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Abstract

With progress in robotic and computer technologies, application of robotic technology has
been widened to the fields close to human life. It is important to achieve more sophisticated
motion accurately and reliably for widening application of robotic technology to support
human life. This research aims at improvement of accuracy and applicability of robust
motion control based on acceleration control and focuses on the factors limiting its
performance. The methods for achieving higher performance even under limitations are
proposed both as the fundamental technology for improvement of motion control
performance and as the applied technology for its application to more sophisticated tasks.

Chapter 1 describes the background, motivation, and viewpoints of this study.

Chapter 2 describes the basis of robust motion control based on acceleration control using
disturbance observer (DOB) and clarifies the problems in application.

Chapters 3 and 4 develop the fundamental technologies by focusing on the sampling period
and noise, respectively, as factors limiting the performance of DOB. Chapter 3 proposes a
multirate sampling method for acceleration control by showing the significance of higher
output sampling period than the input sampling period in acceleration control. Chapter 4
focuses on Synchronous measurement method as an effective velocity measurement method
for acceleration control and proposes an instantaneous speed observer for the method to
improve the measurement performance further. It is confirmed that the bandwidth of
acceleration control is improved by each method and the performance is further improved
by combined use of the methods.

Chapters 5 and 6 develop applied technologies by focusing on the networked control
system and mechanical contact with environments, respectively. Chapter 5 proposes a
design guideline of sampling periods and methods for processing transmitted signals to
overcome the limitation on the packet transmission interval. Chapter 6 proposes a
dither-based contact detection method for force sensor-less motion control. The validity of
each method is verified by performance analysis and experiments.

Chapter 7 summarizes the results of this study and mentions future perspective.
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Chapter 1

Introduction

1.1 Background: Development of Robots

With progress in robotic technologies, application of robotic technologies has accelerated and their
application fields have been widened in this decade [} 21 3] 4] There is an increased chance even for
ordinary people to see the word “robot” not only in literatures, cartoons, or image of the future society
but also in their daily lives. But then how many people can tell the definition of “robot” clearly? Should
“robot” have human-like appearance and high intelligence? What is “robot” for? Actually, there is no
single clear and standard definition of a robot. There are many kinds of definition and everyone, even
ordinary people, seems to have their own definition. Prior to describing the author’s definition of a robot
and the motivation of this thesis, this chapter explains how the concept of a robot has been developed
and what kind of discussion has been made.

The word “robot” was created and first used in the play “R.U.R. (Rossum’s Universal Robots)” written
by Karel Capek in 1920 ). It comes from the word “robota”, which means serf labor in Czech. The
“robot” in the play is an artificial human for cheap labor developed as a product of the company named
R.U.R. In this point, the origin of the idea of the robot dates back to ancient mythologies: mechanical
servants were built by the Greek god, Hephaestus, in Greek mythology [6), an animated clay doll, Golem,
appeared in Jewish legend "], and many other automata or artificial human appeared in mythologies in
many cultures. Meanwhile, a interesting point about the play “R.U.R.” is that in addition to creating and
using the word “robot” for the first time, it is the origin for many people of forming a feeling toward

the robot and the basis of other science fictions about the robot, and contains a number of descriptions

1=



CHAPTER 1 INTRODUCTION

as if the writer foresaw today’s application of robotic technology. Here, most of robots appearing in
literature including “R.U.R.” are depicted as artificial humans. In terms of the feeling toward the robot,
most people have a positive or amicable feeling in Japan and some Asian countries. In addition to
religious background, literature, especially animated cartoons such as “Astro Boy”, seems to impose
the great influence. Since most of robots are depicted as friends of human beings or heroes that help
human beings in the animated cartoons, many people believe that the robot is a good being. On the
other hand, in Western countries, some people have a negative feeling to the robot and believe that the
robot is an enemy of human beings. It is sometimes said that developing the robot is ethically wrong.
The underlying thoughts, which are similar to “Frankenstein Complex” named by Isaac Asimov, are
depicted in the play. The basic thought comes from religious background, blasphemy against the God
by predominating over the God through creating life by science technology, and a fear of doing so. The
“robot” in the play is basically developed as a machine that does not have soul or emotion, nevertheless
ethical conflict continuing from Frankenstein (¥l exists in the characters. Moreover, the “robot” in the
play is intended to replace the work of human beings. Although it is intended to help human beings
by releasing them from painful labor in a sense, the robot deprives the labor or employment of human
beings in another sense. In addition, human beings are destroyed in the story by the revolt of the robot
that has been modified to have a soul. These episodes seem to give the impression that the robot is an
enemy and bring a fear to the robot. In terms of application of robotic technologies, the application of
robotic soldiers and penitence for it are depicted as if argument in recent years against military use of
robotic technology was foreseen.

Focusing on the technical elements and really existing robots, some kinds of automata had already
been developed in the days before Christ especially in ancient Greek. From the age, many automata have
been developed, and it is known that Leonardo da Vinci designed a humanoid in the 15th century [,
In Japan, a number of complex automata called “karakuri” have been made since the 17th century [10],
These mainly relate to entertainment or art and are not for practical use, however. In the late 19th
century, remote control technique was developed for vehicles for military use [11). The first real humanoid
robot, Elektro 2], was then developed by Westinghouse Electric Corporation in the 1930’s, and the first
master-slave manipulator was developed by Argonne National Laboratory in the 1950’s 13 Asa great
turning point of robotic technology, the first concept of the industrial robot was invented and patented
by Devol as “programmable article transfer” in 1954 (14 and the robot was developed by Devol and

Engelberger in 1956 as the product named “Unimate.” After the invention of the industrial robot, many
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kinds of robots or robotic technologies have been researched and developed, and these have been widely
put into practical use especially in manufacturing. On the other hand, the robot in the practical use
has long been something far away from those depicted in science fictions. In this decade, however, in
addition to industrial robots, the application to various fields such as transportation, personal service,
medical treatment, and military has been progressed greatly and the story in science fictions is becoming

[12]

a reality (151 As the robot becomes more advanced and the application fields are widened, argument

on robot ethics is revived [16] [17] [18]

as follows: what is the basic rules that the robot should obey at
the minimum, what is ethical use of the robot, whether it is ethically acceptable to apply the robot in
battlefields, how human beings should react to the robot, and how to make the robot to make ethical
decision. The best-known guidelines for the robot are “three laws of robotics” coined by a science

fiction writer, Isaac Asimov, in 1942 in his book “I, Robot” (191 Asimov created these laws to be free

from “Frankenstein Complex.” The three laws:
(1) arobot may not injure a human being or, through inaction, allow a human being to come to harm;

(2) arobot must obey the orders given it by human beings, except where such orders would conflict

with the First Law; and

(3) arobot must protect its own existence as long as such protection does not conflict with the First or

Second Laws;

are treated as basic rules that the robot should follow and introduced as a quotation from “Handbook of
Robotics, 56th edition, 2058.” These laws are often referred even in recent years when people discuss
about ethics of the robot or machine. In reality, however, even fulfilling only the first law is still difficult
besides the dilemmas in fulfilling it.

The author is not going to persist in the above-mentioned laws. The author wants to use the robot or
robotic technology to assist human beings by supporting their lives. The first law, not harming human
beings, must be important to fulfill the wish. Although the robot is required to be well adapted to the
human society to that end, there still remain many technical problems on it. In this thesis, the author de-
fines “robot” as what performs a certain task as a substitute of human beings based on instructions using
electrical and mechanical mechanisms. Methods for supporting effective use of the robot as technology

for assisting people from the technical standpoint are developed.
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1.2 Motivation and Approach of Thesis

The primary objective of this research is to promote utilization of the robot for actually helping humans
in a wider variety of fields. It is inevitable for achieving this objective to make the robot adaptive to the
human environments and to give it techniques superior to those of humans. The word “environment” in
this thesis stands for all the things around the robot including objects, walls, and grounds. Then “human
environment” stands for the environment including human beings or the environment in which human
beings live. The components of the robot are similar to those of a human and mainly consist of the

followings:

e body structure (bone/skeleton)

actuator (muscular system)

e sensory system (senses such as five senses)

power source (nutrition and heart)

controller (brain).

This thesis focuses mainly on the sensory system and the controller, in other words, sensing and control.
The sensory system is a system acquiring information of the robot itself and surrounding environment
in order to provide the basis of decision and the source of reference to the controller (brain). Although
the controller as the brain includes something like artificial intelligence that makes upper level decision,
this thesis only deals with a lower layer controller that generates commands for the actuator (muscle) to
execute desired motions based on requests from an upper layer controller or a human and information
from the sensory system.

Considering the above-mentioned goal from a viewpoint of sensing and control, improvements in ac-
curacy and applicability of motion control are important. Improvement in accuracy means execution
of required motions with higher accuracy. Improvement in applicability means widening of the range
of application of robotic technology, including application to human environments and achievement of
more complicated and sophisticated tasks. Improvement in accuracy can be regarded as improvement in
basic performance of motion control and is fundamental for improvement in applicability. It is also im-
portant to attain desired motions in any situation. It is thus important to construct the system to be highly

robust. “Robust” means strength against unexpected or exceptional inputs and situations, and parameter
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variations of the controlled object. Acceleration control is a key technique for realization of robust mo-
tion control. Acceleration control is a type of control that gives an acceleration reference for achieving
required motions to the system and controls the system to attain desired acceleration (201 Motion control
systems often require to deal with position and force at the same time. These variables can be dealt
with in a unified manner by using acceleration. Moreover, acceleration control is known to be able to
achieve higher robustness compared with control considering only position and velocity. Improvements
in accuracy and applicability of robust motion control based on acceleration control are thus set as the
technical goal of this research, and sensing and control technologies to achieve the goal are developed.
There are various constraints, however, in implementation of acceleration control-based robust motion
control to a real system. For example, there are limitations of performance of devices, which impose
the adverse influence on the performance of the whole control system. In addition, usable devices and
acquirable information are limited in some applications. Although a system works as modeled in the-
ory, unexpected situations or discontinuous changes of states often occur in real application. A system
should therefore be capable of dealing with these situations. This thesis focuses on the factors limiting
the performance of robust motion control and provides methods for attaining higher performance even
under the constrains. In order to promote application of motion control, both improvement in the basic
performance and solutions for problems peculiar for each application are required. This thesis therefore
deals with development of both fundamental technologies for improving basic performance of robust
motion control and applied and advanced technologies for expanding application of robotic technology
to more complicated and sophisticated tasks.

In the development of the fundamental technology, the author focuses on the disturbance observer,
which is an effective tool to realize acceleration control. The disturbance observer regards all the el-

(21] " The observer realizes

ements disturbing the system to achieve desired motion as the disturbance
acceleration control by estimating the disturbance in an acceleration dimension and compensating it.
Acceleration control and robustness are attained not in all frequency ranges, however, when the distur-
bance observer is utilized. The bandwidth is determined by the cutoff frequency of a low-pass filter in
the disturbance observer. Since there are various factors limiting the cutoff frequency, the disturbance
observer may not work sufficiently in some systems or situations. This thesis focuses on limitations on
the performance of the disturbance observer to improve the performance of the whole motion control

system. The main factors limiting the performance of the observer are sampling periods and noise. Due

to rapid development in computer technology, robotic systems are often controlled in discrete-time. The

_5_



CHAPTER 1 INTRODUCTION

sampling period imposes the great influence on the control performance when control is executed in
discrete-time using a computer. Meanwhile, information of a robotic system such as position and force
is usually obtained using sensors such as an encoder, a tachometer, and a force sensor. The accuracy and
the noise of these sensors are also important elements determining the control performance. This thesis
aims at realization of high performance robust motion control based on acceleration control by tackling
the problems of performance limit from viewpoints of the sampling period and the noise. In terms of the

sampling period, this thesis introduces the idea of the multirate sampling (22

. In terms of noise, velocity
measurement is focused on to reduce noise in acceleration dimension. The performance is expected to
be improved by each of the methods and improved further by combined use of the methods.

As the applied technologies, control of systems connected through a network and mechanical contact
with environments are discussed. Due to a significantly rapid progress in communication technology,
introduction of a network to the motion control system is increasing in many fields 23] 124] " Control
over a network suffers from the problems of deterioration of stability and control performance, however,
due to limitations on network performance [2°!. This thesis mainly focuses on the limitation of a packet
transmission interval. This thesis aims at achieving higher performance even under the limitation of the
interval by tackling the issues from a viewpoint of the sampling period and transmission signals. At the
same time, mechanical contact with environments is inevitable for the robot working in the human envi-
ronments. The contact raises risks both for the environment and the robot: destroying the environment
or the robot, destabilizing the robot, and so on. The difficulty in the contact limits application fields of
robotic technology. In terms of stable operation with interaction with unknown objects, it is important
to recognize and assess the state of the robot accurately in order to minimize the risks. This thesis thus

deals with the research on contact detection.

1.3 Organization of Thesis
The outline of construction of this thesis is summarized in Fig. 1-1. This thesis consists of seven
chapters including this chapter. The contents of the thesis are classified into the following three:

e introduction of existing motion control techniques that form the basis of the topics in this thesis

(Chapter 2)

e development of fundamental technologies for improvement of motion control performance (Chap-

ters 3 and 4); and
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Fig. 1-1: Outline of construction of thesis

e development of applied and advanced technologies for expanding application of robotic technol-

ogy to more complicated and sophisticated tasks (Chapters 5 and 6).

Firstly, Chapter 2 introduces a method for constructing the acceleration control system using the
disturbance observer and examples of a robust motion control system based on acceleration control as
the basis of the research in this thesis. This thesis uses one of the systems described here for verification
of the proposed methods. The chapter also describes problems in implementation and application of
acceleration control-based robust motion control and clarifies the matters to be tackled in this thesis.

Chapters 3 and 4 develop the fundamental technologies by focusing on the sampling period and noise,
respectively, as factors limiting the performance of the disturbance observer. Chapter 3 tackles the per-
formance limits of the disturbance observer from a viewpoint of the sampling period and proposes a
multirate sampling method for acceleration control. The method is proposed based on the idea com-

pletely different from conventional methods. This chapter also redesigns the disturbance observer to fit
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it to the multirate sampling system with a new definition of a disturbance torque. The validity of the
proposed method is verified through stability analysis, simulations, and experiments on various motion
control systems.

