustness against time varying delay should be addressed.

In this chapter, considering unstable time delay, a structure of the time delay control system with

CDOB is modified. As the nonlinear effect like communication packet dropouts or jitter can deteriorate

the total control system, a case study is accomplished considering the allocation of the system model

in CDOB. Then, the more robust CDOB structure against packet dropouts and jitter is abstracted. The

validity of the modified structure is shown by experimental results.

The composition of this chapter is described as follows. In section 6.2, the time delay effect and

the time delay compensation by CDOB are introduced. Allocations of the system model in CDOB are

studied in section 6.3. The robustness of the modified CDOB structure against packet dropouts and jitter

is confirmed by simulations. The validity of the modified structure is shown by experimental results 6.4.

Finally, this chapter is summarized in section 6.5.

6.2 Time Delay Compensation

This section introduces the time delay effect and the time delay compensation by CDOB.

6.2.1 Time Delay Effect

A feedback control system with the input delay T1 and the output delay T2 is shown in Fig. 6-1. In

the figure, G(s) is the controlled system , r(s) and y(s) are the input and the output, respectively. The
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closed-loop transfer function of Fig. 6-1 is described as follows.

Gclosed(s) =
C(s)G(s)e−T1s

1 + C(s)G(s)e−Ts
. (6.1)

Here, the round trip time delay is T = T1 + T2. The time delay element is included in the denominator.

It affects the performance and possibly causes the instability.

6.2.2 Time Delay Compensation by CDOB

This subsection introduces the time delay compensation by CDOB. Figure 6-2(b) shows the control

system with the time delay compensation by CDOB. DOB is implemented to the controlled system to

minimize the model error between the system model in CDOB (Ĝ(s)) and the controlled system (G(s)).

Ld(s) in Fig. 6-2 shows the LPF in DOB. Figure 6-2(a) shows the control system with the time delay

compensation by Smith predictor. T̂ means the round trip time delay (T = T1 + T2) model in Fig. 6-

2(a). In Fig. 6-2(a), the time delay compensation value ’comp’ is calculated by the system model (Ĝ(s))

and the round trip time delay model (T̂ ). On the other hand, CDOB calculates the compensation value

’comp’ by the differentiation of the signal before and after going through the communication channel.

Here, the one is ’comp1’ and the other is ’comp2’. Thus, CDOB can calculate the compensation value

which is equivalent to Smith predictor. Moreover, it does not need the round trip time delay model (T̂ ).

Stability

When the cut-off frequency of LPF in DOB approaches infinity, the closed transfer function in Fig.

6-2(b) is described as follows.

Gclosed(s) =
C(s)G(s)e−T1s

1 + C(s)Ĝ(s)
. (6.2)

In (6.2), there is no time delay element in the denominator of the transfer function. Thus, this system is

not destabilized from the time delay effect. Moreover, it is shown that the denominator of the transfer

function is designed from the system model (Ĝ(s)).

Steady-sate Characteristic

When the controller (C(s)) is a PD controller and the control system (G(s)) and the system model

(Ĝ(s)) are an inertial system which is expressed as a double integrator, the control system of Fig. 6-2(b)

is expressed as (6.3) to (6.5).
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Fig. 6-2: Time delay compensation.

C(s) = Mn(Kvs+Kp), (6.3)

G(s) =
1

Ms2
, (6.4)

Ĝ(s) =
1

Mns2
. (6.5)
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Then, the error e(s) in Fig. 6-2(b) is expressed as (6.6).

e(s) =
(
1− C(s)G(s)e−T1s

1 + C(s)Ĝ(s)

)
r(s). (6.6)

Thus, the steady-state error from the step input (r(s) =
1

s
) is calculated as follows from (6.3) to (6.6).

lim
s→0

e(s)
1

s
= 0. (6.7)

It is shown that the steady-state error from the step input is zero. (6.7) is realized even if the model error

exists between the controlled system (G(s)) and the system model (Ĝ(s)). Thus, there is no steady-state

error even if there exists the model error.
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Table 6.1: Number of communication channel passage in each CDOB.

Type of CDOB Number of communication channel passage

Type1 2

Type2 1

Type3 0

6.3 Time Delay Compensation Considering Unstable Time Delay

This section studies about allocations of the system model in CDOB. Candidates for the structure of

CDOB is explained in 6.3.1. The robustness of the modified CDOB structure against packet dropouts

and jitter is confirmed by simulations in subsection 6.3.2. Some discussions about candidates for the

structure of CDOB is conducted in 6.3.3.

6.3.1 Candidate for the structure of CDOB

For analyzing the structure of CDOB, the time delay control system with CDOB in Fig. 6-3(a) are

equivalently transformed as shown in Fig. 6-3(b). There are two flows in CDOB. The one calculates

’comp1’ which does not go through the communication channel and the other calculates ’comp2’ which

goes through the communication channel. The flow which calculates ’comp1’ can allocate the system

model (Ĝ(s)) in one place. On the other hand, the flow which calculates ’comp2’ can allocate the system

model (Ĝ(s)) several places in relating to the position of the communication channel. As shown in Fig.

6-3(c), the system model can be allocated three places.

Here, if the system model (Ĝ(s)) is allocated to Type 1, Type 2 and Type 3 in Fig. 6-3(c), respetively,

the number of communication channel passages before reaching the system model (Ĝ(s)) becomes as

Table 6.1. As shown in Table 6.2, by utilizing type 3, the integral calculation is conducted before going

through the communication channel. The integral calculation will be affected from the nonlinear effect

like communication packet dropouts or jitter. So, type 3 has the possibility to reduce the nonlinear effect.

In subsection 6.3.2, simulations re conducted to Type 1, Type 2 and Type 3 to confirm the type 3 is valid

to reduce the nonlinear effect.
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Fig. 6-3: Candidate for the structure of CDOB.
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Table 6.2: Parameters for simulation and experiment.

Position feedback gain KP 900

Velocity feedback gain KV 60

Cut-off frequency of DOB gdis 500 rad/s
Mass M 0.5 kg
Nominal mass Mn 0.6 kg
Thrust coefficient Ktn 32.5 N/A

6.3.2 Simulation

In this subsection, simulation results are shown to confirm the robustness of the modified CDOB

structure against packet dropouts and jitter. The modified CDOB structure is corresponding to Fig. 6-

3(c). Table 6.2 shows the parameter for simulations.

Following three kinds of communication conditions are considered in simulations.

Case 1：Constant Delay

T1 = T2 = 200ms

Case 2：Packet Dropouts

T1 = T2 = 200ms. Packet dropouts are occurred during 0.5 to 0.6s. Each part receives same data

during that period.

Case 3：Jitter

T1 = T2 = 200ms ± 30ms. Here, T1 is time delay from the controller (C(s)) to the controlled system

(G(s)). T2 is time delay from the controlled system (G(s)) to the controller (C(s)). The sampling period

(Ts) is 0.001s and the communication period (Tc) is 0.001s. When the packet dropouts are occurred in

case 2, the zero-order hold is conducted in the receiving side. In case 3, if the several packet data is

received, the latest packet data is utilized.
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Fig. 6-4: Simulation result.
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Figure 6-4 shows the simulation results. Figure 6-4(a)–(i) shows the position response of each case.

’cmd’ shows the position command and ’res’ shows the position response which is received in the con-

troller. Simulation results for case 1(Constant Delay) are shown in Fig. 6-4(a)–(c). Even though there

exist the model error between the mass of the controlled system (M ) and the mass model (Mn) of the

system model, there are no steady-state error in all cases. Simulation results for case 2(Packet Dropouts)

are shown in Fig. 6-4(d)–(f). The position responses are same in all cases before the packed dropouts oc-

curs. After the packet dropouts occurred, steady-state errors become large in the order of Type 1, Type 2

and Type 3. There are large steady-state errors in Type 1 and Type 2. On the other hand, the steady-state

error is small in Type 3 and the position response tracks the position command in Type 3. Simulation

results for case 3(Jitter) are shown in Fig. 6-4(g)–(i). Steady-state errors become large in the order of

Type 1, Type 2 and Type 3. There are large steady-state errors in Type 1 and Type 2. On the other hand,

the steady-state error is small in Type 3 and the position response tracks the position command in Type

3.

Figure 6-4(a’)–(i’) shows the compensation values such ’comp 1’ and ’comp 2’. The compensation

values for CDOB are calculated by the differentiation of ’comp 1’ and ’comp 2’. The compensation

values which are corresponding to simulation results for case 1(Constant Delay) are shown in Fig. 6-

4(a’)–(c’). In each case, after the position response (’res’) converges to the position command, ’comp

1’ and ’comp 2’ converges to the constant value and the compensation value (’comp’) becomes zero.