Chapter 4 tackles the performance limit of the disturbance observer by focusing mainly on the in-
fluence of noise. The velocity measurement method is focused on to reduce measurement noise in an
acceleration dimension. This research focuses on synchronous measurement method (S method) (26] ag
a velocity measurement method effective especially in acceleration control. An instantaneous speed ob-
server [27 is proposed for the method for improving the measurement performance further. Combined
use of the measurement method and the multirate sampling method is also discussed. The validity is
verified for the measurement method and the combined use of the measurement method and the multi-
rate sampling method through simulations and experiments on velocity measurement and acceleration
control-based position control.

Chapters 5 and 6 develop applied technologies by focusing on difficulties in the networked control
system and mechanical contact with environments, respectively. Chapter 5 takes up the systems con-
nected and controlled through a network as an advanced system applying motion control. This chapter
aims at realization of high performance motion control even under the limitations on network perfor-
mance. This thesis focuses especially on the limitation of the time interval of packet transmission. The
limitation of the packet transmission interval is regarded as a problem relating to the sampling period and
that relating to the transmission signal. The methods for overcoming the limitation are proposed both
from viewpoints of the sampling period and the transmission signal. From a viewpoint of the sampling
period, a design guideline of the sampling periods in the networked motion control system is proposed.
Then from a viewpoint of the transmission signal, a signal transmission method and a coding scheme are
proposed for minimizing the influence of the limitation of the packet transmission interval. The bilateral
teleoperation system is taken up as an example of the system connected through a network and requir-
ing high performance motion control. The validity of each method is verified by performance analysis,
simulation, and experiments.

Chapter 6 deals with mechanical contact with environments, especially contact detection technique
as an indispensable technique to overcome difficulty in stable contact operation and to expand appli-
cation fields. The main focus is given on contact detection during force sensorless motion control in
unstructured environments. The chapter aims at real-time detection of a contact event regardless of the

magnitude of contact force and characteristics of a contact object, which is difficult in conventional meth-
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Fig. 1-2: Overview of bilateral teleoperation system

ods. Based on the idea of active sensing, a method using a dither signal is proposed. The effectiveness
of the proposed method is verified through experiments on contact detection and bilateral teleoperation.

Finally, this thesis is summarized and concluded in Chapter 7. Contribution of this thesis and future
perspective are also mentioned in the chapter.

The related studies are explained in the introduction sections in each chapter. The precise motivation
of each topic is also described in the sections.

This thesis takes up bilateral teleoperation over a network as one of important applications. The role of
each technology developed in this thesis is explained below by explaining the function of the technology
in fulfilling requirements and overcoming difficulties in bilateral teleoperation. The bilateral control is
a technique to execute precise teleoperation. An overview of a bilateral teleoperation system is shown
in Fig. 1-2. The system is generally composed of a pair of master and slave devices. The master and
slave devices are controlled to follow each other: the slave device is manipulated by an operator through
the master device and the master device reproduces the situation in the slave side. In order to achieve
high performance bilateral teleoperation, wide-band acceleration control is strongly required because of
the following reasons: bilateral control requires to deal with position and force at the same time; high
robustness is required since operations are not planned beforehand and the slave device often makes
contact with objects; and reproduction of vivid tactile sensation requires control in wide bandwidth. Ac-
celeration control introduced in Chapter 2 is thus the basic technology for bilateral teleoperation. Main
difficulties in achieving high performance bilateral teleoperation based on acceleration control are per-
formance limit of devices, control through a network, and contact with unknown objects. Each of the
master and the slave device is mainly composed of motors, links, an end-effector, sensors, and a control

unit. Each of the above-mentioned devices has limitations on its performance. Introduction of a net-
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work in the system is required for operation from a remote area. A network raises difficulties in control
and the performance of a network limits the performance of the whole system, however. In teleopera-
tion, interaction with unknown objects is inevitable to execute tasks. As mentioned above, the contact
increases a risk of destruction of an object and destabilization of the control system. Stable contact is
difficult especially when a network exists, since contact operation requires quick reaction. Chapters 3
and 4 provide solutions for performance limits of devices. As mentioned above, the performance of
acceleration control is limited by limitations on the sampling period and noise in measured signals. The
technology dealt with in Chapter 3 plays a large role in solving the problem of limitations of the sampling
period. The problem of noise is coped with the velocity measurement method developed in Chapter 4.
These two approaches are expected to achieve wider-band acceleration control even under limitations of
performance of devices. Chapter 5 deals with issues related to introduction of a network and provides
solutions to overcome performance limit due to the network. With the technology developed in Chap-
ter 5, high performance bilateral teleoperation based on wide-band acceleration control is expected be
achieved even with introduction of a network. Then the contact detection method developed in Chapter 6
solves the difficulty in stable contact with unknown objects by providing additional information to a con-
trol system and an operator. Automatic adaptation in the slave side and notification of the contact state
become possible even through a network, and stability and safety of bilateral teleoperation are expected
to be improved. To cope with complex applications such as bilateral teleoperation composed of various
components and various difficulties in achieving adequate performance for application in the real world,
a variety of approaches are required in researches of both fundamental and applied technologies as de-
scribed in this thesis. Since most of the technologies developed in this thesis are not specific for bilateral
teleoperation, each technology can effectively be applied to many kinds of motion control systems other

than the bilateral teleoperation system.
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Chapter 2

Motion Control Based on Acceleration
Control

2.1 Introduction

In this chapter, the basis of robust motion control schemes is described. Robust motion control is
achieved by acceleration control [2°). The relationship between motion control and acceleration control
and importance of acceleration control are described in Section 2.2. Then in Section 2.3, a disturbance

21] is introduced as an effective tool to achieve acceleration control. Section 2.4 shows examples

observer |
of motion control systems based on acceleration control. The basic structure of each system, which is
used in verification in this thesis, is also described. Finally, the issues to be solved in this thesis to improve
performance and applicability of the motion control are noted in Section 2.5 by describing the problems

and limitations on realization of wide-band acceleration control and application to various systems.

2.2 Robust Motion Control and Acceleration Control

This section is devoted to explain what robust motion control is and how to realize it. The relationship
between robust motion control and acceleration control is then explained.

Motion control is a technology to realize various motions in electro-mechanical complex systems [20] [28],
The outputs of the system in a physical point of view are position, velocity, and force. The term “robust”
means that the system is resistant to exceptional inputs, unknown disturbance, or parameter deviations of

the controlled object. High robustness in motion control means that position, velocity, and force of the
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system do not deviate from the command values even with a deviation of a load and system parameters or
disturbance, and the desired outputs can be acquired in any situations. In other words, robustness shows
the strictness of the system to the desired motion. Higher robustness is thus required when the desired
motion becomes more complicated and the application situation is widened.

Motion control often requires not only robustness but also dealing with force and position at the same

time (291, The relation between position and force is expressed in the following equation.
F=g(X,X,X) 2.1)

Here, X denotes a position of a controlled object and F' denotes a force imposed on the controlled object.
The ideal position control inhibits deviation of position even with any force imposed on the system, while
the ideal force control is to apply a desired force on an object wherever an end-effector exists. It means
that force is indeterminate in the ideal position control, while position is indeterminate in the ideal force

control. It means that position control and force control have controversial requirements. As an index that

represents characteristics of motion, a stiffness defined in the following equation had been proposed [21],
OF
= 2.2
F=ox (2.2)

The position control and force control can be characterized using the stiffness. The stiffness is infinite
in the above-mentioned ideal position control, while it should be zero in the ideal force control. A
finite value of the stiffness means that compliance control with compliance 1/« should be performed.
Robust motion control requires achieving various levels of stiffness according to desired motions and
surrounding environments. In realization of any stiffness, it is effective to use acceleration in order to
deal with position and force in a unified manner. As shown in Fig. 2-1, acceleration is derived not only
from a second order derivative of position or angle but also from dividing a force by a mass or dividing
a torque by an inertia. It means that acceleration is a bridge to connect position and force. It is thus
necessary in motion control to focus on acceleration as a unified state variable and to control a system to
attain desired acceleration. This type of control is called acceleration control.

There is another advantage in controlling acceleration that robustness and the stiffness or tracking
performance can be designed independently. When a general control system is considered, the stiff-
ness corresponds to a position gain. Since the influence of parameter variation and disturbance can be
suppressed by increasing the gain, higher robustness in position control can be achieved by heightening

the stiffness. On the other hand, the ideal force control requires the stiffness to be zero. It seems to
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Fig. 2-2: Basic structure of robust motion control based on acceleration control

be difficult to attain high robustness in force control. The high robustness is attained regardless of the
stiftness, however, by using acceleration as a unified state variable and attaining robustness in an accel-
eration dimension using acceleration control. The basic structure of acceleration control-based robust
motion control is shown in Fig. 2-2. An acceleration reference to achieve desired motion or the stiffness
is calculated in a reference generator in the outer loop. Then the system is controlled to attain the desired
acceleration by an acceleration controller in the inner loop. Since the stiffness is determined in the outer
loop and the robustness is determined in the inner loop, these can be designed independently by using
the above-mentioned structure.

The key points of robust motion control are summarized as follows:
e stiffness is an effective index to represent characteristics of desired motion;
e acceleration is used to deal with position and force in a unified manner;

e stiffness and robustness can be designed independently by applying robust acceleration control;

and

e robust motion control consists of an acceleration reference generator in the outer loop and an

acceleration controller in the inner loop.

This thesis focuses especially on the performance of the inner loop acceleration control.

— 13—
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2.3 Basic Technique for Acceleration Control
2.3.1 Disturbance Observer

As an effective tool to realize robust acceleration control, the disturbance observer (DOB) has been
proposed 211 The robust acceleration control is realized by estimating a disturbance force or torque and
compensating it using acceleration information.

The equation of the motion of a rotary motor is expressed in the following equation:

2
J% =K, — 7, (2.3)
where J denotes an inertia, 6 denotes angle, K; denotes a torque constant of a motor, /, denotes armature
current, and 7; denotes a mechanical load. A similar equation can be obtained for a linear motor by
substituting position for angle, force for torque, and a mass for an inertia. Since motor drivers used for
robot control generally have a current inner loop with a large gain, wide-band current control is attained.

A real current can therefore be considered to be always equal to the current reference. Examples of the

components of the mechanical load 7; are listed below.
e cxternal torque (7.;¢): a load attributed to reaction force from an object in the contact motion
e interference torque (7;y,¢): Coriolis and centrifugal forces
e gravitational torque (74): a load generated by gravity
e friction torque (D(é)): a load due to Coulomb or viscous friction

With consideration of the above elements, the mechanical load is expressed as follows:

T = Text + Tint + Tg + D(Q) (2.4)

Here, 7.,+ is a force occurring only in the contact state and others are those occurring even in the non-
contact state. The block diagram of a motor is then expressed as shown in Fig. 2-3. Here, 7, is a torque
generated by a motor when a current is inputted and s denotes the Laplace operator.

The disturbance observer estimates a disturbance torque including all elements not considered in a
nominal model. The total disturbance torque 74, mainly consists of the mechanical torque, a varied

self-inertia torque AJ 0, and a torque ripple of the motor A K}/, ref

Tais = 11 + AJO — AK, IS (2.5)
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Fig. 2-4: First order disturbance observer

Here, AJ = J — J,, AK; = K; — Ky,, and subscript n denotes a nominal value. The disturbance

torque is calculated by the equation below.
Tais = Kinla — Jne (2.6)

Since derivative calculation amplifies noise, an estimated disturbance torque is obtained through a low-
pass filter (LPF) in the disturbance observer.

Fig. 2-4 shows the disturbance observer with a first order LPF. Here, g4;; denotes a cutoff frequency
of the disturbance observer, 745 denotes an estimated disturbance torque, grel denotes an acceleration
reference generated by the outer loop controllers, 1, ,’;‘"f denotes a current reference calculated from 67/,
IJ™ denotes a compensation current calculated in the disturbance observer, and I, denotes a total current

reference given to a motor driver. The estimated disturbance torque is derived with the equation below.

Tdis = 9dis (Ktnla - Jn320) 2.7

s+ 9dis

The first term K3, 1, in (2.7) is based on an input signal, while the second Jpns%0 is based on the output

signal. In other words, the first corresponds to the left side of the disturbance observer in Fig. 2-4, while
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Fig. 2-5: First order disturbance observer in practical use

the second corresponds to the right side.

Here, the signal acquired in experimental systems is mainly an angular or position signal from an
optical encoder. On the other hand, disturbance estimation in the disturbance observer is based on the
acceleration. Thus, twice of derivative calculation are performed in the right side of the observer. Since
it is usually difficult in experiments to use a derivative value directly because of noise mainly derived
from a quantization error of the encoder, pseudo-derivative calculation with an LPF is often introduced.
The velocity is calculated as follow with pseudo-derivative calculation:

A Gv
- . 2.8
SS + gv (28)

where g, denotes a cutoff frequency of an LPF for velocity calculation. With consideration of pseudo-
derivative calculation, the block diagram of the disturbance observer is rewritten as Fig. 2-5 and estima-

tion is performed with the following equation.

N 9dis v 2
o = K1, — J, 0 2.9
Tdis S+ i ( tnda ng Iy, S ) (2.9)

This equation shows that two LPFs are introduced into the right side, the output side, of the disturbance

observer to realize acceleration control, considering pseudo-derivative and disturbance calculation.
Equations (2.7) and (2.9) show that disturbance estimation is performed in an acceleration dimension.

Thus, compensating disturbance in an acceleration dimension with introduction of the disturbance ob-

server realizes acceleration control and improves robustness of the system. In fact, the robustness is not
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assured in the frequency range higher than the cutoff frequency of the disturbance observer. In addition,
the cutoff frequency determines disturbance suppression performance. It is thus important to set the cut-
off frequency high. There are limitations on the cutoff frequency, however. The upper limit of the cutoff
frequency in the discrete-time system depends on the sampling period 3931 The sampling period is
required to be shortened in order to set the cutoff frequency higher. Noise in a measured signal also
limits the cutoff frequency. Since a higher cutoff frequency improves disturbance suppression ability but
it also increases noise in the estimated disturbance torque, there is thus the trade-off relation between the

cutoff frequency and noise effect.

2.3.2 Reaction Force Observer

The basic structure of the disturbance observer is also utilized for estimating an external force. As
a means to measure an external force, force sensors have been widely utilized. A force sensor such
as a strain gage or a load cell provides a force value by electrically amplifying the strain generated by
an applied force. Although implementing force sensors is the simplest and general way to measure the
force value, various problems have been reported about the implementation [32 133 [34] Examples of the

problems are listed below.
e bandwidth of measurement is limited due to structure and noise of the sensor
e force sensors should be implemented to all the places where force is supposed to be applied
e cost of sensor is high

As an alternative method of force sensors, the reaction force observer (RFOB) shown in Fig. 2-6 has been
proposed 351 The reaction force observer has a structure similar to that of the disturbance observer. The
estimated disturbance torque in the disturbance observer contains many elements other than the external
torque. The external torque 7.,; is calculated by extracting those elements from the estimated disturbance
torque as follows:

e

g Kila = J5*0 = (Tint + 79 + F + D(0))), (2.10)

Text =

where g. denotes a cutoff frequency of an LPF in the RFOB. It is necessary to use real values K; and J

instead of nominal values K3, and J,, in the calculation to acquire a real value of the external force. It is

also indispensable to detect amounts of 7;,,¢, 74, F', and D(6). In order to reduce an estimation error, a
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constant velocity test and a step velocity test are often executed to identify a friction model and a mass or
an inertia (3% 361 In a practical use, pseudo derivative calculation explained for the disturbance observer
in the previous subsection is also applied to the reaction force observer for the calculation of velocity.
The bandwidth of force sensing depends on the cutoff frequency g.. Since wide-band force measure-
ment is necessary to attain stable contact with various environments 37, it is important to heighten g,
in order to cope with unknown environments. As in the case of the cutoff frequency of the disturbance

observer, g, is limited, however, due to the sampling period and the noise of the signal.

2.4 Motion Control Based on Acceleration Control

This section introduces several examples of motion control systems based on acceleration control.

Verifications in this thesis are performed using one of the systems described here.

2.4.1 Position Control

The ideal position control is to make a system track a position command even under disturbance or
parameter variation. The block diagram of a basic position control system is shown in Fig. 2-7(a). Here,
K, denotes a position gain, K, denotes a velocity gain, and superscripts res and cmd denote response

and command, respectively. An acceleration reference is given as the following equation.
éref — Kp(ecmd _ 07‘65) + Kv(écmd _ éres) 2.11)

The characteristics of position control, the stiffness and robustness, are decided by K, and K.
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Fig. 2-7: Position control system

In order to improve robustness of position control, the control system is modified to be an acceleration
control system by applying the disturbance observer. The block diagram of a position control system

based on acceleration control is expressed as shown in Fig. 2-7(b).

2.4.2 Force Control

Many researches have been conducted on force control since it is one of the fundamental techniques

of motion contro] [38] [39]

. The ideal force control is to make a system into contact with an object with a
commanded force or torque without vibration no matter where the end-effector exists. The block diagram
of a basic force control system is shown in Fig. 2-8(a). Here, 7°™¢ denotes a desired contact torque and

K¢ denotes a force gain. An acceleration reference is derived as follows:
07 = K (™ — o). (2.12)

The force control system requires a mechanism to measure an external force imposed on an object. Force

sensors have been utilized in many conventional researches as a means to measure the force. Although
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Fig. 2-8: Force control system

implementing force sensors is the simplest and general way to measure the force value, various problems
have been reported about the implementation (4. With consideration of those points, this thesis uses the
reaction force observer introduced in Section 2.3.2 instead of force sensors.

In order to attain higher robustness in force control without position feedback, the idea of acceleration
control is introduced. Fig. 2-8(b) shows the block diagram of a robust force control based on acceleration
control using the disturbance observer and the reaction force observer.

The following requirements are pointed out for force control to impose a desired force on an object.
e attain stable contact with any environment
e impose exact desired force in rapid response

The first requirement is prerequisite for the second the force cannot be imposed constantly when contact

is unstable. It is known that wide-band force measurement is necessary to attain stable contact with

s 137

various environment . Moreover, the amount of delay in the force signal is also an important factor

to determine the performance of force control although the only important thing is the accuracy of an
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Manipulator

De

Fig. 2-9: Model of environment

acquired force signal when a focus is given just on force measurement. It means that wide-band and
small-delay force measurement is necessary to satisfy the former requirement. Then in order to satisfy
the latter requirement, the force gain should be set high. In this thesis, a main focus is given to the former
point. The wide-band force measurement with the reaction force observer and precise force control using
the reaction force observer are set as one of the objectives of this thesis.

In simulation or analysis, environments are modeled as a spring and damper model shown in Fig. 2-9.
Here, K denotes a spring coefficient, D denotes a damper coefficient, and subscripts e denotes environ-

ment. The reaction force from the environment is given in the following equation.

o { Ke(~Xe+X)+ DX (X > X.) 013

0 (X < X,),

where X denotes position.

2.4.3 Bilateral Control

This thesis deals with a bilateral teleoperation system as a system requiring high performance motion

control based on acceleration control. The bilateral control is a technique to execute precise teleoperation

41] [42] [43] [44] [45]

and it has been studied for a long time from various viewpoints [40] [ . Teleoperation

has been utilized widely for years to execute tasks in places where a man cannot enter, such as space,

under water, and nuclear plants (13 [46] [47],

The system for teleoperation is generally composed of a
pair of master and slave devices. A master device is usually a human interface in the operator side
and a slave device is a device executing tasks in the remote side. Unlike in unilateral control, which
transmits an operational command from an operator (master) unilaterally to a remote device (slave),
master and slave devices are controlled to follow each other in the bilateral control. A slave device is
manipulated by an operator through a master device and a master device reproduces the situation in the
slave side. Since an operator can recognize the situation in the remote side during operation, application

(48] [49] [50]

fields of teleoperation are expanded with bilateral control . It is also possible in the bilateral
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teleoperation to transmit force occurring in the remote side to an operator. It is important to enable an
operator to feel an accurate reaction force from a contact object especially in tasks that require accurate
and careful operation, such as surgery and handling of hazardous material. Coupled with the growth
of minimal invasive surgery in recent years, application of robotic technology to the medical field has
been accelerated [°1] [52, Technologies such as computer-aided diagnosis, surgical navigation, and robot-
assisted surgery are becoming common. In the field of surgical robots, it is important to provide sufficient
information including vivid tactile sensation to a surgeon in terms of safety. Because of the above
situation, many researches have been performed to transmit vivid tactile sensation [53] [54] [55] [56] [57],
Since bilateral control requires control of position and force at the same time and wide-band acceleration
control is inevitable for accurate reproduction of tactile sensation, bilateral control is a good example to
evaluate the performance of motion control based on acceleration control.

Researches on bilateral control have been performed since the 1980’s, and many types of controllers
such as position-position, position-force, force-position, force-force, impedance-base, and four-channel

architectures have been investigated 401 [44] [58],

Despite those controllers, researches for new con-
trollers are still ongoing. Concurrently with the development of controllers, the definitions of the ideal
condition of the bilateral teleoperation system or evaluation indices for bilateral teleoperation perfor-

mance have been discussed [43] [55] [59]

Yokokohji and Yoshikawa defined the ideal responses of the
bilateral teleoperation system with the idea of kinesthetic coupling 551 Hannaford proposed a two-port
circuit representation of the bilateral teleoperation system and defined the ideal responses using a hybrid
matrix 3. Lawrence proposed the idea of “transparency” as the ideal condition based on the hybrid
matrix [*4. Those definitions are also utilized for performance evaluation of the bilateral teleoperation
system. Aliaga et al. proposed an experimental evaluation method based on six types of matrices of

1113

(60 The concept of “transparency” was extended to “operationality” and “‘repro-

the two-port model
ducibility” by lida et al. 561 Those indices have been used also for designing new control architectures.
Stability evaluation of the bilateral teleoperation system has also been discussed [44] [61],

The followings are devoted to explain representation and evaluation of the bilateral teleoperation sys-

tem using a hybrid matrix as the basic technique for performance evaluation and introduce controllers

used in this thesis.
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Hybrid Matrix

The hybrid matrix is one of the matrices representing the relation between voltage and current in a
two-port circuit. It is widely used also to express a bilateral teleoperation system. Considering that a
teleoperation system consists of an operator, an environment, and a mechanical and electronic system, a
bilateral teleoperation system can be modeled as Fig. 2-10(a). Here, Z;, and Z, denote impedances of an
operator and an environment. The relationship between the master system and the slave system can be
modeled as a two-port model as shown in Fig. 2-10(b) and represented using the hybrid matrix as shown
[43]

in the following equation

Frn
X

Xm

; 2.14
F, (2.14)

_ Hy1 Hip
Hsy1 Hoyo

where F' denotes force, X denotes position, subscripts m and s denote a master device and a slave device,

respectively. The meanings of elements of the hybrid matrix are described as follows:
e [;: impedance in the master;
e Hy5: scaling gain of force;
e [5: scaling gain of position; and
e Hys: inverse number of the slave impedance.

The control goal of the bilateral control is complete agreement between the master device and the slave
device in terms of position and force, which is called transparency [44] " If the hybrid matrix satisfies the
following equation, the ideal teleoperation and perfect transparency are achieved.

0 —1
:[10

The performance of bilateral teleoperation can be evaluated by deriving the elements of the hybrid matrix

F,
X

Xm

r (2.15)

and comparing them with the ideal condition shown in (2.15).

Performance Indices

This thesis also introduces the following five indices to evaluate the performance of bilateral teleoper-
ation: reproducibility, operationality, tracking, drift, and stability. Reproducibility P, and operationality

P, 58] mainly focus on a force generated on the master side and is defined as follows:

Ep = (P, + P Z) Xom. (2.16)
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Fig. 2-10: Bilateral teleoperation system

Those are derived from the following equations.

Fn

P = 2.17

r(s) Ze X | Fe=Z. X 2.17)
Fn

P,(s) = X |r—o (2.18)
m s—

The reproducibility is an index of reproduction of the environmental impedance on the master side and
should satisfy | P,| = 1. The operationality evaluates the magnitude of the force an operator feels other
than the real reaction force from the environment and should satisfy | P,| = 0.

A position difference between a master device and a slave device was evaluated by the tracking and
the drift 521, The tracking P, evaluates the difference during the movement without interaction with
environments and the drift evaluates the difference when the slave comes into contact with environments.

These indices are defined as follows:

Xm—X
Py(s) = mT o (2.19)
m 55—
Xm—X
Py(s) = % R (2.20)
m s—4Le<rs

P, and P; should satisfy |P;| = 0 and |P;| = 0 for perfect coincidence of position both in non-contact

and contact motions.
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Stability can be evaluated by analyzing the open loop transfer function of a bilateral teleoperation

system [63]

. Considering the structure shown in Fig. 2-10, the system forms a loop structure connected
by an operator and an environment. The open transfer function is derived from the hybrid parameters as
follows:

HyHi2Z,
(1 — ZeH2)(Zn — Hi1)

Py(s) = (221)

Bilateral Controllers

As mentioned above, the ideal state of the bilateral teleoperation is complete agreement on the position
and the force between a master device and a slave device. The control goal can thus be represented by

the equations below.

Xpm—Xs = 0 (2.22)

Fn,+F, = 0 (2.23)

The former equation means perfect position tracking between master and slave devices, while the latter
equation means realization of the law of action and reaction between the master and the slave. As a con-
troller design strict to the above goal, coordinate transformation is widely used [64], Equations (2.22) and
(2.23) can be considered as two independent goal: control difference of position to be zero and control
sum of force to be zero. Two types of controllers are utilized in this thesis. Both of them are based on
the above-mentioned goal and the coordinate transformation. The first controller is a controller proposed

57]

based on the idea of functionality [ It divides the master-slave system into two independent virtual

systems using coordinate transformation and designs a controller for each virtual system. As an advan-
tage of the idea of functionality, controller design becomes simple and clear. The second controller [°6)
is a controller proposed based on a four-channel architecture (4] The four-channel-based controller was
modified to satisfy the control goal shown in (2.22) and (2.23), and was designed to be acceleration
control.

The controller based on functionality is shown in Fig. 2-11. It defines two categories of functions for
bilateral teleoperation: a function of coupling and a function of the entire motion. The coupling function
is accomplished by controlling a position gap between two devices, while the entire motion function

relates to the sum of the state the devices. The master-slave system is thus transformed into two perfectly

independent function coordinate systems, which are a common coordinate and a differential coordinate,
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Fig. 2-11: Bilateral controller based on functionality

by using the Hadamard matrix.

X 1(1 1 X 1 X
o= 2 m “Hy | " (2.24)
X_ 211 -1 X 2 X
Feact 1 1 Fe;tt Fe;rt
+ = mol=Hy| ™ |, (2.25)
chct 1 —1 Fse:r;t Fseact

where subscripts + and — denote common and differential coordinates, F' ert denotes an external force,
F"P denotes a control input, and Hy denotes the quadratic Hadamard matrix. The velocity X is trans-
formed in parallel to position, and the control input F*? is transformed in parallel to the external force.
Since master and slave devices are transformed into independent coordinates without any interference
element, it is possible to treat the entire system as two independent virtual objects. The dynamics of the

virtual objects are expressed in the following equations:

M Xy + Xy = F™ 4 Fet (2.26)
MX_+eX_ = F™ 4 fpert (2.27)

where

Mt = Mm+Ms
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Ct = Cm +Cs.

Here, c denotes a friction coefficient. Position control and the disturbance observer are applied to the
differential coordinate to realize the rigid coupling function and the reaction force observer and force
control are applied to the common coordinate to realize the inertia manipulation function. The control

input of each coordinate is given as the equations below.

FI'™ = K;Fet (2.28)
F™ = MK, X_ +K, X_)+ F%, (2.29)

where Fjﬂ denotes an estimated external force in the common coordinate acquired through the reaction
force observer and £'%% denotes an estimated disturbance force in the differential coordinate acquired

through the disturbance observer. The inputs to the master and slave devices are derived as follows:

T2 S O I T N IR (O e I (2.30)
F;,np 2 1 -1 anp 9 2 anp .