The compensation values which are corresponding to simulation results for case 2(Packet Dropouts) are

shown in Fig. 6-4(d’)–(f’). ’comp1’ and ’comp2’ become the same value in Type 1 after the packet

dropouts occurred. As shown in Fig. 6-2, there should be the round trip time delay (T = T1 + T2)

between ’comp 1’ and ’comp 2’. Thus, CDOB in Type 1 does not work. In type 2, the difference

between ’comp1’ and ’comp2’ monotonically increases. So, CDOB in Type 2 also does not work. On

the other hand, there is the round trip time delay (T = T1 + T2) between ’comp 1’ and ’comp 2’ in Type

3. Therefore, CDOB in Type 3 works. The compensation values which are corresponding to simulation

results for case 3(Jitter) are shown in Fig. 6-4(g’)–(i’). The difference between ’comp1’ and ’comp2’

monotonically increases in Type 1 and Type 2. On the other hand, there is the round trip time delay

(T = T1 + T2) between ’comp 1’ and ’comp 2’ in Type 3. Therefore, CDOB in Type 3 works as same

as Case 2.
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6.3.3 Discussion

From simulation results in subsection 6.3.2, the steady-state errors decrease in the order of Type 3,

Type 2 and Type 1. This subsection analyzes the mechanism of the simulation result. Figure 6-5(b)

shows the discrete model of Fig. 6-3(c). The sampler STc and the holder HTs are set before and after the

communication channel. Those of them are also set in DOB as STs and HTs . In Fig. 6-5(b), all of them

except for the controlled system G, the disturbance d and the output y are handled as discrete models.

Figure 6-5(c) shows the analysis model of Fig. 6-5(b). Here, time delay effects are separated to two

parts. One parts are the constant time delay effects such as e−T̄1s and e−T̄2s. T̄1 and T̄2 mean constant

time delay components of T1 and T2. The other parts are the time varying delay effects as shown in (6.8)

and (6.9).

ni
1 = e−T̄1s − e−T1s, (6.8)

ni
2 = e−T̄2s − e−T2s. (6.9)

Here, i = 1, 2. ni
1 and ni

2 are called network noise [86]. Network noise expresses the effect of packet

dropouts and jitter.

In type 1, the transfer function from network noise (n) to the output (y) are calculated as shown in

(6.10) to (6.15).

y

n1
1

=
AvHTc

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.10)

y

n2
1

=
ĜAvBvHTs

2e−(T1+T2)s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.11)

y

n1
2

=
ĜAvBvSTsHTse

−T1s

1 +AvB2
STs

HTs
2e−(T1+T2)s

, (6.12)

y

n2
2

=
AvBvSTsHTse

−T1s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.13)

where Av and Bv are defined as follows.

Av =
GĜ

Ĝ− ĜSTsHTsLd +GSTsHTsLd

, (6.14)

Bv =
C

1 + ĜC − ĜCSTs
2HTs

2e−(T1+T2)s
. (6.15)
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Fig. 6-5: Analysis model.
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Laplace domain transfer functions of the sampler and the holder are represented as follows [87].

STc =
1

Tc
, (6.16)

HTc =
1− e−Tcs

s
, (6.17)

STs =
1

Ts
, (6.18)

HTs =
1− e−Tss

s
. (6.19)

Here, Tc is the communication period and Ts is the sampling period for the control system.

The Z transformed controller (C), LPF (Ld) and the system model (Ĝ) are set as follows.

C = Kp +Kv
1− z−1

Ts
, (6.20)

Ld =
g

1− z−1

Ts
+ g

, (6.21)

Ĝ =
1

Mn

(
1− z−1

Ts

)2 . (6.22)

Laplace transformation of Z operation is shown in (6.23).

z = esTs . (6.23)

Since the controlled system (G) works in continuous model, it is modeled as follows.

G =
1

Mns2
. (6.24)

In type 2, the transfer function from network noise (n) to the output (y) are calculate as shown in

(6.25) to (6.28).

y

n1
1

=
AvHTc

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.25)
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y

n2
1

=
AvBvHTs

2e−(T1+T2)s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.26)

y

n1
2

=
ĜAvBvSTsHTse

−T1s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.27)

y

n2
2

=
AvBvSTsHTse

−T1s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
. (6.28)

In type 3, the transfer function from network noise (n) to the output (y) are calculate as shown in

(6.29) to (6.32).

y

n1
1

=
AvHTc

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.29)

y

n2
1

=
AvBvHTs

2e−(T1+T2)s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.30)

y

n1
2

=
AvBvSTsHTse

−T1s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
, (6.31)

y

n2
2

=
AvBvSTsHTse

−T1s

1 +AvBvSTs
2HTs

2e−(T1+T2)s
. (6.32)

From (6.10) to (6.32), gain characteristics of the transfer function of network noise n(s) to y(s) are

calculated as shown in Fig. 6-6. Here, each transfer function is calculate as shown in (6.33).

y

n
=

1

4

(
y

n1
1

+
y

n2
1

+
y

n1
2

+
y

n2
2

)
. (6.33)

From Fig. 6-6, it is shown that gain characteristics are small in the order of Type 3, Type 2 and

Type 1. It coincides with the simulation results. Thus, it is confirmed that decreasing the number of

communication channel passages is valid to mitigate the effect of network noise like packet dropouts and

jitter. Therefore, Type 3 has the robustness against packet dropouts and jitter.
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Fig. 6-6: Gain characteristic of transfer function of network noise n to y.

– 90 –



CHAPTER 6 MOTION CONTROL SYSTEM WITH TIME DELAY

Fig. 6-7: Experimental system.

6.4 Experiment

In this section, experimental results are shown to confirm the validity of the modified structure.

6.4.1 Experimental System

In the experiment, the network emulator is utilized to emulate network conditions which are same to

the simulations in subsection 6.3.2. The experimental system is shown in Fig. 6-7. The controller is im-

plemented to ’Computer A’ and the current command to the linear motor is transmitted from ’Computer

B’. The communication is conducted between ’Computer A’ and ’Computer B’ by network emulator. The

linear motor is equipped with the encoder to sense the position response. Parameters for the experiment

are shown in Table 6.2.

Following three kinds of network conditions are considered in experiment. These are same with the

simulations which are shown in subsection 6.3.2.

Case 1：Constant Delay

T1 = T2 = 200ms

Case 2：Packet Dropouts

T1 = T2 = 200ms. Packet dropouts are occurred during 0.5s to 0.6s. Each part receives same data

during that period.
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Fig. 6-8: Experimental results.

Case 3：Jitter

T1 = T2 = 200ms ± 30ms. Here, T1 is time delay from the ’Computer A’ to the ’Computer B’. T2

is time delay from the ’Computer B’ to the ’Computer A’. The sampling period (Ts) is 0.001s and the

communication period (Tc) is 0.001s. When the packet dropouts are occurred in case 2, the zero-order

hold is conducted in the receiving side. In case 3, if the several packet data is received, the latest packet

data is utilized.

6.4.2 Experimental Result

Figure 6-8 shows the experimental results. Figure 6-8 shows the position response of each case. ’cmd’

shows the position command and ’res’ shows the position response which is received in ’Computer A’.

Experimental results for case 1(Constant Delay) are shown in Fig. 6-8(a)–(c). Even though there exists
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the model error between the mass of the controlled system (M ) and the mass model (Mn) of the system

model, there are no steady-state error in all cases. Experimental results for case 2(Packet Dropouts) are

shown in Fig. 6-8(d)–(f). The position response is same in all cases before the packed dropouts occurs.

After the packet dropouts, steady-state errors become large in the order of Type 1, Type 2 and Type 3.

There are large steady-state errors in Type 1 and Type 2. On the other hand, the steady-state error is

small in Type 3 and the position response tracks the position command in Type 3. Experimental results

for case 3(Jitter) are shown in Fig. 6-8(g)–(i). Steady-state errors become large in the order of Type 1,

Type 2 and Type 3. There are large steady-state errors in Type 1 and Type 2. On the other hand, the

steady-state error is small in Type 3 and the position response tracks the position command in Type 3.

Therefore, it is confirmed that Type 3 has the robustness against packet dropouts and jitter.

6.5 Summary

In this chapter, considering unstable time delay, the structure of CDOB has been modified. As the

nonlinear effect like communication packet dropouts or jitter can deteriorate the total control system, a

case study has been accomplished considering llocations of the system model in the CDOB. Then, the

more robust CDOB structure against packet dropouts and jitter has been designed. The validity of the

modified structure has been shown by experimental results.
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Bilateral Teleoperation System with Time
Delay

7.1 Background and Outline

Recent advances in control theories opened the way towards extensions of human manipulation ca-

pabilities [88]. Benefiting from the advantages of communication technologies and bilateral control

theories [89], a operation over a remote environment (i.e. teleoperation) becomes one of the most promi-

nent research topics. Bilateral teleopration systems enable human being to feel a tactile sensation of

environment at a remote sight through a master robot and a slave robot. Human beings can manipulate

a slave robot in sky [90], space [91], water, nuclear plants and so on, as if they are in the remote place.

Recently, applications of these technology are expanded to medical fields [92], communication fields

[93] and industry fields [94].

There are some performance indices in bilateral control systems [95–97]. One of the performance

indices of bilateral control systems is “transparency” [13]. High transparency means that the force control

and the position control are realized perfectly both in a master robot and a slave robot. Transmission

characteristics of force and position information between a master robot and a slave robot are confirmed

by using hybrid matrices [65]. Furthermore, there are two evaluation indices for bilateral control systems

based on transparency, which are“ reproducibility“ and“ operationality”[44]. Reproducibility shows

how precisely environmental impedances are reproduced in the master side. Operationality shows how

smoothly the operator manipulates the master robot.

In real teleoperations, human operator manipulates a master robot while watching video images which
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Fig. 7-1: Overview of teleoperation system with haptic and visual sense feedback.

are sent from remote environment [98, 99]. Figure 7-1 shows the overview of teleoperation systems

with haptic and visual sense feedback. Two robots are considered in bilateral control systems, a master

robot which is manipulated by human operators and a slave robot which contacts remote environment.

Human operator watches a video image of remote environment. T1 and T2 denote time delay of a haptic

information (position and force) between the master robot and the slave robot. T3 denotes time delay of

a video image from the slave robot to the master robot.

If the ideal bilateral control is realized in this teleoperation system, human operators can sense envi-

ronmental impedances. Haptic information will prevent from breaking remote environment and human

operators can achieve more dexterous tasks. However, the presence of time delay between a master robot

and a slave robot makes the design of this system challengeable. Firstly, time delay seriously deteri-

orates the performance and possibly makes the bilateral control system unstable [100]. Secondly, the

synchronization with haptic and visual sense should be considered.

The passivity based approach is very common to stabilize the two-channel bilateral control system

[25]. This scheme restricts output flows smaller than input flows by using wave variables [101]. Time

delay compensation method is also useful to treat the time delay system without restricting output flows
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[74]. Smith predictor is often utilized to compensate communication time delay with a time delay model

[78]. But, time delay in the communication system is varying and unpredictable. A disturbance observer

is utilized to deal with time delay systems. CDOB has been proposed to compensate the time delay effect

without a time delay model [102]. The effectiveness of the time delay compensation by CDOB to the

acceleration based four-channel bilateral control system is confirmed experimentally so far. However,

the force control is not stabilized. To stabilize the force control in the bilateral control system, the high

frequency domain damping [103] and the delayed force feedback structure have been proposed.

To overcome the destabilization from time delay, model-free time delay compensator has been pro-

posed. The proposed compensator does not utilize the time delay model and the plant model, but the

position control and the force control are stabilized.

For synchronizing haptic and visual sense, the bilateral control system which utilizes round-trip time

delayed information has been proposed. By utilizing the proposed method, reproducibility is well im-

proved and the gain of the environmental impedance is reproduced in the all frequency area.

Furthermore, to attain almost same performance with no time delay system, the allocations of HPF

are studied. HPF is implemented to remove the undesirable operational force in the low frequency area.

By allocating HPF correctly, operationality is improved with keeping the stability and reproducibility.

The composition of this chapter is described as follows. In section 7.2, the time delay problem in the

bilateral control system is introduced. The time delay compensations with model-based compensator are

shown in 7.3. The one is CDOB and the other is the delayed force feedback structure. By utilizing the

latter method, the positon control and the force control of the bilateral control system are stabilized. But,

this method needs time delay information. Thus, model-free time delay compensator is proposed in 7.4.

The proposed compensator does not utilize the time delay model and the plant model, but the position

control and the force control of the bilateral control system are stabilized. In section 7.5, a bilateral

control system to synchronize haptic and visual sense is proposed. By utilizing the proposed method,

reproducibility is also improved and the gain of the environmental impedance is reproduced in the all

frequency area. In section 7.6, allocations of HPF are studied to attain the almost same performance with

no time delay system. By allocating HPF correctly, operationality is improved with keeping the stability

and reproducibility. Finally, this chapter is summarized in section 7.7.
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Fig. 7-2: Four-channel bilateral control system with time delay.

7.2 Time Delay Problem

Figure 7-2 shows the acceleration based four-channel bilateral control system with time delay. DOB

and RFOB are implemented in the master robot and the slave robot for the robust acceleration control. In

Figure 7-2, xresm , xress , f̂ ext
m and f̂ext

s are the position response of the master robot, the position response

of the slave robot, the reaction force added to the master robot and the reaction force added to the

slave robot, respectively. The reaction force added to each robot f̂ ext
m and f̂ext

s are estimated using

not force sensors but RFOB. T1 denotes time delay from the master robot to the slave robot and T2

denotes time delay from the slave robot to the master robot. Cp is a position controller and Cf is a

fore controller. time delay T1 and T2 destabilize the control system and deteriorate the performance.

As performance indexes for bilateral control systems, ”reproducibility” (Pr) and ”operationality” (Po)

are useful [44]. These indexes are understood intuitively. Reproducibility shows how precisely the

environmental impedance is reproduced in the master side. Operationality shows how smoothly the

operator manipulates the master robot. Thus, perfect transparency is realized when Pr becomes 1 and

Po becomes 0. Figure 7-3 shows reproducibility and operationality of the four-channel bilateral control

system. Here, T = T1 = T2. The four-channel bilateral control system has the good performance in the

case of no time delay. Reproducibility is 1 in the all frequency area and operationality is small in the low

– 97 –



CHAPTER 7 BILATERAL TELEOPERATION SYSTEM WITH TIME DELAY

Fig. 7-3: Performance deterioration from time delay.

frequency area, However, reproducibility becomes small and operationality becomes large as time delay

is increasing. Thus, the performance is deteriorated by time delay.
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Fig. 7-4: Block diagram of four-channel structure with CDOB.

7.3 Time Delay Compensation with Model-Based Compensator

In this section, time delay compensations with model-based compensator are shown. The one is

CDOB and the other is the delayed force feedback structure.

7.3.1 Communication Disturbance Observer

The four-channel control system with CDOB compensation is shown in Fig. 7-4. If cut-off frequencies

of LPF in DOB, RFOB and CDOB approach infinity and time delay is T = T1 = T2, the acceleration

response of the master robot in Fig. 7-4 is expressed as follows.

s2xresm = −Cf (f̂
ext
s e−Ts + f̂ ext

m ) + Cp(s)(x
res
s e−Ts − xresm + xcmp

s ), (7.1)
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xcmp
s = xressm − xress e−Ts, (7.2)

s2xressm = Cp(s)(x
res
m − xressm). (7.3)

Here, DOB works ideally and the disturbance force including the parameter fluctuation is suppressed

completely, i. e. xresm = ẍrefm /s2 and xress = ẍrefs /s2. Thus, equation (7.1)-(7.3) do not include

dynamics such as the mass variable. Equation (7.1)-(7.3) are not realized in the high-frequency area

above the cut-off frequency of LPF in DOB (gd). In usual cases, gd can be set large enough, so this

assumption is negligible in practical cases. From equation (7.1) to (7.3), (7.4) is derived.

(
1 +

Cp(s)

s2 + Cp(s)

)
s2xresm = −Cf (f̂

ext
s e−Ts + f̂ ext

m ). (7.4)

By the compensation of CDOB, the position control of the master robot is removed if the gain of the

position control system (Cp(s)) becomes infinity. On the other hand, the acceleration response of the

slave robot in Fig. 7-4 is expressed as follows.

s2xress = −Cf (f̂
ext
m e−Ts + f̂ext

s ) + Cp(s)(x
res
m e−Ts − xress ).

It is shown that this bilateral control system is almost same to the three-channel bilateral control system

[103], [104].

7.3.2 Stability Analysis in Modal Space

In this subsection, modal spaces for the bilateral control system are generalized. And, the stability of

the conventional method is explained by using those modal spaces.

Modal Space for Bilateral Control

The acceleration based bilateral control is achieved in orthogonally crossed two virtual modal spaces

: a force controller in the common modal space and a position controller in the differential modal space

[31]. The force in the common mode fc and the position in the differential mode xd are defined as

follows.

fc = f̂ ext
m + f̂ ext

s , (7.5)
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xd = xm − xs. (7.6)

Equation (7.7) is defined to control the acceleration of the common mode and the differential mode.

[
ẍc

ẍd

]
=

[
1 1

1 −1

][
ẍm

ẍs

]
. (7.7)

When perfect transparency is achieved, (7.8) and (7.9) are realized.

fext
m = −fext

s , (7.8)

xm = xs. (7.9)

To realize (7.8) and (7.9), the force response in the common mode and the position response in the

differential mode should be controlled to be 0. Thus, the force controller in the common mode and the

position controller in the differential mode are designed as shown in (7.10) and (7.11).

ẍrefc = −Cf (f̂
ext
m + f̂ext

s ), (7.10)

ẍrefd = Cp(s)(x
res
m − xress ). (7.11)

Stability in Modal Space

By utilizing (7.4), (7.5) and (7.7), block diagrams in the differential mode and the common mode are

derived as shown in Fig. 7-5(a) and (c). zh means the human impedance and ze means the environmental

impedance. In Fig. 7-5(a) and (c), DOB works ideally and the disturbance force including the parameter

fluctuation is suppressed completely, i. e. xresm = ẍrefm /s2 and xress = ẍrefs /s2. Thus, equations of Fig.

7-5(a) and (c) do not include dynamics such as the mass variable. Figure 7-5(a) and (c) are not realized

in the high-frequency area above the cut-off frequency of LPF in DOB (gd). In usual cases, gd can be set

large enough, so this assumption is negligible in practical cases.

From Fig. 7-5 (a), there exists no time delay element in the feedback loop. Then, the position control

is stable in the conventional method. From Fig. 7-5 (c), there exists time delay elements in the feedback

loop. Therefore, the force control is not stable in the conventional method.
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Fig. 7-5: Block diagram in modal space.
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s2
(
xresm +

Cp(s)

s2 + Cp(s)
xresm + xress

)
= − Cf (f̂

ext
s e−Ts + f̂ ext

m )︸ ︷︷ ︸
master side force controller

− Cf (f̂
ext
m e−Ts + f̂ ext

s )︸ ︷︷ ︸
slave side force controller

+Cp(s)(x
res
m e−Ts − xress )

= −Cf (1 + e−Ts)(f̂ ext
s + f̂ ext

m )

+Cp(s)(x
res
m e−Ts − xress ). (7.12)

7.3.3 Stability Improved Bilateral Control Structure

In this subsection, the stability improved bilateral control structure is derived from the modal space

analysis. Moreover, the stability and the the performance are analyzed.