The controller proposed in [56] is explained next. The whole structure of the controller is shown in
Fig. 2-12. It is based on the four-channel-based controller that describes the general structure of the
bilateral teleoperation system [44][65] " In order to satisfy the ideal condition shown in (2.15), controllers
C1, Cy, Cp,, and Cj are designed as position controllers, and Co, C3, C5, and Cy are designed as force

controllers.

Ci = Ci=Cp=Cs=Cyls) = K+ Kys (2.31)
Cy = C3=C5=0Cg=Cp(s) = Ky (2.32)

The acceleration references for the master and slave devices are derived as follows:

Xrel = —Cy(s)Xp — Cy(s)Fe (2.33)
Xreh = Cy(s)Xp — Cy(s)Fe, (2.34)
where
Xp = Xpm— X, (2.35)
Fo = F,+F,. (2.36)
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Fig. 2-12: Bilateral controller based on four-channel structure

The disturbance observer is applied to each manipulator in order to achieve the acceleration equal to the
reference.

The two types of controllers explained above were designed from a different standpoints. However,
they have many common points: they have the same control goal; position control and force control
are designed separately; and both are based on acceleration control. The main difference is that the
controller shown in Fig. 2-11 achieves acceleration control in the function (mode) coordinate, while the
controller shown in Fig. 2-12 achieves it with a focus on each robot. Since the idea of functionality is
intuitive and easily understandable, the design of the controller shown in Fig 2-11 is simple and clear.
The controller shown in Fig. 2-12 is preferable in some cases, however, since it assures the robustness in
each manipulator. The controller is easier to be implemented in the cases where the systems are largely
different between the master and the slave, the system parameters are unknown, or the master device and
the slave device need to be controlled separately due to a network between them. This thesis therefore
uses the controller shown in Fig. 2-11 for a system without a network and uses the controller shown in
Fig. 2-12 for a system connected through a network.

In the simulation or analysis, the input of an operator and an environment are modeled as a spring and

damper model as shown in Fig. 2-13 and the following equations.

Fy, = Kp(—Xpn+ Xm) + Dp(—Xp + Xi) (2.37)
Ke _Xe Xs DeXs Xs Xe

F, = (=Xe+Xs) + (X, > Xe) (2.38)
0 (Xs < Xe)
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Fig. 2-13: Model of operator and environment

2.5 Problems in Application of Robust Motion Control Based on Acceler-
ation Control

In application of motion control to real systems, there are various factors limiting the performance.
This section explains examples of the limiting factors and their influences. Through the discussion, this
section also clarifies issues to be tackled in order to improve performance of motion control based on
acceleration control and to expand its application to a variety of systems.

As mentioned in Section 2.2, acceleration control is a key technique for robust motion control since
position and force can be dealt with in a unified manner by using acceleration and higher robustness can
be attained regardless of desired motions by acceleration control. In acceleration control-based systems,
the performance of the disturbance observer imposes the great influence on the performance of the whole
control system. Since disturbance suppression performance is determined by the cutoff frequency and
acceleration control is achieved only in the frequency range lower than the cutoff frequency of the distur-
bance observer, it is important to heighten the cutoff frequency. The followings are listed as main factors

that limit the cutoff frequency.
e sampling period
® noise

Both factors relate to derivative calculation. The sampling period has the profound influence on the per-
formance of motion control because control of a robot is executed in discrete-time using a device such
as a computer in recent years. Higher performance is usually achieved with a shorter sampling period.
The relationship between the sampling period and the limitation of the cutoff frequency of the distur-
bance observer has also been discussed 30 [31] [66] The upper limit of the cutoff frequency for stable

operation is increased theoretically by shortening the sampling period. The sampling period cannot be
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shortened, however, due to various limitations. It is therefore important to deal with the limitations on the
sampling period. A calculation time of a computer, a processing time of a counter, an analog-to-digital
(A/D) converter, or a digital-to-analog (D/A) converter, a frequency of pulse width modulation (PWM),
and processing rates of sensors are examples of factors limiting the sampling period. Meanwhile, the
main cause of noise in the motor control is quantization errors of an encoder for position measurement.
Derivative calculation amplifies the errors and generates high frequency noise. High frequency noise im-
poses a negative effect and even destabilizes the system. Since calculation in the disturbance observer is
performed in an acceleration dimension, twice of derivative calculation is required when a position signal
from an encoder is used for control. Two low pass filters are then introduced in the observer calculation
to suppress the high frequency noise. It is usually impossible to distinguish noise from other signals. The
magnitude of noise and the cutoff frequency are thus in the trade-off relation. Although the noise can be
suppressed greatly by setting the cutoff frequency low, a negative effects are easily conceived that delay
becomes long, disturbance suppression performance deteriorates, and the bandwidth of measurement
and acceleration control become narrow. On the other hand, the performance is improved by heightening
the cutoff frequency but the system is easily affected by the noise. A method for suppressing the noise
due to derivative calculation is therefore required for improvement of motion control performance.
Toward expansion of application, there are various problems and limitations peculiar for each appli-
cation in addition to the limitations on performance of the disturbance observer. For example, network
constraints such as communication delay, packet losses, a limitation of throughput or that of a packet
transmission interval the performance of a system connected through a network. Difficulties in adapta-
tion to human environments and handling of unknown objects prevent robotic technologies to be used
in human environments. Moreover, acquirable information is often limited in complex systems. These
issues should be solved upon application. Since introduction of a network to the system and heightening
complexity and sophistication of feasible operations are important issues to accelerate future applica-
tions, this thesis focuses especially on the difficulties in networked control systems and those in contact
motion. Although acquisition of wide-band and accurate signals and an extremely short sampling pe-
riod are essential for achieving robust motion control, these are limited in the networked control system.

The performance of the whole system is thus affected by these limitations 25 (671,

The control system
easily becomes unstable when large communication delay exists. Other factors such as packet losses,
a throughput limitation, and a limitation of the packet transmission interval can be regarded as limita-

tions on the sampling period and that on quality of transmission signals. Moreover, when a data size
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is enlarged without consideration of throughput or a packet transmission interval is set too short, com-

[68]  In addition to

munication delay surges and frequent packet losses occur due to network congestion
improvement in the network technology itself, acquiring an output signal accurately and adequately and
utilizing it appropriately even under the limitations is the key for improving control performance. Thus,
delay compensation, appropriate design of sampling periods, data compression, and abstraction and pro-
cessing of transmission signals are required in correspondence with the above-mentioned limitations. In
application to more complicated tasks, contact to and manipulation of unknown objects are inevitable.
Difficulties in the contact motion limit the performance of the whole operation. The contact motion
increases a risk of destruction of objects and the robot itself and that of destabilization of the control
system. The difficulty in the contact motion mainly comes from limitations on acquirable information
about the contact and sudden and discontinuous changes in situation: it is difficult to know when the
contact event occurs exactly and the characteristics of the objects before making into contact with them.
Moreover, it is difficult to grasp the state of the robot accurately when the contact operation is made
gently due to noise and error in force measurement. Acquisition of adequate and accurate information,
especially recognition of the contact state of the robot, in real-time is a key for a stable contact motion.
The following chapters are devoted to tackle the problems relating to the limitations mentioned above
in order to improve performance of robust motion control and to expand application fields of the motion

control.

2.6 Summary

This chapter explained robust motion control based on acceleration control as a cornerstone of the
topics dealt with in this thesis. Acceleration is a key element in a physical system and wide-band accel-
eration control is thus necessary to achieve high performance motion control. The disturbance observer
was introduced as an effective tool to realize acceleration control. The reaction force observer, which
has a structure similar to that of the disturbance observer, was also introduced as a tool to estimate force
or torque without a force sensor. The structures of the position control system, force control system,
and bilateral control system were shown as examples of motion control systems based on acceleration
control. This thesis treats the systems as evaluation targets. The problems and limitations on realization
of wide-band acceleration control were described. The issues to be dealt with in this thesis to improve

motion control performance and to widen the application fields of motion control were clarified.
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Chapter 3

Multirate Sampling Method for
Acceleration Control

3.1 Introduction

Robotic systems are generally controlled in discrete-time in recent years, and a controller designed
for continuous-time systems (analog) is often converted into that for discrete-time systems (digital) by
using zero-order-hold technique. The discretization of a controller raises various control problems, how-

ever [69] [70] (71

. Higher performance is usually achieved with the short sampling period. In terms of
acceleration control, it is shown that shortening the sampling period is effective to widen the bandwidth
in which acceleration control is realized ). On the other hand, sampling periods have limitations re-
lating to hardware performances even with recent development of hardware. A calculation time of a
computer, a processing time of a counter, an A/D converter or a D/A converter, a frequency of PWM,
and processing rates of sensors can be mentioned as examples of limiting factors. In general, one con-
stant sampling period is selected for input (u(t)), output (y(t)), and controller (r(¢)). In this thesis,
“input” is defined as an input torque or current to a controlled object. ”Output” is then defined as infor-
mation of a controlled object such as position or force acquired with sensors. Considering limitations of
sampling periods, the sampling period for a system is usually selected so as to be equal to the longest
of those three. In order to achieve better performance under limitations on sampling periods, multirate
sampling control has been proposed 22/, In multirate sampling control, sampling periods of input, out-

put, and controller are designed individually. As a result, better performance can be acquired despite

hardware limitations. Many studies on multirate sampling control have been performed on systems in
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which output information cannot be acquired fast enough for control or input, such as hard-disk drives

or visual servo systems (72! [73] [74]

. The methods interpolate the output information with a focus on the
state between sampling points and update the actuation input with the shorter sampling period. Although
tracking of a target trajectory is important in many applications, perfect tracking is usually impossible in
general discrete-time control systems because of unstable zeros generated by zero-order holds [69] [70]
Fujimoto et al. had proposed the perfect tracking controller (PTC), which realizes zero tracking error by

applying multirate feed-forward control, to solve the problem [7

. Multirate sampling methods are also
utilized to save computation and to change sampling periods among controllers [75] [76] 1n addition, the
multirate sampling technique has been widely used in the field of signal processing [77] [78], Although
these researches focus on the limitations on the output or control sampling period, these sampling peri-
ods in systems without vision sensors become able to be set shorter these days thanks to improvement
in computation performance. Many motor control systems therefore have more severe limitations on the
input sampling period than on the output or the control sampling periods.

Output information in motor control is mainly acquired from an optical encoder. Many studies have

been performed to increase the rate of acquisition of an encoder signal [79]

. It can be acquired in pro-
portion to the clock time of FPGA or DSP. On the other hand, a frequency of a current input is limited
by performance of an amplifier or a frequency of PWM and it is difficult to heighten the frequency even
with new devices. The output sampling period can therefore be set shorter than the input in many cases.
There are only a few researches that set the output sampling period shorter than the input. An example is
for utility interactive inverter focusing on behavior during the sampling period which is not compensated
in deadbeat control (8,

The aim of this chapter is realization of wide-band acceleration control. This thesis focuses on the
relationship between the performance and the sampling frequency of acceleration control. The needs
for a higher sampling frequency for an output than for an input are described. From this point of view,
this chapter proposes a novel multirate sampling method with a shorter output sampling period. The
disturbance observer is redesigned to fit to the multirate sampling system with a new definition of a dis-
turbance torque. The output information acquired in the short sampling period is used only to correct the
input value in [80]. In the proposed method, however, the information is utilized not only for correction
but for overall controller. As a result, the performance is expected to become close to that of the system

which has the short sampling period for both an output and an input. Stability analyses and experiments

are performed to make a comparison with single-rate control and to verify the validity of the proposal.
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Although the method can be applied to various systems, analyses and experiments are carried out with a
single-input single-output (SISO) system to simplify the discussion. Sampling periods focused on in this

chapter are as follows:
e input sampling period 7;,: sampling period for renewal of current input reference;
e output sampling period 7;: sampling period for acquisition of sensor signal; and

e control sampling period 7’.: sampling period for calculation of control input.

3.2 Multirate Sampling Method for Acceleration Control

This section proposes a novel multirate sampling method for precise and wide-band acceleration con-
trol. When the disturbance observer shown in Fig. 2-4 is utilized to realize acceleration control, the cutoff
frequency of the disturbance observer determines the bandwidth of acceleration control. Robustness is
not assured and acceleration control is not realized in the frequency range higher than the cutoff fre-
quency. The maximum value of the cutoff frequency depends on the sampling period of the observer [30],
It is thus important to shorten the sampling period. As mentioned in Section 2.3.1, disturbance calculation
in the disturbance observer is performed in an acceleration dimension. Twice of derivative calculation
and two LPFs are therefore introduced into the right side (output side) of the disturbance observer. Since
the signal acquired through an LPF is delayed, acceleration information in the second term of (2.7) cal-
culated from an encoder signal is delayed compared with the current reference in the first term. It is thus
important to reduce the delay by acquiring an output signal in the shorter sampling period rather than
inputting delayed values in a high rate. In other words, it is preferable to acquire an output signal in a
higher rate than the renewal of an actuation input in order to minimize the influence of the delay.

The author therefore proposes the method shown in Fig. 3-1, in which an output signal is acquired and
control calculation is performed several times during one input sampling period. The sampling periods

are selected to satisfy Fig. 3-2 and the following equations.

T, = nT, (3.1)

T, = T, (3.2)

where n is an integer number. The equations show that an input sampling period is set as an integer

multiple of the output sampling period and the sampling period of control is set to the same value as the
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Fig. 3-2: Sampling periods in proposed multirate sampling method

output sampling period. It means that control calculation is performed at every output sampling point
and n times in one input sampling period.

The limitations of the sampling periods due to hardware performance also support the adequacy of the
proposal. In motor control systems, the main output signal is angular or position information acquired
through an optical encoder when vision sensors are not implemented on the system. The limitations of
the input sampling period are generally more severe than those on the output in those system. The output
sampling period can be selected in proportion to the clock signal of DSP or FPGA. The control sampling
period is limited only by the calculation time. Those sampling periods become able to be set shorter
and shorter, considering the development of devices such as FPGA or improvement in performance of

computers [81] [82]

. On the other hand, the frequency of the current input is limited strictly by performance
of an amplifier or the frequency of PWM. The output sampling period can therefore be set shorter than
the input in many cases and the proposed method is effective also in the practical aspect.