Proposed Structure

In the conventional method, the acceleration response of the common mode is derived as (7.12) from

(7.4) and (7.5). By utilizing the delayed master and slave force responses, time delayed elements exist in

the feedback loop of the common mode as shown in Fig. 7-5(c). This is the unavoidable characteristic

in the bilateral control system with time delay.

In the proposed structure, time delay elements in the common modal space are tried to be deleted

by changing the acceleration reference of the master robot and the slave robot. To delete time delay

elements in the common modal space, the acceleration reference of the master robot and the slave robot

are set as shown in (7.13) and (7.14) in the proposed structure.

s2xrefm = −Cf (f̂
ext
s e−T2s + 2f̂ext

m − f̂ext
m e−T̂2s), (7.13)

s2xrefs = −Cf (f̂
ext
m e−T1s + 2f̂ext

s − f̂ext
s e−T̂1s) + Cp(s)(x

res
m e−Ts − xress ). (7.14)

In equation (7.13) and (7.14), time delay from the master robot to the slave robot (T1) and time delay

from the slave robot to the master robot (T2) are estimated as T̂1 and T̂2. These estimated time delay (T̂1

and T̂2) are utilized to add an artificial minor force feedback with time delay (f̂ ext
m e−T̂2s or f̂ ext

s e−T̂1s)

in the acceleration reference of the master robot and the slave robot. The advantages of setting the

acceleration reference as shown in (7.13) and (7.14) is that the acceleration response in the common

modal space does not include time delay elements as shown in equation (7.15). In equation (7.15), time

delay is supposed to be T = T1 = T2 = T̂1 = T̂2 and DOB works ideally, i. e. xresm = ẍrefm /s2 and
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s2 (xresm + xress ) = −Cf (f̂
ext
s e−Ts + 2f̂ext

m − f̂ext
m e−Ts)︸ ︷︷ ︸

master side force controller

−Cf (f̂
ext
m e−Ts + 2f̂ext

s − f̂ext
s e−Ts)︸ ︷︷ ︸

slave side force controller

+Cp(s)(x
res
m e−Ts − xress )

= −2Cf (f̂
ext
s + f̂ ext

m ) + Cp(s)(x
res
m e−Ts − xress ), (7.15)

xress = ẍrefs /s2. In equation (7.13) and (7.14), f̂ ext
m − f̂ ext

m e−T̂2s or f̂ ext
s − f̂ ext

s e−T̂1s are enough to

eliminate time delay elements. The added f̂ ext
m or f̂ ext

s works to realize the three-channel control system

in the case of no time delay. If the time delay is zero, f̂ext
m − f̂ ext

m e−T̂2s or f̂ext
s − f̂ ext

s e−T̂1s in equation

(7.13) and (7.14) becomes 0. Then, the acceleration references become as follows.

s2xrefm = −Cf (f̂
ext
s + f̂ext

m ), (7.16)

s2xrefs = −Cf (f̂
ext
m + f̂ext

s ) + Cp(s)(x
res
m e−Ts − xress ). (7.17)

Thus, the added f̂ ext
m or f̂ext

s is needed for using this control system in both conditions, i.e. no time

delay and some time delay. Here, the time delay estimation means the calculation of time delay between

the master robot and the slave robot. This is different from the time delay estimation (TDE) which is a

model-independent simple dynamics estimation technique [105], [106].

From equations (7.13) and (7.14), the proposed structure is implemented as shown in Fig. 7-6. In Fig.

7-6, the bended arrows at 1− e−T̂1s or 1− e−T̂2s mean that time delay are estimated as T̂1 or T̂2 by the

time stamp of the master robot and the slave robot. Then, the force control is compensated as shown in

the dotted area in Fig. 7-6. The estimating time delay by using the time stamp faces the problem of the

clock difference value between the master and the slave robot. This section supposed that the problem

of the clock difference is solved by using reference papers [107] or [108].

If, the time delay is T = T1 = T2 = T̂1 = T̂2 and DOB works ideally, i. e. xresm = ẍrefm /s2 and

xress = ẍrefs /s2, the block diagram in the differential mode and the common mode are derived as shown

in Fig. 7-5(b) and (d). From Fig. 7-5(b) and (d), it is shown that time delay element does not exist in

the main loop not only in the differential mode but also in the common mode. Thus, it is shown that the

stability is improved in the proposed structure.
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Fig. 7-6: Block diagram of the proposed structure.
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Table 7.1: Parameters for analysis and experiment

Position feedback gain KP 900

Velocity feedback gain KV 60

Force feedback gain Kf 0.5

Cut-off frequency of DOB gdis 500 rad/s
Cut-off frequency of RFOB greac 500 rad/s
Cut-off frequency of CDOB gcdob 500 rad/s
Human impedance Zh 850+50s

Environmental impedance Ze 30000+50s

Nominal mass Mn 0.5 kg
Thrust coefficient Ktn 32.5 N/A
Time delay(for analysis) T 0.1 s
Sampling time(for experiment) Ts 0.001 s

7.3.4 Discussion of Stability and Performance

In this subsection the stability and the performance are analyzed numerically. Parameters for analyses

are shown in Table 7.1.

Stability Analysis in Modal Space

The stability analysis has been conducted in modal spaces such as the differential mode and the com-

mon mode. This is because the position control and the force control of the acceleration based bilateral

control system are implemented in modal spaces. However, analyses in modal spaces assume constant

time delay and T1 = T2. In the cases with time-varying delay, those conditions are not usually satisfied.

Therefore, the stability under constant delay and T1 = T2 is analyzed by using Nyquist diagrams in

this subsubsection. The stability under time-varying delay or T1 ̸= T2 is demonstrated by experimental

results in section 7.3.5.

Nyquist diagrams for the differential modal space and the common modal space are shown in Fig. 7-7.

In Fig. 7-7, dotted arrow shows the direction of the plot line which is corresponding with the angular

frequency from 0 to infinity. Here, the open-loop transfer function for each control method is shown as

the dotted line in Fig. 7-5.

From Fig. 7-7(a) and (b), it is shown that position control of the conventional method and the proposed

method are stable. Figure 7-7(c) and (d) show that the force control of the conventional method is not
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Fig. 7-7: Nyquist diagram.

stable, but the force control of the proposed method is stable. In Fig. 7-5(d), e−Ts is still included in

inner loop. However, considering the total open-loop transfer function which is shown as dotted line in

Fig. 7-5(d), the force control of the proposed method is stable as shown in Fig.7-7(d).
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For analyzing the stability of the common modal space in more general cases, the parametric study

for the Nyquist diagram of the common modal space has been conducted. Fig. 7-8 shows the parametric

study results. In Fig. 7-8, time delay, human / environmental impedances, a position control gain and

a force control gain are parameterized. From Fig. 7-8, it is shown that the proposed method is always

stable. Figure 7-8(a) shows that the conventional method is not stable in all cases of time delay. From

Fig. 7-8(b), the conventional method can be stabilized by setting the environmental impedance to nearly

zero which is close to the free motion. Figure 7-8(c) shows that stability of the conventional method is

improved by increasing the position feedback gain. Figure 7-8(d) shows that stability of the conventional

method is improved by decreasing the force feedback gain. Thus, increasing the position feedback gain

or decreasing the force feedback gain are needed to stabilize the conventional control system. However,

increasing the position feedback gain from Kp = 1600.0, Kv = 80.0 possibly makes the control system

unstable due to the signal noise in practical cases. Decreasing the force feedback gain from Kf = 0.25

makes the contact with environment unstable in practical cases. Thus, the conventional method is not

stabilized by tuning of the feedback gain. And, it is shown that the stability is overwhelmingly improved

by using the proposed method.
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Fig. 7-8: Parametric study results of Nyquist diagram of common modal space.
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Performance Analysis

For evaluating the performance of the bilateral control system, Hybrid parameters are utilized [65].

Equation (7.18) shows the definition of hybrid parameters.[
fext
m

−xs

]
=

[
H11 H12

H21 H22

][
xm

−fext
s

]
. (7.18)

Perfect transparency as shown in (7.8) and (7.9) is achieved if H11 = H22 = 0 and H12 = −H21 = 1.

The hybrid parameters for the conventional four-channel control structure with CDOB compensation are

derived as (7.19) to (7.22) from (7.4) and (7.5).

H11 = − s2

Cf

s2 + 2Cp(s)

s2 + Cp(s)
, (7.19)

H12 = e−Ts, (7.20)

H21 = −e−Ts (s
2 + Cp(s))

2 + Cp(s)s
2

(s2 + Cp(s))2
, (7.21)

H22 =
Cf

2(e−2Ts − 1)

s2 + Cp(s)
. (7.22)

The hybrid parameters for the proposed structure are derived as (7.23) to (7.26) from (7.13) and (7.14).

H11 = − s2

Cf (2− e−Ts)
, (7.23)

H12 =
e−Ts

2− e−Ts
, (7.24)

H21 = − e−Ts

s2 + Cp(s)

(
s2

2− e−Ts
+ Cp(s)

)
, (7.25)

H22 =
Cfe

−Ts

s2 + Cp(s)

(
2

e−Ts
− 1− e−Ts

2− e−Ts

)
. (7.26)

From (7.19) to (7.26), gain characteristics of hybrid parameters H11, H12, H21 and H22 are calculated as

shown in Fig. 7-9. From Fig. 7-9(a), it is shown that both methods have small gains in H11 in the low-

frequency area. However, they have the large gains in the high-frequency area. The force feedback gain

Cf has to be set lager values to suppress the gain of H11. Figure 7-9(b) and (c) show that the transmitted

position and force bandwidths are restricted in the proposed control system. Figure 7-9(d) shows that

condition of |H22| = 0 is almost satisfied by using both methods. The position feedback gain Cp(s) has

to be set to a larger value to suppress the gain of H22. Thus, considering H12 and H21 parameter, the

performance of the proposed method is a little bit worse than the conventional method.

– 110 –



CHAPTER 7 BILATERAL TELEOPERATION SYSTEM WITH TIME DELAY

Fig. 7-9: Gain characteristics of hybrid parameter.
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Fig. 7-10: Experimental system.

7.3.5 Experiment

. In this subsection, experimental results are shown to confirm the validity of the proposed structure.

Experimental System

Figure 7-10 shows the experimental system. Time delay is produced by the network emulator. The

master and the slave system consist of 1-DOF robots. The robot consist of the linear motor and the

encoder. A human operator manipulates the master side linear motor, and the slave side linear motor

contacts with environment. The resolution of the encoder is 0.1 µm. Control parameters used in the

experiments are shown in Table 7.1. In the experiment, following kinds of time delay: constant delay

and time varying delay are considered.

Case 1 T1 = T2 = 100ms

Case 2, 4, 6 T1 = T2 = 100ms with 50ms random jitter

Case 3, 5, 7 T1 = T2 = 100ms with 100ms random jitter

In case 2 and 3, random jitter is given by the standard distribution. In case 4 and 5, random jitter is

given by the exponential distribution. In case 6 and 7, random jitter is given by the uniform distribution.

Figure 7-11 shows the model and the time history of time delay for case 2 to case 7. In case 2 and

case 3, minimum time delay and maximum time delay are set from the 3 sigma value of the standard

deviation. In case 4 and case 5, those time delay are set for realizing time delay from 50 to 150ms or 0 to
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Fig. 7-11: The model and time history of time delay for case 2 to case 7.

200ms. In the time history of time delay, deferential values between adjacent delays does not exceed the

sampling time from the function of the network emulator. This function is implemented to prevent from

interchanging of the sending data.

T̂1 in Fig. 7-6 is estimated by subtracting the time stamp of the slave robot from the time stamp of

the master robot. T̂2 in Fig. 7-6 is estimated by subtracting the time stamp of the master robot from the

time stamp of the slave robot. As this paper supposed that the problem of the clock difference is solved

by using reference papers [107] or [108], clock times of the master robot and the slave robot are set to

be the same value.

Here, 1 − e−T̂1s or 1 − e−T̂2s are implemented by memorizing the past force response of the master

robot or the slave robot. From Table I, the sampling time of the experiment is set as 0.001s. 0.001s is

enough to attain the control performance. So, considering the sampling period (0.001s) and time delay

for the experiment (from 0.0s to 0.2s) as shown in Fig. 7-11, 200 memories are needed at most. This is

not difficult to implement by using the master side computer and the slave side computer.
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Experimental Results

Figure 7-12 shows the experimental results. The force response of the master robot is plotted in the

reverse value to compare with the force response of the slave robot. Hatching areas are showing that the

slave robot contacts environment.

Figure 7-12(a), (c), (e), (g), (i), (k) and (m) show the experimental results for the conventional method.

Figure 7-12(b), (d), (f), (h), (j), (l) and (n) show the experimental results for the proposed method.

From Fig. 7-12(a), (c), (e), (g), (i), (k) and (m), it is shown that oscillations are occurred during the

contact motion in the conventional method. Figure 7-12(b) shows that the oscillation during the contact

motion is suppressed by using the proposed method. Moreover, Fig. 7-12(d), (f), (h), (j), (l) and (n)

show that various kinds of time varying delay do not raise oscillations during the contact motion. Thus,

it is shown that the proposed method is valid to improve the stability of the force control of the bilateral

control system.
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Fig. 7-12: Experimental results.
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7.4 Time Delay Compensation with Model-Free Time Delay Compnesator

In this section, model-free time delay compensator is proposed. Firstly, two flow expression method

of the four-channel bilateral control system is shown. The master system and the slave system of the

four-channel bilateral control system are modeled as single input and single output (SISO) system by

using this method. This method is useful to the stability analysis of the bilateral control system. Then,

model-free time delay compensator is proposed. The proposed compensator does not utilize the time

delay model and the plant model, but the position control and the force control are stabilized.

7.4.1 Two Flow Expression of Four-Channel Bilateral Control System

In the four-channel bilateral control system, the master system and the slave system are sending posi-

tion and force information and receiving those of them. Thus, the master system and the slave system are

multi input and multi output (MIMO) system. MIMO system is not easy to analyze the stability and the

performance. Therefore, in this section, two flow expression method of the four-channel bilateral control

system is proposed. By utilizing two flow expression method, the master system and the slave system

are modeled as SISO system.

Firstly, the acceleration response of the four-channel bilateral control system is analyzed. If the cut-

off frequency of LPF in DOB approaches infinity, the acceleration responses of the master robot and the

slave robot in Fig. 7-2 are expressed as follows.

s2xresm = Cp(s)(e
−T2sxress − xresm )− Cf (e

−T2sf̂ ext
s + f̂ ext

m ), (7.27)

s2xress = Cp(s)(e
−T1sxresm − xress )− Cf (e

−T1sf̂ ext
m + f̂ ext

s ). (7.28)

Here, DOB works ideally and the disturbance force including the parameter fluctuation is suppressed

completely, i. e. xresm = ẍrefm /s2 and xress = ẍrefs /s2. Thus, equation (7.27)-(7.28) do not include

dynamics such as the mass variable. Equation (7.27)-(7.28) are not realized in the high-frequency area

above the cut-off frequency of LPF in DOB (gd). In usual cases, gd can be set large enough, so this

assumption is negligible in practical cases.

Then, the position control and the force control of the bilateral control system are decomposed as

follows.

s2xres,pm = Cp(s)(e
−T2sxress − xresm ), (7.29)
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Fig. 7-13: Two flow expression of acceleration based four-channel bilateral control system.

s2xres,ps = Cp(s)(e
−T1sxresm − xress ), (7.30)

s2xres,fm = −Cf (e
−T2sf̂ ext

s + f̂ ext
m ), (7.31)

s2xres,fs = −Cf (e
−T1sf̂ ext

m − f̂ ext
s ). (7.32)

Here, s2xres,pm or s2xres,ps are the acceleration response of the position control, s2xres,fm or s2xres,fs are

the acceleration response of the force control.

From equation (7.29) and (7.30), the block diagram for the position control of the bilateral control

system is expressed as Fig. 7-13(a). From equation (7.31) and (7.32), the block diagram for the force

control of the bilateral control system is expressed as Fig. 7-13(b). In Fig. 7-13 (b), RFOB works

ideally and the wideband force sensation is realized, i. e. f̂ res
m = xresm zh and f̂ res

s = xress ze. zh means

the human impedance and ze means the environmental impedance. Figure 7-13(b) is not realized in the
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high-frequency area above the cut-off frequency of LPF in RFOB (gr). In usual cases, gr can be set large

enough, so this assumption is negligible in practical cases.

Finally, by summing Fig. 7-13(a) and (b), Fig. 7-13(c) is derived. As shown in Fig. 7-13(c), the

master system and the slave system are modeled as SISO system. The input and the output of each

system is acceleration information as shown in Fig. 7-13(c). Accelerations ẍresm or ẍress work as an agent

to connect both control systems. From the block diagrams of the master system and the slave system in

Fig. 7-13(c), transfer functions of each system are derived in subsubsection 7.4.2.
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7.4.2 Validation of Model-Free Time Delay Compensator

In this subsection, model-free time delay compensator is proposed. Moreover, the stability and the

performance of the proposed control system are shown by using two flow expression method.

Model-Free Time Delay Compensator

Model-free time delay compensator is inspired from the idea of CDOB. Figure 7-14 shows a feedback

control system with CDOB and Smith predictor. Figure 7-14(a) shows a feedback control system with

Smith predictor and Fig. 7-14(b) shows a feedback control system with CDOB. In the figure, G(s) is the

controlled plant, r(s) and y(s) are the input and the output, respectively. T3 denotes time delay from the

local system to the remote system. T4 denotes time delay from the remote system to the local system.

Ĝ(s) is the plant model and T̂5 is the round trip time delay (T5 = T3 + T4) model. From Fig. 7-14(a),

Smith predictor stabilizes the feedback control system by utilizing the time delay model (T̂5) and the

plant model (Ĝ(s)). On the other hand, time delay compensation by CDOB which is shown in Fig.

7-14(b) only utilizes the plant model (Ĝ(s)). Here, Fig. 7-14(c) shows the equivalent transformation

of Fig. 7-14(b). It is shown that CODB works the same performance with Smith predictor without the

round trip time delay model. This is because that the CDOB calculates the compensation value ’comp’

by the differentiation of ’comp1’ and ’comp2’. This is the biggest advantage in CDOB approach.