The details of the proposed method are explained below by using state-space equations with consid-
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eration of a continuous-time plant represented as follows:
z(t) = Az(t)+ bu(t) (3.3)
y(t) = cx(t). (3.4)

Assuming that the sampling periods of the input, the output, and control are 75 and the input u(t) remains

constant from ¢ = £y to t = to + T, the discrete-time plant is represented as follows:
x[i+1] = Agx[i] + bguli] (3.5)
ylil = cqulil, (3.6)
where x[i] = x(iTs). Matrix A4, vectors by and ¢, are given by
Ag=erTs by = /0

When a feedback control law is given as u(t) = f(x(t)), it is rewritten into the equation below in

T,
eATdrb, ¢y =c.

discrete-time.
uli] = f(i]) 3.7)
The state-space equations in a multirate sampling system are represented as follows:

zli,k+1 = Apali, k] + buuli, k] (3.8)
yli, k] = enx(i, k], 3.9

where
xi, k] = m((i+ﬁ)Tu):m(iTu+kTy) (k=0,---,n—1)
n
Ty
A, = eAT?’, bm:/ EATdTb, ¢y = C.
0

Here, ¢ and k are positive integers. The feedback control law in the proposed multirate sampling system

is given by the following equation since an actuation input is updated only when ¢t = iT,,.
uli, k| = uli, 0] = f(x[s,0]) (3.10)

This equation shows that the actuation input remains constant from ¢t = 7T}, to t = (i + 1)7),. In the
proposed multirate sampling method, the state-space equations (3.5) and (3.6) are therefore rewritten into

the equations below, with consideration of the relation between the input and output sampling periods.

xli,k+1] = Apx[i,k] + bnuli,0]: k#n—1 (3.11)
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Fig. 3-3: Relation between two input values in the proposed multirate sampling method

x[i + 1,00 = Apx[i,n—1]+byuli,0] : k=n—1 (3.12)

yli,k] = emali k] (3.13)

3.3 Observers for Multirate Sampling System

This section proposes a disturbance observer and a reaction force observer for the proposed multirate
sampling system. Application of observers to multirate sampling systems was discussed in [83]. How-
ever, it shows just an extension of observers to multirate sampling systems and does not focus especially
on the characteristics of a system with the short control sampling period. The author therefore presents
design of the observers with a focus on the characteristics of the system and the role of each observer.
As the characteristics of the proposed multirate sampling system, there are two values of an input: a
desired input value I, [i, k] and a real input value I"°*[i, k]. The desired input value is the output of the
controller calculated at the output sampling rate and the real input value is the real input reference value
renewed at the input sampling rate. Considering (3.10), the relation between those two values can be

expressed as in Fig. 3-3 and the following equation.
17, k) = I, [, 0] (3.14)

This equation shows that a difference exists between those two values when k # 0, i.e., t # iT,. The
following subsections propose observers for the multirate sampling system with a focus on the difference
between those two input values.

The role of each observer is discussed before explaining the proposals of observers. Although the
disturbance observer and the reaction force observer have almost the same structure, their roles differ

largely. The disturbance observer is to estimate and compensate the entire disturbance, which is an aspect
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not expected to exist, to realize robust acceleration control. A designer can determine the definition of the
disturbance estimated in the disturbance observer with consideration of a desired state in the control. On
the other hand, the reaction force observer is expected to estimate a real external force. It means that the
aspect to be estimated by the reaction force observer is always the real external force, regardless of the
idea of a designer. The disturbance observer and the reaction force observer for the multirate sampling
system are proposed considering the above-mentioned points.

84] in discrete-time because the multirate

Observers are designed by using the Gopinath’s method
sampling system is a discrete-time system. In this thesis, however, the author dares to use the Laplace
variable in figures and equations to make the correspondence of each figure or equation with those shown

in Chapter 2.

3.3.1 Disturbance Observer for Multirate Sampling System

Application of Conventional Disturbance Observer

The conventional disturbance observer is expanded to the multirate sampling system in Fig. 3-4(a).
The disturbance torque defined in the conventional disturbance observer shown in (2.5) is represented by

the following equation in the multirate sampling system.
Taisli, k] = mii, k] + AJO[i, k] — AKI7e i, k] (3.15)

The disturbance torque is estimated from a real input reference value I7¢*[i, k] and the velocity using

the equation below.

Fais = - id;sdis (K I7° i, K] — Jos20[i, k) (3.16)

Disturbance Observer for Proposed Multirate Sampling System

Equation (3.14) shows that there is a deviation between a desired input value and a real input reference
value when t # ¢'I;,. It means that a control input is calculated but the value is not applied to the real input
in some sampling points. Although the influence of the deviation is not considered in the conventional
disturbance observer, it may affect the system. With a focus on that, a total disturbance torque of the
multirate sampling system is redefined as the equation below to include the influence of the deviation of

the input values.

Tmdis|i, k] = 1[i, k] + AJé[i, k] — AK I [i, k) + (K, + AK )AL [i, K], (3.17)
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Fig. 3-4: Disturbance observer for multirate sampling system

where
ALyli, k] = Lyli, k] — I"°% i, k].

The absence of updating the input value, in other words, the influence of the input sampler, is considered
as a sort of disturbance in this definition. It is expressed in the last term of (3.17): (K, +AK)ALy[i, k).
It is necessary to use I,,, [, k] instead of I7¢*[i, k] to include the influence of the sampler existing between
a desired value and a real value. The disturbance observer in the multirate sampling system is therefore

proposed as shown in Fig. 3-4(b). The total disturbance torque of the multirate sampling system is
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Fig. 3-5: Reaction force observer for multirate sampling system

estimated by the following equation.

Fndis = - —grd;sdis (KinIn[i, k] — Jns0]i, k]) (3.18)

By compensating the estimated disturbance torque 7,,4is[Z, k], it is possible to compensate the influence
of a difference between desired and real input values, which occurs due to renewal of the input value
with the longer sampling period than the output. The system is expected to become similar to that with

the short sampling period for both input and output by using the proposed disturbance observer.

3.3.2 Reaction Force Observer for Multirate Sampling System

The reaction force observer explained in Section 2.3.2 is expanded to the multirate sampling system in
this subsection. Although the reaction force observer and the disturbance observer have almost the same
mechanism, their roles differ largely. Since the disturbance observer is to estimate and compensate the
entire disturbance on the system, a desired input value I,,, 7, k] is utilized. On the other hand, the reaction
force observer is expected to estimate the real external force. It is therefore required in the reaction force
observer to use a real current input to a motor. Assuming that current feedback loop is fast enough, the
real input current is considered to be equal to I7*[i, k]. The reaction force observer is thus expanded as
shown in Fig. 3-5 in the proposed multirate sampling method. The reaction torque is estimated through

an LPF as shown in the equation below.

Je
S+ ge

Tewt]is k] = (K I i, k) — Js20[i, k] — (Tine + 75 + F 4+ D(0))) (3.19)
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Note that a real input reference value I7¢*[i, k] is utilized instead of I,,[i, k] in the reaction torque

estimation.

3.4 Expected Advantage of Application of Multirate Sampling Method

The overall structure of the proposed method is shown in Fig. 3-6. The following advantages are

expected for the proposed multirate sampling method:
o cutoff frequencies of the observers can be set higher; and
¢ information of disturbance can be detected in an early timing.

The first advantage is derived from its higher sampling frequency and larger number of sampled data for
observer calculation. The influence of discretization is decreased by shortening the sampling period of
the observer. The limitation of the cutoff frequency relates to the sampling period and noise. The short
sampling period reduces noise by repeated calculation. The cutoff frequency can therefore be set higher
with the shorter sampling period, as described in [30]. The limitation of the cutoff frequency becomes
high with the multirate sampling method since both noise and the influence of discretization are reduced.
The second advantage is explained referring to Fig. 3-7. In the single-rate system, the influence of the
disturbance 7,41 exerted at ¢ = ¢; and 74;50 at t = ¢y are both recognized at t = to + 7’,. On the other
hand, in the multirate sampling system, the influence of 74,51 and 74,52 are recognized at tg + T}, and
to+T,, respectively. Detection of the disturbance influence is generally delayed half the output sampling
period in average. When the sampling periods in the multirate control satisfy T, = nT},, = T’ and those
in the single-rate control satisfy T, = T,, = T, the average length of delay is 7 /2n in the multirate

and Ts/2 in the single-rate. It shows that the average length of delay becomes n times shorter with the

_41 -



CHAPTER 3 MULTIRATE SAMPLING METHOD FOR ACCELERATION CONTROL

Tdis Tdis2
multirate l
— Ty —»
single-rate
TS
t

t tlto +T), ty+ 27, ‘) ty+T,

Fig. 3-7: Delay in disturbance detection

multirate sampling method. In other words, detection becomes early for (n — 1)T/2n in average.

The proposed multirate sampling method has a similarity to the upsampling technique in the point
that output sampling points are inserted between input sampling points. These are completely different,
however, in how output values between input sampling points are acquired. The upsampling technique
is one of signal processing techniques, which is used to increase a sampling rate of a signal. An output
signal is actually measured in the proposed method, while the values are not measured but produced by
interpolation in the upsampling. The upsampling technique increases the sampling rate by inserting zero
at sampling points between the original sampling points and filtering it using an anti-aliasing filter. Since
the sampling period for observer calculation is shortened also in the upsampling, decrease in the influence
of discretization of the observer is also expected in the upsampling. Heightening of the cutoff frequency
of the disturbance observer can thus be expected. On the other hand, a bandwidth of a measured signal is
not widened in the upsampling since measurement is not performed with a high sampling rate. Moreover,
the second advantage of the proposed method, which is the early detection of the disturbance, cannot be
achieved with the upsampling. The advantage is achieved only when an output signal is measured with
the short sampling period. The proposed method is thus superior to the upsampling method.

Next, expected effects of the above-mentioned points are explained. The effect of the former point
is that control performance improves owing to decrease in the delay in information in an acceleration
dimension. Robustness also improves since the bandwidth of acceleration control is widened. The
latter point is achieved only by acquiring a real signal with the short sampling period without using
any interpolation schemes. Owing to the latter point, the response to disturbances becomes faster and
robustness against disturbance improves.

On the other hand, the absence of updating the compensation input that occurs in the proposed method

may limit or even deteriorate the performance. The proposed disturbance observer enables the system to
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estimate the disturbance including the influence of the absence of updating. Higher performance can be
obtained by compensating the value. The performance is expected to become close to that achieved with
the short sampling period for both input and output.

With consideration of the above-mentioned points, it is preferable to set the output sampling period
as short as possible. The problems caused by shortening the output sampling period are easily imagined,
however. One is increase in calculation cost. Since a control sampling period is set to be equal to the
output sampling period, calculation cost increases by shortening the output sampling period. Another is
increase of noise in velocity. When M method, which calculates the velocity by counting the number of
pulses generated in the constant sampling period, is used to derive the velocity from a position signal, the
velocity and acceleration resolutions deteriorate by shortening the sampling period. The problem due to
encoder resolution is discussed in later chapters.

The following sections are devoted to verify the effectiveness of the proposed multirate sampling

method in various applications in terms of stability, performance and applicability.

3.5 Application to Position Control

This section applies the multirate sampling method proposed in Section 3.2 and the disturbance ob-
server proposed in Section 3.3 to the acceleration control-based position control system shown in Fig. 2-
7(b). The influence of the proposed method on stability and robustness of the system are verified through

stability analysis, simulations, and experiments.

3.5.1 Stability Analysis

Stability analyses of both the single-rate control and the proposed multirate control were performed
to verify the validity of the proposed method. The block diagram of the whole system utilized for the

analysis is shown in Fig. 3-8.

Modeling

A dynamic equation of a single-link manipulator in discrete-time is shown in the following equation:

. T2 . T2

Q[z +1] 1 Ty —55 0[1] 57
i+1] |=l 0 1 —% 014 + % Tm 1], (3.20)

Tais[t + 1] 0 0 1 Tdis|i] 0
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where 7,,, denotes an input torque. The input torque and the disturbance torque are assumed to be constant
between two consecutive sampling points. A PD controller and the disturbance observer are applied to
the system. The sampling periods 77, and T, are set to be equal in the single-rate control and set to satisfy
T, = nT} in the multirate control. The control sampling period 7. is set to be equal to T, in both cases.

Firstly, modeling in the single-rate control is described below. The state-space equation (3.20) is ex-
panded so as to include state variables in the disturbance observer w1 [i] and in pseudo-derivative ws|i].
The disturbance observer is designed based on the Gopinath’s method, and pseudo-derivative calcula-

tion is utilized to derive velocity from the position signal. The state-space equations are represented as

follows:
x[i+1] = Agx[i] + bguli] (3.21)
yli] = eqzli], (3.22)
where
T
xzli] = 0li] 0[i] Tais[i] wili] wald] , ult] = 7]
i 72 a -
1 T, 2T7 0 0 ?
0 1 5 0 0 3
Ay, = 0O 0 1 0 0 sy ba=1 0
Bgv 0 0 a I;gv(ﬁ - 1) j
i 1 0 0 0 1] | i 0 |
T
cg = 1 0 0 00
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@ = a,j=1—a, b= —(1-0a)?
T
1% — e_gdis’Ts7 B — e_gvj—‘s‘

The velocity calculated with pseudo-derivative technique and the estimated disturbance torque are given

by the following equations:

0li] = gu(B— 1wz[i] + g.0]i] (3.23)
Fusli] = wili] — 16, (3.24)

where
Iy = 1{5(1 —a). (3.25)

The control law is expressed by the following equations:

wli+1] = Awl[i] + bi] + j7m[i] (3.26)
&li] = Cwli]+ do]i] (3.27)
mli] = kL (r[i] — &[i]), (3.28)
where
wli] = wili]  weli ]T, T = [ 01[7] é[z] Taisli] }T
A: -di)gv(ﬁ_l)],i):[i)gv ?5:[51
0 B 1 0
[0 0 ) 1
C = 0 gv(ﬂ - 1) , d= Jv
1 _llgv(ﬂ - 1) —l1gv
T
ko = | Kpdo Kodu —1]

and r[i] denotes a control reference, i.e., a command. Equations (3.26) and (3.27) can be rewritten in the

following equation.
Z[i] = ky(2)0[i] + ky(2)Tm 1] (3.29)

Here, k,(z) and k,,(2) are 1 x 3 vectors derived from (3.26) and (3.27) by transforming them into transfer

function expression. The transfer function of the system L(z) and that of the controller G (z) in Fig. 3-9
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are obtained as follows:

L(z) = cq(zI—Ag) by (3.30)
Gi(z) = (1+k} k) 'Kl K, (3.31)
Next, the modeling of the system with the multirate sampling method and the disturbance observer

proposed in the previous sections is described. Considering that there are two types of the input torque,

the state-space equations are represented as follows:

real [; k
Dlik+1 = Apafik]+ By | ™ Lk (3.32)
T3, k]
Wik] = cmali, K, (3.33)
where
A, = Ay
T r
B = |5 B0
0 0 0 j 0
cn = cq, Ts =T,

Here, 7,,, denotes a desired input torque and 77¢* denotes a real input torque. The input torques are given

by the following equations when the reference is assumed as r[i| = 0.

Tnlis k] = Tu(— K01, F — Kofli, K]) + Fradisli, M (3.34)
Theli k] = Tmli, 0] (3.35)

Equations (3.32) and (3.33) are state-space equations described for the shorter sampling period, that is,
the output sampling period. It is necessary for analysis, however, to describe the system for the longer
sampling period. In order to rewrite the system for the longer sampling period, there are two types of

alternatives. One is to choose a high-dimensional state-space and obtain a set of equations with simple
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coefficients. The other is to choose a low dimensional state-space and obtain a set of equations with more

[85]

complicated coefficients. The former method '*°! proposed by Araki et al. is used in this thesis. The state

vectors are expanded as follows:

yli, 0]
s Yumli] = : . (3.36)
y[za n— 1]

xli — 1,1]

wuli] = i 11

xli, 0]

The expanded reference 7 7] and the expanded control signal 7,,/[¢] are defined in parallel to y,,[i].

The state-space equations of the expanded system are represented in the equations below.

eyli+1] = Apli] + ByTmali] (3.37)
yulil = Cu(Urzyli + 1] + Uswpli]), (3.38)
where
[0 0 A,
Ay =
0 0 A"
_ B,
A,.By+ B,
By = .
| AL'Bo+ ALPBr+ -+ ApBuo + By
B, = | b - by - bn:|
_ [ 2 n r
bl - I 27 7 0 0 O :|
- . T
bpsr = |0 00 j 0 }
- T
by = |0 0 0 0 0](q#Lp+D
[0 - -~ 0 ¢, |
Cy = | 0 en 0 -+ 0
0 - - ep O
U; = blockdiag (I, ---, L,,0)

Uy = block diag (0,---,0,1L,),
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and a subscript M denotes the expanded matrices. The control law must also be rewritten for the longer
sampling period. The expanded variable w,[i] is defined in parallel to @ ,[i], while &/ [i] is in parallel
to y,s[é]. The control law expressed in (3.26) to (3.28) is expanded for the expanded system as the

following equations.

wyli+1] = Aywai] + Bayarli] + Inmmali] (3.39)
ayli] = Cun(2U01 + Ug)wysli] + Dasy il (3.40)
T[] = Kam(rali] — Zarli]), (3.41)

where

[ B 0 0
) AB B 0 0
By =

| A"'B A" B B

[ 0 0
) Aj i 00
Ju =

i An—lj‘ An—?j' j
U; = blockdiag (I, ---, I,0)

U, = blockdiag (0,---,0,I5)
Dy = block diag (d,--- , d).
The expanded matrices A M> C m, and K are expanded expression of A, C, and k, defined in parallel

to Ay, Cyuy, and D M, respectively. Equations (3.39) and (3.40) can be rewritten in the following

equation.

zupli] = Kymyumli] + Ko mmarli] (3.42)

Here, K,/ and K, s are matrices derived from (3.39) and (3.40) by transforming them to transfer
function expression. The transfer function of the expanded system L(z) and that of the controller G1(z)

are obtained as follows:

L(z) = Cun(2U; +Us)(2I - Ay) 'By (3.43)

Gi(2) = (I+KauKun) KoKy (3.44)
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Table 3-1: Control parameters in stability analysis of multirate position control
Position gain K, | 900 1/s?
Velocity gain K, 60 1/s
Cutoff frequency of velocity calculation gy | 13000 rad/s

Cutoff frequency of disturbance observer | gg4;s | 7000 rad/s

Stability Analysis Results

Nyquist criterion in continuous-time is obtained by transforming det[I+L(z)G1(z)]—1 using bilinear
transform and drawing Nyquist diagram of it. Analyses were performed with the assumption that the

limitation of the input sampling period was 0.1 ms. The following three cases were considered.
e single-rate control with long sampling period (7s(= T, = Ty) = 0.1 ms)
e single-rate control with short sampling period (T(= T, = T) = 0.05 ms)
e multirate control with the proposed disturbance observer (T, = 0.1 ms, T}, = 0.05 ms)

The control gains used in the analysis are shown in Table 3-1.

Nyquist diagram of the position control system is shown in Fig. 3-10. The result for the proposed
method shows improvement of stability compared with the single-rate control with 7y, = 0.1 ms, al-
though it did not come up with the result with T = 0.05 ms. Here, note that the single-rate control with
T = 0.05 ms does not satisfy the assumption on the minimum input sampling period. The result indi-
cates that shortening the output sampling period is effective to improve stability, especially when there
is a limitation of the input sampling period. As mentioned before, the limitation of the input sampling
period is usually more severe than that on the output. The proposed method is therefore effective for

improving stability in majority of motion control systems.

3.5.2 Experiments

The results of the stability analysis indicate that the shorter the sampling periods are, the higher the
stability becomes. The problems involved in shortening the output sampling period are easily conceived,
however. One problem is that a shorter output sampling requires more computations. Another is the
problem with a quantization error of an encoder. Although the error is not considered in the stability

analysis, it is necessary to consider the error for practical application. Experiments on the proposed
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Fig. 3-10: Nyquist diagram of multirate position control system

multirate control were executed and the results are compared with those of the single-rate control in this

subsection to show the feasibility and effectiveness.

Experimental Setup

Experiments were executed with the single-link manipulator shown in Fig. 3-11. The manipulator is
composed of a rotary motor, an optical encoder, and an arm. Specifications of the motor and the encoders
are presented in Table 3-2. The friction effect is extremely small since the manipulator has a direct drive
mechanism and the arm is very light. The gravity term is also negligible since the rotational plane of
the manipulator is horizontal. The output of the system is only an angular signal from the encoder. Two
types of encoders were used to verify the influence of the quantization error. The pulses of the encoders
were used as quadrature encoder to improve resolution. The program of the controller is written in C

language and implemented on RT-Linux.

Experimental Results

First, the manipulator with the high resolution encoder was used to verify the influence of application
of the proposed method. In this experiment, 0.05 Nm torque disturbance was added as a step input from

t="70stot="7.5sand from¢ = 10.5 s tot = 11.0 s while the manipulator was moved as a sine wave
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Fig. 3-11: Experimental equipment: single-link manipulator

Table 3-2: Specification of single-link manipulator

Type of encoder Canon R-10
Number of pulses 81,000 pulse/rev
Max. response rotation speed 360 rpm
Type of encoder Maxon HEDS 5540
Number of pulses 500 pulse/rev
Max. response rotation speed | 30000 rpm
Type of motor Maxon RE-40
Stall torque 2500 mNm
Max. continuous torque 201 mNm
Torque constant 60.3 mNm/A
Arm length 0.06 m

with the following position command.

omd 0 (t <5.0)
gemd — (3.45)
0.5sin(0.5(t — 5.0)) (¢ > 5.0)

The position and velocity gains were K, = 1500 1/s? and K,, = 100 1/s in all cases. The cutoff
frequency of velocity calculation g, was set higher than that of the disturbance observer g4;s. Then gg;s
was heightened to the maximum value with which the system did not oscillate significantly or diverge.
Fig. 3-12 shows the position command and the response. The shaded areas show the response with
the disturbance. The experiments were performed under the assumption that the limitation of the input

sampling period was 0.3 ms. In order to verify the effects of shortening the output sampling period and
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Fig. 3-12: Experimental results: position command and response in multirate position control

Table 3-3: Settings in experiments on multirate position control with high resolution encoder

T, [ms] T, [ms] | g, [rad/s] ggis [rad/s]
Case 1: Single-rate (long) 0.3 0.3 1900 650
Case 2: Single-rate (short) 0.15 0.15 2500 1800
Case 3: Multirate (74;5) 0.3 0.1 2500 1800
Case 4: Multirate (7,,4:5) 0.3 0.1 2500 1800

of the proposed disturbance observer, experiments were executed for four cases listed below.
e Case 1: single-rate control with long sampling period (T(= T, = T},) = 0.3 ms)
e Case 2: single-rate control with short sampling period (T(= T, = T},) = 0.15 ms)
e Case 3: multirate control with conventional disturbance observer (7, = 0.3 ms, T}, = 0.1 ms)
e Case 4: multirate control with proposed disturbance observer (1}, = 0.3 ms, T}, = 0.1 ms)

The sampling periods and the cutoff frequencies in each experiment are shown in Table 3-3. The input
sampling period was set to the same value in Cases 1, 3, and 4.

Figs. 3-13, 3-14, and 3-15 show the position error when the disturbance was added. Fig. 3-13 com-
pares Case 1 and Case 4, which are the single-rate and the multirate controls with the same input sampling
period. In the single-rate control, the manipulator oscillated and became unstable with g4, higher than

700 rad/s. On the other hand, in the multirate control, g4;s could be set much higher. As a result, the
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Fig. 3-13: Experimental results: position control error in single-rate (long) and multirate
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Fig. 3-14: Experimental results: position control error in single-rate (short) and multirate

influence of the disturbance was greatly reduced and convergence was also improved. In order to verify
the advantage of shortening the output sampling period more clearly, the result of the multirate control
(Case 4) was compared with that of the single-rate control with the shorter sampling period (Case 2) in
Fig. 3-14. Note that the sampling period of the single-rate control (Case 2) was shorter than the assumed
limitation. Although g4;s could be set as in the case of the multirate control, oscillation was confirmed
in Case 2, which was not confirmed in the multirate control. The result indicates that better performance
can be acquired even with the longer input sampling period by shortening the output sampling period.
Fig. 3-15 compares the proposed disturbance observer with the conventional disturbance observer in

the multirate control. Although both of them showed almost the same response to the disturbance, they
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Fig. 3-15: Experimental results: comparison of disturbance observers in multirate position control

differed in the response without the disturbance. In the case of the conventional disturbance observer,
there was an error in a steady state. The amount was almost the same as that in the single-rate with
the long sampling period (Case 1). The fact indicates that the multirate control with the conventional
disturbance observer can improve only the maximum value of g4;s and does not improve the behavior
in a steady state. This may occur since a real input value differs from a desired input value at ¢t # iT,.
The proposed disturbance observer considers the difference in input values as a sort of disturbance and
compensates it. It led to improvement in the whole behavior: not only the maximum value of the cutoff
frequency but also the performance in a steady state. The system therefore became close to the system
with the short sampling period for both input and output. The result shows superiority of the proposed

disturbance observer.

Experimental Results with Low Resolution Encoder

This subsection applies the proposed method for a system with a low resolution encoder to verify its
applicability on the system with a large quantization error. This research used M method, i.e., fixed-
time method, for velocity calculation among several measurement methods. M method is the most
common velocity measurement method. It counts the number of pulses generated in a fixed time interval
and calculates velocity by finite-different derivative. The details of velocity measurement methods are

explained in Chapter 4. The acceleration resolution R, in this method is in inverse proportion to the
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Table 3-4: Settings in experiments on multirate position control with low resolution encoder

T, [ms] T, [ms] | gy, [rad/s] gus, [rad/s]
Case 5: Single-rate (75 =0.3) 0.3 0.3 700 2300
Case 6: Single-rate (75 =0.2) 0.2 0.2 700 3500
Case 7: Multirate 04 0.2 700 3500

square of the sampling period as shown in the equation below.

2

RQZTZ;Q

(3.46)

Here, P denotes the number of pulses per revolution in an encoder. Since the resolution becomes large by
shortening the output sampling period, the multirate sampling method has a risk to increase the influence
of the quantization error. In order to verify applicability of the method for a system with a low resolution

encoder, experiments were executed with an encoder of 500 pulses/rev for the following three cases.
e Case 5: single-rate control with long sampling period (T(= T, = T},) = 0.3 ms)
e Case 6: single-rate control with short sampling period (T(= T, = T},) = 0.2 ms)
e Case 7: multirate control with long input sampling period (7', = 0.4 ms, T;, = 0.2 ms)

The proposed disturbance observer was applied in the multirate control in Case 7. In this experiment,
0.1 Nm torque disturbance was added as a step input from ¢t = 5.0 s to t = 5.5 s while the manipulator

was moved as a sine wave with the following position command.