The proposed model-free time delay compensator utilizes the differentiation of the signal before and

after going through the communication channel as the compensation values like CDOB approach. Ex-

amples of the differentiation signals in the four-channel bilateral control system are xresm − xresm e−Ts

or f̂ ext
m − f̂ ext

m e−Ts. Here, T is the round trip time delay (T = T1 + T2) in Fig. 7-2. These signals

become 0 if the phase lag is around 0 degrees and 2xresm or 2f̂ ext
m if the phase lag becomes around 180

degrees. Thus, these signals are valid to prioritize information in the master side control system. Then,

the acceleration references of the bilateral control system with model-free time delay compensator are

designed as follows.

s2xrefm = Cp(s)(e
−T2sxress − xresm )− Cf (e

−T2sf̂ext
s + f̂ext

m )

+Cp(s)(e
−(T1+T2)sxresm − xresm ) + Cf (e

−(T1+T2)sf̂ res
m − f̂ res

m ),
(7.33)

s2xrefs = Cp(s)(e
−T1sxresm − xress )− Cf (e

−T1sf̂ ext
m + f̂ ext

s ). (7.34)
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Fig. 7-14: Time delay compensation in feedback control system.
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In equation (7.33), the third term and the fourth term are corresponding to the compensation values. In

the case that the phase lag is around 0 degrees, these signals become 0. Then, the acceleration reference

of the master system becomes as equation (7.35).

s2xrefm = Cp(s)(e
−T2sxress − xresm )− Cf (e

−T2sf̂ ext
s + f̂ ext

m ). (7.35)

This is same as the acceleration reference of the four-channel bilateral control system for the master

system. In the case that the phase lag is around 180 degrees, compensation values become −2xresm or

−2f̂ext
m . Then, by the compensation values, scaling is added in the master control system as equation

(7.36).

s2xrefm = Cp(s)(e
−T2sxress − 3xresm )− Cf (e

−T2sf̂ ext
s + 3f̂ext

m ). (7.36)

This means that the master system utilizes more information of own system compared with the slave

system. This is valid to reduce the time delay effect since the general bilateral control systems with time

delay can become unstable when the phase lag becomes around 180 degrees.

By utilizing equation (7.33) and (7.34), the bilateral control system with model-free time delay com-

pensator is implemented as Fig. 7-15. Compensation values for the position control and the force control

of the bilateral control system are calculated in the hatched area of Fig. 7-15. Here, compensation val-

ues are calculated by the differentiation of the signal before and after going through the communication

channel. Thus, the time delay model and the plant model are not utilized to calculate compensation

values. So, it is called model-free time delay compensator.
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Fig. 7-15: Bilateral control system with model-free time delay compensator.
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Fig. 7-16: Two flow expression of bilateral control system with model-free time delay compensator.

Lw/o(s) = −
Cp(s)− ZhCf

s2 + Cp(s) + ZhCf︸ ︷︷ ︸
master system

·
Cp(s)− ZeCf

s2 + Cp(s) + ZeCf︸ ︷︷ ︸
slave system

· e−(T1+T2)s︸ ︷︷ ︸
communication channel

.
(7.37)

Stability

In this subsubsection, the stability of the bilateral control system with model-free time delay compen-

sator is discussed by using two flow expression method. Figure 7-16 shows the block diagram of the

bilateral control system with model-free time delay compensator in two flow expression. Compared with

Fig. 7-13(c), model-free time delay compensator is added in Fig. 7-16.

From Fig. 7-13(c) and Fig. 7-16, the open-loop transfer function for the bilateral control system

without model-free time delay compensator (Lw/o) and those for the bilateral control system with model-

free time delay compensator (Lw/c) are calculated as equation (7.37) and (7.38). Then, these open-loop

transfer functions are decomposed as (7.39) to (7.43) for analyzing the stability.

Lw/o(s) = A(s) ·B(s), (7.39)

Lw/c(s) = A(s) · C(s), (7.40)

A(s) = −
Cp(s)− ZhCf

s2 + Cp(s) + ZhCf
·

Cp(s)− ZeCf

s2 + Cp(s) + ZeCf
, (7.41)

B(s) = e−(T1+T2)s, (7.42)
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Lw/c(s) = −
Cp(s)− ZhCf

s2 + Cp(s) + ZhCf
· 1

1 +
Cp(s)− ZhCf

s2 + Cp(s) + ZhCf
(1− e−T2s)︸ ︷︷ ︸

master system with compensator

·
Cp(s)− ZeCf

s2 + Cp(s) + ZeCf︸ ︷︷ ︸
slave system

· e−(T1+T2)s︸ ︷︷ ︸
communication channel

= −
Cp(s)− ZhCf

s2 + Cp(s) + ZhCf︸ ︷︷ ︸
master system

·
Cp(s)− ZeCf

s2 + Cp(s) + ZeCf︸ ︷︷ ︸
slave system

· e−(T1+T2)s

1 +
Cp(s)− ZhCf

s2 + Cp(s) + ZhCf
(1− e−T2s)︸ ︷︷ ︸

communication channel with compensator

.

(7.38)

Fig. 7-17: Nyquist diagram for bilateral control system without and with model-free time delay compen-
sator.

C(s) =
e−(T1+T2)s

1 +
Cp(s) + ZhCf

s2 + Cp(s)− ZhCf

(
1− e−(T1+T2)s

) . (7.43)

Here, A(s) is corresponding to the transfer function of the master system and the slave system with

no time delay compensator. B(s) is showing time delay from the communication channel. C(s) is

corresponding to time delay from the communication channel with model-free time delay compensator.

Figure 7-17 shows the Nyquist diagrams of those equations. Table 7.2 shows the parameter for the

Nyquist diagrams. Here, the human impedance (zh) is settled as 0+0s to see the stability in conservative

ways. This is because that the control system can be stabilized from the damping effect of the human
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Table 7.2: Parameters for analysis and experiment

Position feedback gain KP 100

Velocity feedback gain KV 20

Force feedback gain Kf 1.0

Human impedance(for analysis) zh 0+0s

Environmental impedance(for analysis) ze 10000+10s

Nominal mass Mn 0.5kg

Thrust coefficient Ktn 32.5N/A

One way time delay T 0.2s

impedance. From Fig. 7-17, it is shown that the time delay effect B(s) shifts the phase of A(s) that

the Nyquist diagram of Lw/o(s) passes through the left side of (-1,0). On the other hand, the time

delay effect with model-free time delay compensator C(s) restricts the amplitude of the A(s) when the

phase lags about 180 degrees. Thus, the Nyquist diagram of Lw/c(s) passes through the right side of

(-1,0). Therefore, the bilateral control system is stabilized when the model-free time delay compensator

is added. As shown in equation (7.38), there does not include dynamics such as the mass variable in the

open loop transfer function of Lw/c(s). So, model-free time delay compensator works even if the size of

the master system and the slave system are different.

For analyzing the stability in more general cases, a parametric study for the Nyquist diagrams has been

conducted. Figure 7-18 shows the parametric study results. In Fig. 7-18, time delay, an environmental

impedance, a position feedback gain and a force feedback gain are parameterized. From Fig. 7-18, it is

shown that the bilateral control system with model-free time delay compensator is always stable. Fig-

ure 7-18(a) shows that the bilateral control system without the compensator is not stable in all cases of

time delay. From Fig. 7-18(b), the stability of the bilateral control system without the compensator be-

comes worse when the environmental impedance becomes small. Figure 7-18(c) shows that the stability

of the bilateral control system without the compensator is improved by increasing the position feedback

gain. Figure 7-18(d) shows that the bilateral control system without the compensator is not stable in

all cases of the force feedback gain. Thus, model-free time delay compensator is valid to stabilize the

bilateral control system with time delay.
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Fig. 7-18: Parametric study results of Nyquist diagram.
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Fig. 7-19: Gain characteristics of open loop transfer function.

Performance

In this subsubsection, the performance of the bilateral control system with model-free time delay

compensator is analyzed by using two flow expression method.

Figure 7-19 shows the gain characteristics of the open loop transfer function. The open loop transfer

functions are derived from equation (7.37) and (7.38). Figure 7-19(a) shows those with no time delay

(T = 0) and Fig. 7-19(b) shows those with time delay (T = 0.2s). As shown in Fig. 7-19 (a), gain char-

acteristics are same in the bilateral control system without and with model-free time delay compensator

when there is no time delay. Figure 7-19 (b) shows that gain characteristics are restricted in the bilat-

eral control system with model-free time delay compensator when there is 0.2s time delay. Therefore,

as shown in subsection 7.4.2, model-free time delay compensator works to restrict the performance to

stabilize the control system. This restriction works automatically depending on time delay and does not

need the time delay model and the system model.

7.4.3 Experiment

In this subsection, experimental results are shown to confirm the validity of the proposed method.

Experimental System

Figure 7-20 shows the experimental system. The master and the slave system are consisted of 1-DOF
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Fig. 7-20: Experimental system.

robots. The robot consists of the linear motor and the encoder. A human operator manipulates the master

side linear motor, and the slave side linear motor contacts environment. The resolution of the encoder is

0.1 µm. Time delay is created by the network emulator. In the experiment, one way time delay is set as

0.2s. Control parameters used in the experiments are shown in Table 7.2.
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Fig. 7-21: Experimental results.