0.0 (t < 3.0)
ecmd = (3.47)
cos(t —3.0) — 1.0 (t > 3.0)

The cutoff frequency for velocity calculation was set to g, = 700 rad/s in all cases so as to keep the
influence of the quantization error small. The position and velocity gains were K, = 900 and K, = 60.
The sampling periods and cutoff frequencies in each experiment are presented in Table 3-4. Fig. 3-16
shows the position command and response. The shaded area in Fig. 3-16 shows the response with the
disturbance and Fig. 3-17 shows the position error when the disturbance torque was imposed. In the
single-rate control with Ty = 0.3 ms (Case 5), the system became unstable and diverged with g4;s higher
than 3000 rad/s. The maximum value of g4;s was the same, g4;s = 4500 rad/s, in the single-rate control

with Ty, = 0.2 ms (Case 6) and the multirate control (Case 7). As a result, the position error with the
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Fig. 3-16: Experimental results: multirate position control with low resolution encoder
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Fig. 3-17: Experimental results: position control error with low resolution encoder

disturbance torque was smaller in Case 7 than in Case 5 as shown in Fig. 3-17. The noise confirmed
in Fig. 3-17 is due to the low resolution of the encoder and does not mean oscillation of the equipment.
Even though the input sampling period was longer in the multirate control, the result of Case 7 was
almost the same as that of the single-rate control with the short sampling period in Case 6. These results
show applicability and effectiveness of the proposed method even to the system with a low resolution
encoder. It is also useful to use the proposed method with other measurement methods in the case
when the resolution is extremely low or the output sampling period is further shortened. Application of

different measurement methods are discussed in Chapter 4.
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Influence of Input and Output Sampling Periods

Simulations were conducted to verify the influence of the input and output sampling periods precisely
and quantitatively. The input sampling period was set as 0.6 ms, while the output sampling period was
decided by varying the ratio n between the input and output sampling periods from 1 to 5. The resolution
of an encoder was assumed to be the same as that of a high resolution encoder in the experimental system.
The manipulator was moved as a sine wave and 0.1 Nm torque disturbance was added as a step input from
t =1.5stot = 2.3 s. The cutoff frequency of the disturbance observer was heightened to the maximum
value without large oscillation or divergence, and that of velocity calculation was set as g, = 1.2¢4;5.
A root mean square (RMS) of the position error from ¢ = 1.5 sto ¢t = 1.9 s was calculated. The same
simulations were conducted for the single-rate control. The sampling period was varied from 0.12 ms to
0.6 ms in the single-rate.

Table 3-5 presents sampling periods, cutoff frequencies, and the RMS values. Fig. 3-18 shows the
change in RMS values both in the multirate and single-rate controls. A line in the figure is an approximate
curve in the multirate control. It shows that the RMS value decreased in proportion to the output sampling
period even though the input sampling period was the same in all cases. Comparing the RMS values
concretely, the value decreased from the single-rate (n = 1) by 42.5% in the multirate with n = 2 and
66.5% in that with n = 5 when the input sampling period was the same. These results indicate that
control performance improves by enlarging the ratio n, i.e., by shortening the output sampling period.
Comparing the single-rate (short) and the multirate with the same output sampling period in Fig. 3-18,
better results were obtained for the single-rate control since the input sampling periods were also set
short the same as the output sampling periods in the single-rate control. Although the performance
of the multirate control could not catch up with that of the single-rate control with a short sampling
period, the multirate followed the single-rate very well. This result shows the ability of the proposed
method of making the performance to be close to that with a short sampling period both for input and
output. Focusing on the influence of changing sampling periods, the RMS value decreased by 63.3% in
the case where the input sampling period was 0.6 ms and the output sampling period was shortened to
one-fourth, from 0.6 ms to 0.15 ms. On the other hand, the decrease was only 28.1% when the output
sampling period was 0.15 ms and the input sampling period was shortened to one-fourth, from 0.6 ms to
0.15 ms. The result shows that the influence of changing the output sampling period is much greater than

that of the input. In other words, a higher priority should be given to the sampling period of the output

_57—



CHAPTER 3 MULTIRATE SAMPLING METHOD FOR ACCELERATION CONTROL

0.03

0.027

RMS value [rad]

<
<
—_

Multirate 4 1
Single-rate (short) ¢

0

0.2

0.4

0.6 0.8

output sampling period [ms]

Fig. 3-18: Simulation results: relation of RMS values and output sampling period in position control

Table 3-5: Settings and RMS values in simulations on multirate position control

T, [ms] Ty [ms] gg;s [rad/s] | RMS Value [rad] | Rate of RMS
Multirate
n=1 0.6 0.6 800 2.21x1072 1.0
n=2 0.6 0.3 1400 1.27x1072 0.575
n=3 0.6 0.2 1900 9.39x1073 0.424
n=4 | 0.6 0.15 2200 8.14x1073 0.368
n=5 0.6 0.12 2500 7.42x1073 0.335
Single-rate
0.6 0.6 800 2.21x1072 1.0
0.3 0.3 1600 1.12x1072 0.505
0.2 0.2 2300 7.83x1073 0.353
0.15 0.15 3100 5.85x1073 0.264
0.12 0.12 3800 4.80x1073 0.217

compared to that of the input in acceleration control.

3.6 Application to Force Control

This section applies the multirate sampling method proposed in Section 3.2 and the observers pro-

posed in Section 3.3 to the acceleration control-based force control system shown in Fig. 2-8(b). Firstly,

expected effects of implementation of the proposed multirate sampling method on force measurement

and force control are discussed. Secondly, the influence on stability is analyzed. And finally, the effects
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on the real system are verified by experiments.

3.6.1 Advantage in Application to Force Control

This subsection discusses expected advantages of application of the proposed multirate sampling
method to an acceleration control-based force control system. The effects mentioned in Section 3.4
can also be achieved in force control. In addition to those effects, there are effects particular for force
control. In the point of force measurement, implementation of the multirate sampling method for accel-
eration control is clearly effective since the reaction force observer is based on acceleration information
as in the disturbance observer. Some of the effects on force control are similar to the effects mentioned
in Section 3.4 because of similarity of the structures between the disturbance observer and the reaction
force observer. As the effect of the proposed multirate sampling method, the cutoff frequency of the
reaction force observer can be set higher and wide-band and high-precision force measurement thus be-
comes possible. As mentioned before, the maximum value of g. depends on characteristics of the right
side loop of the reaction force observer shown in Fig. 3-5, which is derived from 0[1, k]. As in the case
of the cutoff frequency of the disturbance observer, g. can be set higher by shortening the sampling pe-
riod of observer calculation according to shortening of the sampling period of the right side loop, which
is the output sampling period. Another advantage is reduction in delay in measured force information.
When only acquisition of force information is considered, not the delay but only accuracy is important.
In the case of force control, however, the delay in force information may deteriorate the performance
since the measured force value is fed back. The multirate sampling method decreases the delay of force

information owing to the following two reasons:
e decrease of delay generated in calculation process due to LPF by heightening g.; and
e detection of external force at early timing.

The signal acquired through an LPF has a sort of delay and the magnitude of the delay depends on
the cutoff frequency of the LPF. The cutoff frequencies of two LPFs, g, for velocity calculation and g,
for the reaction force observer, thus affect force measurement. The calculation delay can be reduced
with implementation of the multirate sampling method since the method enables the cutoff frequencies
to be set higher. The principle of the second point is the same as that mentioned in Section 3.4 about
disturbance detection. Detection becomes early for ((n — 1)/2n)T; and the delay is reduced to one nth

by implementing the multirate sampling method and shortening the output sampling period to satisfy
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Fig. 3-19: Multirate force control system

T, = nTy = T. The whole structure of multirate force control with the proposed multirate sampling

method is shown in Fig. 3-19.

3.6.2 Verification of Influence on Accuracy of Force Sensing

This subsection verifies how accuracy of force sensing changes with the multirate sampling method.
Simulations were executed instead of experiments since the real force value can be acquired only in the
simulation. Application of the multirate sampling method shortens both the sampling period for acqui-
sition of the output information and that for the reaction force observer. Force control was performed
with T, = T}, = 0.1 ms in all cases and several reaction force observers were implemented to compare
the accuracy of estimated forces. Simulations were performed based on parameters of the experimen-
tal equipment shown in Fig. 3-11 and a quantization model of the encoder was introduced. The pulse
number of an encoder was assumed as 81000 pulses/rev. The environment was modeled as a spring and
damper model as shown in Fig. 2-9.

Fig. 3-20 shows the influence of changing the cutoff frequency g.. Here, 7, is not a value estimated
with the observer but the real value given in the simulation by (2.13). A certain value of the external
force was detected around ¢t = 1.0 s although the manipulator did not touch the environment. It is caused
by the fact that the force value calculated with the observer contains an inertia torque. The result showed
that the estimated value became closer to the real value by heightening the cutoff frequency. The value
oscillated and diverged, however, when g. was further heightened. The ability of force sensing therefore
improves if the maximum value of g. can be increased.

The influences of the sampling period on the maximum value of the cutoff frequency were verified

— 60—



CHAPTER 3 MULTIRATE SAMPLING METHOD FOR ACCELERATION CONTROL

Tenv
2 g,=5100, g,=5000 —
2.=2700, g =2500
21500, g =1200
2,=1000, =300 ——
“ gv=1000’ ge=100 ....... |
. “g=1000, g=50

torque [Nm]
-

o
W

| R e U T
0 7777777777777 N.mmuunumluunumlmnluu % w,, o UL
Ak |
05 1 1.02 1.04 1.06
time [s]

Fig. 3-20: Simulation results: change in accuracy of force sensing with g,
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Fig. 3-21: Simulation results: change in limitation of g, with sampling periods

next. Fig. 3-21 compares the estimated torque between long and short sampling periods: 0.8 ms and
0.2 ms. In the case with the long sampling period, the oscillation was confirmed with g. higher than
1500 rad/s. On the other hand, the cutoff frequency g. could be set much higher without oscillation
when the sampling period was short. It shows the advantage of the multirate sampling method with a
shorter sampling period for the observer calculation.

Another advantage is early recognition of the external force. Fig. 3-22 compares the estimated torque
among various sampling periods to verify the effect of the early recognition on force sensing. The cutoff
frequency was set to be the same in all cases. The force estimated as negative was an estimation error
caused by the inertia torque. The rise time became earlier and convergence to the real value became faster

by shortening the output sampling period. The result therefore indicates that the shorter the sampling
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Fig. 3-22: Simulation results: change in accuracy of force sensing with sampling periods

period for observer calculation became, the earlier estimation became.
The advantages of applying the multirate sampling method to force estimation confirmed in the sim-

ulations are summarized as follows:

e the maximum value of the cutoff frequency became higher with the shortened sampling period of

the observer, and thus accuracy improved and delay decreased; and

e recognition and estimation became early with the shortened sampling period for acquiring output

information.

3.6.3 Stability Analysis

The effects of application of the multirate sampling method to force control were verified in terms of
stability in this subsection. The main focus in the analysis is not the disturbance observer but the reaction

force observer and the whole force control system.

Modeling

Analyses are executed for the single-link manipulator expressed by (3.20). In the force control system,
the state variable of the reaction force observer ws[i] is included as a state variable in addition to the state
variable of the disturbance observer w1 [] and that of pseudo derivative calculation ws[i]. The state-space

equations of the single-rate control are represented as follows:

xfi+1] = Agzli] + bguli] (3.48)
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yli] = cazli], (3.49)
where
. [ . A . . . . . T . .
xz[i] = 017 O[i] 7Tais[t] wili] wali] wsli] , uli] = T[4,
(1-Lk, 7.-Lp, -5 o 0 0] N
Ts Ts Ts Ts
“Lg, 1-Lp, - 0 0 I,
A, — A 0 0 1 AO 0 0 by — p 7
blgv 0 0 ai blgv(ﬂ - 1) 0 J1
1 0 0 0 3 0 0
b2gv 0 0 0 bQQU(B - 1) as | L J2 |
r T
cs = |1 00000 ] ,
. N - J . N - J
a = «, ]1:17057 blzi(lia)2a az =1, ]2:17’77 b2:7(17’y)2)
T, T,
a = e_gdisTs’ 6 — e_gUTS7 v = e_geTs'

Estimation of the external force and disturbance is performed with the equations below.

wli+1] = Awl[i] + b9[i] + jm[i] (3.50)
&li] = Cwli]+ do]i] (3.51)
™mli] = ka(r[i] — 2[i]), (3.52)
where
T T
wlil = |l wall wsll] | &= | Faslil Featli] |
A ar bigy(B—1) 0 ) b1gv ) J
A = 0 B 0 7b: 1 y ] = 0 3
| 0 begu(B-1) a2 b2y J2
¢ - 1 —hg(B—-1) 0 d- —l1gv
_O _l2gv(ﬁ_1) 1 —lagy
o= Za) b= 20,

The state-space equations of the multirate sampling system described for the shorter sampling period,

which is the output sampling period, are represented as follows:

real [;
2ik+1] = Apalikl+B, | ™ 0H ] (3.53)
Tm[%’d
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yli, k] = emxli, k], (3.54)
where

An = Ay e =cy, Ts:Ty

T, ;
B, = 37 o O P 0 J2
0 0 0 41 0 O

Although Fig. 3-19 uses both the proposed disturbance observer and the reaction force observer, this
subsection verifies the influence not of the proposed disturbance observer but of the multirate sampling
method on the stability of the whole force control system including the reaction force observer. Analysis
was therefore executed for the system excluding the disturbance observer. With consideration of the

above point, the control input is derived as follows:
Tmli] = K¢ (Temali] — Teat[i])- (3.55)

Equation (3.53) is rewritten to the form with the longer sampling period in order for analysis by using

the method used in the case of multirate position control described in Section 3.5.1.

Stability Analysis Results
The following three patterns of sampling periods were selected for the analyses.

e single-rate control with long sampling period (Ts(= T, = T,)) = 0.3 ms)

e single-rate control with short sampling period (T(= T, = T) = 0.15 ms)

e multirate control with short output sampling period (T3, = 0.3 ms, T, = 0.15 ms)
The following two types of environment were assumed.

e soft (Fig. 3-23): K. = 1000 Nm/rad, D, = 10.0 Nm-s/rad

e hard (Fig. 3-24): K. = 3000 Nm/rad, D, = 10.0 Nm-s/rad

Nyquist diagram in the continuous domain was derived as shown in Figs. 3-23 and 3-24. Fig. 3-23
shows the result with the soft object and Fig. 3-24 shows that with the hard object. Fig. 3-23 shows that
the point crossing the real axis moved to right and then moved back to left when g. was changed from

low to high. The result clearly showed that stability was improved by heightening g.. It is owing to
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Fig. 3-23: Nyquist diagram of multirate force control with soft environment

improvement of accuracy and decrease of the delay. The stability was adversely affected when g. was
further heightened because of the influence of discretization. Comparison between the multirate control
and the single-rate control with the long sampling period showed that stability was always much better
in the multirate control than in the single-rate control (single-rate (long)) even though the input sampling
period was the same. When g, = 100 rad/s, both the single-rate (long) and the multirate controls were
unstable. Not the single-rate (long) but the multirate control became stable with g. = 300 rad/s. Then,
ge = 1200 rad/s stabilized all cases. The single-rate control (long) became unstable with g. = 2700 rad/s,
while the multirate control kept stable. It shows that even though the single-rate (long) and the multirate
had the same input sampling period, the single-rate control was easily destabilized by heightening g..
The noteworthy is that the results of the multirate control were almost the same as those of the single-rate

with the short sampling period, although the input sampling period was longer in the multirate control.
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Fig. 3-24: Nyquist diagram of multirate force control with hard environment

When the environment was harder, the system was unstable with g. = 300 rad/s in all cases as shown
in Fig. 3-24(a). It means that a higher g. was required for stabilization when the environment was hard.
The system became stable in the multirate control and the single-rate control with the short sampling
period when g, = 1200 rad/s or g. = 2700 rad/s. As a result, the system could not be stabilized in
the single-rate control with the long sampling period while stable control was possible in the multirate
control.