Experimental Results

Figure 7-21 shows the experimental results. The force response of the master robot is plotted in the

reverse value to compare with the force response of the slave robot. Hatched areas are showing that the

slave robot contacts environment. Figure 7-21(a) shows the experimental results of without model-free

time delay compensator, Fig. 7-21(b) shows those with model-free time delay compensator.

In the case of without model-free time delay compensator, the position response is vibrating during

contact with environment. On the other hand, in the case of with model-free time delay compensator,

there is no vibration during contact with environment. Therefore, it is shown that model-free time delay

compensator is valid to stabilize the bilateral control system with time delay.
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7.5 Synchronization of Haptic and Visual Sense

In this section, the bilateral control system to Synchronize Haptic and Visual Sense has been proposed.

7.5.1 Utilization of Round Trip Time Delayed Force Information

The position of the master robot and the visual image of the slave robot should be same to synchronize

haptic and visual sense. For realizing this control target, the round trip time delayed master force is

effective. By using the round trip time delayed master force, the master robot moves after the slave robot

moves.

Then, the acceleration references of the master robot and the slave robot are set as shown in equation

(7.44) and (7.45) in the proposed control system.

s2xrefm = Cp(s)(e
−T2sxress − xresm )− Cf (e

−T2sf̂ext
s + e−(T1+T2)sf̂ext

m )

+Cp(s)(e
−(T1+T2)sxresm − xresm ),

(7.44)

s2xrefs = Cp(s)(e
−T1sxresm − xress )− Cf (e

−T1sf̂ ext
m − f̂ ext

s ). (7.45)

In the acceleration reference of the master robot, the first term is the position controller, the second

term is the force controller and the third term is model-free time delay compensator for the position con-

trol. The round trip time delayed master force is utilized in the force controller of the master robot. So,

the master robot moves depending on the round trip time delayed force input from the human operator.

Then, the position response of the master robot (xresm ) are synchronized with the position response of

the slave robot which is passed from the communication channel (e−T2sxress ). If the visual image of the

slave robot is supposed to be transmitted to the master robot at the same time with the position and the

force response of the slave robot, i. e. T1 = T3 in Fig. 7-1, the position response of the master robot

synchronizes with the visual image of the slave robot. By utilizing equation (7.44) and (7.45), the pro-

posed control system is implemented as Fig. 7-22. The model-free time delay compensator for the force

control is omitted in equation (7.44) to prioritize the synchronization of the position of the master robot

and the visual image of the slave robot. The stability effect will be discussed in the next subsection.
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Fig. 7-22: Bilateral control system to synchronize haptic and visual sense.
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Fig. 7-23: The advantage of using round trip time delayed force information.

There is the additional advantage for utilizing the round trip time delayed master force. Figure 7-

23 shows the advantage for utilizing the round trip time delayed force. In the four-channel bilateral

control system, the human force input is transmitted to the master robot hand in real time. Then, the

force input is transmitted to the slave robot hand with the communication delay T1. After that, the

environmental position response is back to the master robot hand with the communication delay T2. In

that time, the human operator feels the environmental impedance. However, immediately after inputting

the human force, the position response is caused from time delay. Thus, the human operator feels the

softer environment than the real environment. On the other hand, if the human force input to the master

robot hand is artificially delayed while transmitting force information to the slave robot hand, there is

no position response caused from time delay. So, the human operator feels the same environmental

impedance with the real environment. This is the additional advantage for utilizing the round trip time

delayed master force.
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Fig. 7-24: Nyquist plot.

Table 7.3: Parameters for analysis and experiment

Position feedback gain KP 100

Velocity feedback gain KV 20

Force feedback gain Kf 1.0

Cut-off frequency of DOB gdis 500 rad/s
Cut-off frequency of RFOB greac 500 rad/s
Cut-off frequency of CDOB gcdob 500 rad/s
Human impedance Zh 0+0s

Enviromental impedance Ze 10000+10s

Nominal mass Mn 0.5 kg
Thrust coefficient Ktn 32.5 N/A
One way time delay(for analysis) T 0.2 s

7.5.2 Discussion of Stability and Performance

In this subsection, the stability and the performance of the proposed control system are analyzed.

Stability Analysis

Figure 7-24 shows Nyquist diagram which are calculated by utilizing two flow expression method.

Table 7.3 shows parameters for this analysis. In Fig. 7-24, Nyquist diagram of the four-channel bilateral

control system, the four-channel bilateral control system with model-free time delay compensator and

the proposed control system are described. It is shown that the proposed control system is stable as the

four-channel bilateral control system with model-free time delay compensator.
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Performance Analysis

For evaluating the performance of the bilateral control system, Hybrid parameters, ”reproducibility”

and ”operationality” are utilized [65], [44]. The relation between the master robot and the slave robot are

formulated by independent valuables H as shown in equation (7.46).

[
fext
m

−xs

]
=

[
H11 H12

H21 H22

][
xm

−fext
s

]
. (7.46)

Then, the slave force is treated as follows with the environmental impedance ze.

f ext
s = zexs. (7.47)

From (7.46) and (7.47), the force in the master robot is represented as shown in equation (7.48).

f ext
m =

(
H12H21

1−H22ze
ze +H11

)
xm. (7.48)

Here Pr and Po are defined as follows.

Pr =
H12H21

1−H22ze
, (7.49)

.Po = H11 (7.50)

Hence, (7.48) is represented as follows.

fext
m = (Prxe + Po)xm. (7.51)

Pr and Po are defined as ”reproducibility” and ”operationality”. Because the reproduction of the

environmental impedance in the master side is the important condition in the bilateral teleoperation,

|Pr| = 1 should be satisfied. Additionally, when the operational force is small, ideally Po = 0 is

realized, the operator can feel the real environmental impedance naturally. The ideal condition that

satisfies perfect reproducibility and operationality is called the condition with high transparency. Hybrid

parameters of the proposed control system are derived as follows.

H11 = −Cp(s)(e
−Ts − 1)− s2

Cf
e−Ts, (7.52)
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H12 = eT1s, (7.53)

H21 = −e−T2s, (7.54)

H22 = 0. (7.55)

From H21 parameters, it is shown that xm = xse
−T2s is realized. Then, in the teleopration system

with haptic and visual sense feedback which is shown in Fig. 7-1, the position of the master robot and

the visual image of the slave robot are same, if T2 = T3 is realized. This is important in haptic and visual

sense synchronization.

Figure 7-25 and Fig. 7-26 show gain characteristics of hybrid parameters, reproducibility and oper-

ationality. Gain characteristics of the four-channel bilateral control system, the four-channel bilateral

control system with CDOB, the four-channel bilateral control system with model-free time delay com-

pensator are described as references.

From Fig. 7-25(a), the proposed control system has large values compared with four-channel bilateral

control system with CDOB. Thus, as shown in Fig. 7-26(b), operationality is not so good. For improving

operationality, the position feedback gain should be decreasing or the force feedback gain should be

increasing. As shown in Fig. 7-25(b), (c) and (d), gain characteristics of the proposed control system

are well improved. Thus, as shown in Fig. 7-26(a), reproducibility of the proposed control system is the

best compared with other conventional methods. The point is that the gain of reproducibility is 0 in the

all frequency area. Therefore, the gain of the environmental impedance is perfectly reproduced in the

proposed control system.
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Fig. 7-25: Gain characteristics of hybrid parameters.

– 136 –



CHAPTER 7 BILATERAL TELEOPERATION SYSTEM WITH TIME DELAY

Fig. 7-26: Gain characteristics of reproducibility and operationality.
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Fig. 7-27: Experimental system.

7.5.3 Experiment

In this subsection, experimental results are shown to confirm the validity of the proposed system.

Experimental System

Figure 7-27 shows the experimental system. The master and the slave system consist of 1-DOF robots.

The robot consists of the linear motor and the encoder. A human operator manipulates the master side

linear motor, and the slave side linear motor contacts environment. The resolution of the encoders is 0.1

µm. Time delay is created by the network emulator. In the experiment, one way delay is set as 200ms

with 30ms random jitter. The random jitter is given by uniform distribution. Control parameters used

in the experiments are shown in Table 7.3. In the experiment, the visual image of the slave robot is

supposed to be transmitted to the master side at the same time with the position and the force response

of the slave robot, i. e. T1 = T3.

Experimental Results

Figure 7-28 shows the experimental results. The force response of the master robot is plotted in the

reverse value to compare with the force response of the slave robot. Figure 7-28(a), (b) and (c) show the

experimental results for the four-channel bilateral control system with CDOB, the four-channel bilateral

control system with model-free time delay compensator and the proposed control system. The upper part
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Fig. 7-28: Experimental results.

of Fig. 7-28 shows the force response, the middle part shows the position response and the bottom part

shows the position response of the master robot and the visual image of the slave robot. Hatched areas

are showing that slave robot contacts environment.

From the bottom part of Fig. 7-28, the position response of the master robot and the visual image

of the slave robot are almost same in the proposed control system. Thus, the human operator does not

feel a gap between each of them. Additionally, contact and disconnection with environment is stable.

From Fig. 7-28 (a), contact with environment is not stable in the four-channel bilateral control system

with CDOB. As shown in Fig. 7-28 (b), there is an overshoot in disconnection with environment in the

four-channel bilateral control system with model-free time delay compensator.

Thus, it is shown that the proposed control system is valid to synchronize haptic and visual sense.
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Fig. 7-29: Comparison of performance.

7.6 Performance Improvement

In this section, allocations of HPF are studied to attain the almost same performance with systems

which do not include time delay. Firstly, the performance of the conventional bilateral control system is

shown. Then, three type of allocations of HPF are studied.

7.6.1 Performance of Conventional Bilateral Control System

In this subsection, the performance of the conventional bilateral control system have been compared.

Figure 7-29 shows gain characteristics of reproducibility and operationality for the conventional bilat-

eral control system. Gain characteristics of the four-channel bilateral control system, the four-channel

bilateral control system with CDOB, the four-channel bilateral control system with model-free time de-

lay compensator, the conventionally proposed bilateral control system which is explained in 7.5 and the

bilateral control system with no time delay are plotted. Here, one way time delay is set as 0.2s.

From Fig. 7-29(a), reproducibility of the conventionally proposed control system is the best compared

with other conventional methods. The point is that the gain of reproducibility is 0 in the all frequency

area. Therefore, the gain of the environmental impedance is perfectly reproduced in the conventionally
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proposed control system. However, as shown in Fig. 7-29(b), operationality is not so good compared

to other methods. This is because that the position control system adds some undesirable forces. In this

section, operationality is tried to be improved by allocating HPF in the position control system. This

HPF is implemented to remove undesirable forces in the low frequency area.

7.6.2 Allocation of HPF

In this subsection, a case study is conducted for deciding allocations of HPF. Firstly, three types of the

allocation are introduced. Then, the stability and the performance for each type are discussed.

Case Study

Figure 7-30 (a), (b) and (c) show the candidates for allocating HPF. In type 1, HPF is allocated to

the compensataion value of model-free time delay compensator. This is because that the output of the

model-free time delay compensator adds some undesirable operational forces to the master robot. HPF

will decrease the undesirable operational force in the low frequency area. Additional HPF is allocated

in the position control of the master side in type 2. In type 3, additional HPF is allocated in the position

control of the slave side.
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Fig. 7-30: Candidates for allocating the HPF.
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Fig. 7-31: Comparisons from type 1 to type 3.

Discussion of Stability and Performance

In this subsection, the stability and the performance of each type are analyzed. In Fig. 7-31, type 1 to

type 3 are compared in the point of the stability and the performance. Upper parts are showing Nyquist

diagrams. These Nyquist diagrams are calculated from two flow expression of the bilateral control

system. Middle parts are showing gain characteristics of reproducibility. Bottom parts are showing gain

characteristics of operationality. In all figures, the cut off frequency of HPF is parameterized from 0 to

100 rad/s. In reproducibility and operationality, gain characteristics of the four-channel bilateral control

system with no time delay are plotted as a reference. Here, one way time delay is set as 0.2s.

From the Nyquist diagram of Fig. 7-31, type 1 and type 2 are destabilized by increasing the cut off

frequency of HPF. In type 3, the stability is maintained. From gain characteristics of reproducibility,

reproducibility is worsen in type 1 as increasing the cut-off frequency of HPF. In type 2 and type 3,

reproducibility is 0 in the all frequency area. From gain characteristics of operationality, operationality

is improved as increasing the cut-off frequency of HPF in type 1 to type 3. From analysis results in Fig.

7-31, type 3 has reproducibility and operationality which are almost same in the case of no time delay.

Furthermore, the stability is maintained.
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Fig. 7-32: Experimental system.

Table 7.4: Parameters for analysis and experiment

Position feedback gain KP 100

Velocity feedback gain KV 20

Force feedback gain Kf 0.5

Cut-off frequency of DOB gdis 500 rad/s
Cut-off frequency of RFOB greac 500 rad/s
Cut-off frequency of CDOB gcdob 500 rad/s
Human impedance Zh 0+0s

Environmental impedance Ze 10000+10s

Nominal mass Mn 0.5 kg
Thrust coefficient Ktn 32.5 N/A

7.6.3 Experiment

In this subsection, experimental results are shown to confirm the validity of the proposed system.

Experimental System

Figure 7-32 shows the experimental system. The master and slave system consist of 1-DOF robots.

The robot consists of the linear motor and the encoder. A human operator manipulates the master side

linear motor, and the slave side linear motor contacts environment. The resolution of the encoder is 0.1

µm. Time delay is created by the network emulator. In the experiment, one way time delay is set as 200

ms with 30 ms random jitter. The random jitter is given by uniform distribution. In the proposed control
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Fig. 7-33: Experimental results.

system, the cut off frequency of HPF is set as 10 rad/s. Here, the proposed control system means type 3

in 7.6.2.

Experimental Results

Figure 7-33 shows the experimental results. The force response of the master robot is plotted in the

reverse value to compare with the force response of the slave robot. Figure 7-33(a) show the experimental

results for the four-channel bilateral control system with CDOB. Figure 7-33(b) show the experimental

results for the conventionally proposed control system. Figure 7-33(c) show the experimental results for

the proposed control system. The upper part of Fig. 7-33 shows the force response, and the bottom part

shows the position response.

From Fig. 7-33 (a), contact and disconnection with environment are not stable in the four-channel

bilateral control system with CDOB. On the other hand, from Fig. 7-33 (b), contact and disconnection

with environment is stable in the conventionally proposed control system. Moreover, there is no over

shoot in the position response before and after contact with environment. As shown in Fig. 7-33 (c) the

operational force is decreased in the proposed control system. Therefore, it is shown that the proposed

control system is valid to reduce the operational force.
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7.7 Summary

In this chapter, model-free time delay compensator has been proposed. The proposed control sys-

tem does not utilize the time delay model and the plant model, but the position control and the force

control of the bilateral control system are stabilized. A bilateral control system to synchronize haptic

and visual sense has also been proposed. By utilizing the proposed method, reproducibility is well im-

proved and the gain of the environmental impedance is reproduced in the all frequency area. Moreover,

allocations of HPF have been studied to attain almost the same performance with systems which do not

include time delay. By allocating HPF correctly, operationality is improved with keeping the stability

and reproducibility.
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Conclusions

In this dissertation, to establish fundamental technologies of motion control for haptics, haptic data

analysis, haptic display and communication technologies are researched.

Chapter 3 to Chapter 5 focused on haptic data analysis and haptic display technologies as basic re-

searches of motion control for haptics. Chapter 3 proposed the flexible actuator as robot hand mecha-

nisms for haptics. The position and the force transfer characteristics of the flexible actuator have been

verified. It was shown the flexible actuator was considered to be valuable for robot hand mechanisms

for haptics. Moreover, as one of the application of the flexible actuator, the experimental results of the

bilateral teleoperation system with the flexible actuator were shown. Chapter 4 focused on haptic data

analysis and display for environmental impedances. A method for abstraction of environment based

on frequency characteristics has been proposed. The force response and the position response of en-

vironment were transformed from time domain to frequency domain. Then, frequency characteristics

of environment were abstracted. A method for reproduction of environment using FIR filter was also

proposed. Desired frequency characteristics were approximated by using FIR filter. This method is valu-

able for abstraction and reproduction of real environment based on frequency characteristics. Chapter 5

focused on haptic analysis and display for human motions. This chapter defined human action mode and

environmental action mode. A measured haptic motion was divided to each human action and environ-

mental action by human action mode and environmental action mode. Furthermore, two types of haptic

motion display systems were designed. One was based on human action mode. The other was based on

human action mode and environmental action mode.

Chapter 6 and Chapter 7 focused on communication technology for applying haptics to delayed com-
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munication systems. Chapter 6 studied the time delay effect to motion control systems. This chapter

proposed the control system which is robust to unstable time delay. This chapter modified the structure

of time delayed control system with CDOB considering unstable time delay. As the nonlinear effect like

communication packet dropouts or jitter can deteriorate the total control system with integrators, a case

study has been accomplished considering allocations of the system model in CDOB. Then, the more

robust CDOB structure against packet dropouts and jitter was designed. Chapter 7 proposed the bilateral

teleoperation system for delayed communication systems. Firstly, model-free time delay compensator

was proposed. The proposed control system did not utilize the time delay model and the plant model,

but the position control and the force control of the bilateral control system were stabilized. A bilateral

teleoperation system to synchronize haptic and visual sense was also proposed. Moreover, allocations of

HPF were studied to attain the almost same performance with no time delay system. By allocating HPF

correctly, the performance was improved with keeping the stability.

The technology of haptic data analysis will contribute to construct knowledge data bases of the en-

vironmental stiffness and the human motion. The technology of haptic display will be a basement of

haptic training systems. The flexible actuator will be the key structure for the robot hand mechanism for

haptics. Proposed theories relating to delayed communication systems will widen the applications such

as telesurgeries and haptic communications like telephones.

Each technology is integrated in future applications. When a remote teleoperation is conducted by

using communication technology, haptic data analysis technology will be needed to analyze and record

the environmental impedance of the remote sight. In case of teleoperations, the normal motion should

be automatized and the special motion should be manualized to focus on the special operation. Thus, for

the teleoperation of multi degree of freedom robots, haptic display technology should be applied to the

normal motion and communication technology should be applied to the special motion.

For expanding the haptics to multi degree of freedom robot hands, manipulability problems have to

be considered for realizing targeted motions. Two solutions are considered. First one is to constraint

the working area. Second one is to constraint mechanical interfaces as same with human beings. The

outcomes will be varied whether directions are taken.
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