The results of stability analysis are summarized as follows:
e multirate control improved stability of force control;
e the system was stable with higher g. in multirate control; and

e multirate control enables adaptation to harder environments with higher g..
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Table 3-6: Settings in experiments on multirate force control

T, [ms] T, [ms] | g, [rad/s] gus [rad/s] g [rad/s]
Case 1: single-rate 3.0 3.0 200 150 150
Case 2: multirate 3.0 1.0 200 150 150
Case 3: multirate (long) 4.0 2.0 200 150 150
Case 4: multirate (high) 3.0 1.0 300 250 250

The most remarkable was that stability in the multirate control was almost the same as that in the single-
rate control with the short sampling period even though the input sampling period was longer in the
multirate. These results clearly show and strongly support the advantages of applying the proposed mul-
tirate sampling method to force control. Moreover, comparison of the analysis result of position control
(Fig. 3-10) with that of force control (Figs. 3-23 and 3-24) clarifies that the influence of the proposed
multirate sampling method is much greater in force control. This is considered as the result of the pos-
itive influence of the proposed method on both accuracy of measurement and control. Requirement for
faster reaction in the contact motion compared with position control can also be considered as another

reason.

3.6.4 Experiments

Experiments were conducted using the single-link manipulator shown in Fig. 3-11. The manipulator
was controlled to make contact with an aluminum block with a force command. The force command was
given as a step input changing from 0.0 to 0.04 Nm. Experiments were conducted under the following

four conditions.
e Case 1: single-rate control (T(= T, = T,) = 3.0 ms)
e Case 2: multirate control (7, = 3.0 ms, T}, = 1.0 ms)
e Case 3: multirate control with longer sampling periods (7, = 4.0 ms, T}, = 2.0 ms)
e Case 4: multirate control with higher cutoff frequencies (7', = 3.0 ms, T;, = 1.0 ms)

The sampling periods and cutoff frequencies of each experiment are presented in Table 3-6. The force
gain was set to Ky = 2.0. Fig. 3-25 compares the position and force responses between the single-

rate control (Case 1) and the multirate control (Case 2). In the single-rate control, the manipulator
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was repeatedly shifted between contact and non-contact states several times and finally the response
diverged at around ¢ = 5.1 s. On the other hand, stable contact was attained in the multirate control
even though the input sampling period was not changed. Fig. 3-26 shows the results of the multirate
control with longer sampling periods (Case 3). Although hunting was confirmed in Fig. 3-26, stable
contact was attained finally even with longer sampling periods. The result strongly supports the validity
of the proposed method. Noteworthy is that the difference between Case 1 and Case 2 was only the
output sampling period, and the cutoff frequencies were not changed. Furthermore, better performance
could be acquired even with a longer input sampling period by shortening the output sampling period.
The first factor is explained in Section 3.4. Noise and the bandwidth of force sensing have the trade-
off relationship. Both the narrow bandwidth and the noise of force information due to discretization
might affect the performance in the single-rate control. The noise might be reduced and its influence
might thus also be reduced to attain stable contact in the multirate control. Reduction in the influence
of discretization was confirmed in Fig. 3-27. The cutoff frequency could be set higher in the multirate
control, while the system became unstable and could not be operated in the single-rate control. The result
shows that the bandwidth of force control could be widened by shortening the output sampling period.
Accordingly, the multirate sampling method enabled the manipulator to cope with various environments.

The experimental results shown above well correspond to the stability analysis results shown in Sec-
tion 3.6.3. The advantages of application of the proposed multirate sampling method to force control are

summarized as follows:
e stable contact becomes possible even with the same cutoff frequencies; and

e the cutoff frequencies can be set higher and adaptability to unknown environment improves.

3.7 Application to Bilateral Teleoperation

This section focuses on a bilateral teleoperation system as a system that requires high performance ac-
celeration control. It is required in bilateral control to deal with position and force at the same time. High
robustness and adaptability are also required since operations are not planned beforehand and the slave
device often makes contact with unknown objects during operation. Moreover, reproduction of vivid
tactile sensation requires control in wide bandwidth. Wide-band acceleration control is thus required in

the system. The objective of implementation of the proposed multirate sampling method is transmission
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Fig. 3-25: Experimental results: multirate force control (Case 1: single-rate and Case 2: multirate)
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Fig. 3-26: Experimental results: multirate force control (Case 3: multirate (long))
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Fig. 3-27: Experimental results: multirate force control (Case 4: multirate (high))
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Table 3-7: Control parameters in simulations on multirate bilateral teleoperation

Spring coefficient of operator Ky 400.0 N/m
Damper coefficient of operator Dy, 40.0 N-s/m
Spring coefficient of environment | K. | 10000.0 N/m
Damper coefficient of environment | D, 10.0 N-s/m
Position of operator 0, | 7/10.0 rad
Position of environment O 7/20.0 rad
Inertia J | 0.000223 Kgm?
Arm length l 0.06 m
Number of pulses P 81000  pulse/rev

of more accurate and precise tactile sensation. For the simplicity reason, existence of a network is not
considered in this section. Each of the master or the slave device was the single-link manipulator shown
in Fig. 3-11 and used for experiments of position control and force control. The high resolution encoder
was used for bilateral teleoperation. This section applied the controller shown in Fig. 2-11 as a bilateral

controller.

3.7.1 Simulations

In this simulation, the environment was assumed to be fixed at . = 7/20.0 rad. The operator input
was given as a step input with 6, = 7/10.0 rad from ¢t = 1.0 s to ¢ = 3.0 s, and the slave manipulator
was made into contact with the environment during this period. The positions of the environment and
the operator are derived from x, = 10, and z;, = [0} by using the link length /. The parameters used in
the simulation are shown in Table 3-7. In order to simulate the real system, a quantization error model

of an encoder was introduced.

Effects of multirate sampling method

First, simulations were conducted under the following two conditions to verify the influences of ap-

plication of the proposed multirate sampling method.
e single-rate control (Ts(= T, = T) = 2.0 ms)

e multirate control with long input sampling period (7', = 3.0 ms, T}, = 1.0 ms)
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Table 3-8: Settings in simulations and experiments on multirate bilateral teleoperation

T, [ms] T, [ms] | g, [rad/s] ggis [rad/s]
Simulation 1
single-rate 2.0 2.0 500 50
multirate (long) 3.0 1.0 1700 280
Simulation 2
single-rate (15 = 0.5 ms) 0.5 0.5 3500 1500
single-rate (T = 1.0 ms) 1.0 1.0 1900 650
multirate (74;5) 1.5 0.5 1500 850
multirate (7,,,4:s) 1.5 0.5 3800 900
Experiments
single-rate 0.2 0.2 2000 480
multirate (long) 0.3 0.1 3300 800
0.2 ' ' ' —— 0.3 - - ' p—
By "5 . mastr
E) E 0.1
%)0 0.1 % 0
§ &-0.1
0 -0.2
o 1 2 3 4 s 0301 2 3 4 s
time [s] time [s]
(a) position response (b) force response

Fig. 3-28: Simulation results: bilateral control (single-rate)

The sampling periods and cutoff frequencies used in the simulation are shown in Table 3-8. As shown
in Fig. 3-28, vibration occurred in the single-rate control when the slave manipulator was made into
contact with the environment. When the multirate sampling method was applied, however, the vibration
was completely suppressed and stable contact was achieved as shown in Fig. 3-29 even though the input
sampling period was set longer than that in the single-rate control. This result shows that high control
performance can be achieved by shortening the output sampling period even if the input sampling period
is set long. The influence of changing the output sampling period was thus confirmed to be greater than
that of the input. The above results confirm the validity of the idea of the proposed method, which sets

the output sampling period shorter than the input sampling period.
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Fig. 3-29: Simulation results: bilateral control (multirate)
Effects of Proposed Disturbance Observer

In order to verify the influence of the input sampling period on the performance and that of the pro-
posed disturbance observer shown in Fig. 3-4, simulations were next executed under the following four

conditions.
e single-rate control with short sampling period (7s(= T3, = T}) = 0.5ms and 1.0 ms)
e multirate control with the conventional disturbance observer (13, = 1.5 ms, T}, = 0.5 ms (74;5))
e multirate control with the proposed disturbance observer (T3, = 1.5 ms, T}, = 0.5 ms (Ty,4is))

The sampling periods and cutoff frequencies used in the simulation are shown in Table 3-8. Since the
disturbance observer was implemented for the differential coordinate in the controller shown in Fig 2-11,
the following verification focuses on the responses of the differential coordinate.

Fig. 3-30 is an enlarged view of the response of the differential coordinate at the moment of contact.
Since the differential coordinate represents a difference between the master and the slave, a small absolute
value in the position response of the coordinate indicates that the system has high tracking performance.
Comparing the result of the single-rate with 7 = 0.5 ms and that with T = 1.0 ms, it is obvious
that better performance can be achieved by setting both the input and output sampling periods shorter. In
other words, control performance deteriorates by lengthening both the input and output sampling periods.
Actually, the value of the response in the differential coordinate was larger and tracking performance
deteriorated when the input sampling period was set longer in the multirate control with the conventional
disturbance observer. On the other hand, performance better than that obtained with the single-rate

control with Ty = 1.0 ms was achieved with the input sampling period T,, = 1.5 ms when the proposed
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Fig. 3-30: Simulation results: position response of differential coordinate in multirate bilateral control

disturbance observer was used for the multirate control. The result shows that the performance became
close to that obtained with the short sampling period also for the input, even though the input sampling
period was set to be triple of the output sampling period. The above results confirm that application of
the proposed disturbance observer enables the system to achieve performance similar to the case with a
short sampling period both for input and output by shortening only the output sampling period; which
is achieved by defining the disturbance torque as 7,,4;s and compensating the influence of a difference

between a desired input value and a real input command.

Influence of Input and Output Sampling Periods

Finally, the influence of changing the output sampling period on control performance was verified
quantitatively and compared with that of changing the input sampling period. The input sampling period
was set to 1.2 ms in all cases and the output sampling period was determined to satisfy T,, = nT}, (1 <
n < 5) in the multirate control. The cutoff frequency was heightened to the maximum value in each
case, with which large oscillation or divergence did not occur. The position response in the differential
coordinate and the RMS value of it at the start-up and the moment of contact were then compared.

Table 3-9(a) shows the sampling periods, the cutoff frequencies, and the RMS value from ¢t = 1.0 s
to t = 2.0 s in each case. Fig. 3-31 shows the comparison of the position response in the differential
coordinate. The results show that the cutoff frequencies could be set higher and the absolute value of the
response of the differential coordinate decreased by setting n larger, in other words, setting the output

sampling period shorter.
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Fig. 3-31: Simulation results: influence of output sampling period on differential coordinate position

Similar simulations were executed for the single-rate control with the sampling period satisfying
nls = 1.2ms (1 < n < 5). Here, the input sampling period was also shortened in the single-rate,
while it was kept long in the multirate. Table 3-9(b) shows the sampling periods, the cutoff frequencies,
and the RMS value from ¢ = 1.0 s to ¢ = 2.0 s in each case. Variation of the RMS value is compared
between the single-rate (short) and the multirate control in Fig. 3-32. The line in the figure is the approx-
imate curve in the multirate control. It shows that the RMS value decreased in proportion to the output
sampling period although the input sampling period was not changed in the multirate control. Compar-
ing the RMS value concretely, the RMS value in the multirate control decreased by 54.2 % with n = 2
and by 83.1 % with n = 5 compared with that in the single-rate control (n = 1). The results show that
control performance improves by enlarging n, in other word, by shortening the output sampling period.

The comparison of the influence of changing the sampling period between the input and the output is
discussed below. The RMS value decreased by 83.1 % when the input sampling period was 1.2 ms and
the output sampling period was changed to one-fifth, from 1.2 ms to 0.24 ms, while the decrease was
only 27.5 % when the output sampling period was 0.24 ms and the input sampling period was changed
to one-fifth, from 1.2 ms to 0.24 ms. This result indicates that the influence of changing the output
sampling period is much greater than that of the input. Although the results of the multirate control did
not reach those of the single-rate control with short sampling periods both for input and output, similar
performance and similar tendency were achieved. The above results show that the performance close to

that with the short sampling period for both input and output could be expected by shortening only the
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Table 3-9: Settings and RMS values in simulations on multirate bilateral teleoperation
T, [ms] T, [ms] | g, [rad/s] ggis [rad/s] | RMS Value | Rate of RMS

Multirate
n=1 1.2 1.2 1600 240 1.76x102 1.000
n=2 1.2 0.6 2800 540 8.06x10% 0.458
n=3 1.2 0.4 4300 920 476x10~* 0.273
n=4 1.2 0.3 4600 1100 4.02x1074 0.229
n=5 1.2 0.24 5000 1500 2.97x104 0.169
Single-rate
1.2 1.2 1600 240 1.76x1072 1.000
0.6 0.6 2800 700 6.25x1074 0.355
0.4 0.4 4300 1200 3.67x107% 0.209
0.3 0.3 4600 1600 2.76x10~% 0.157
0.24 0.24 5000 2050 2.16x107% 0.123
Multirate
Single-rate (short) ¢
—0.002
=
£,
8
=
S
% 0.001
0 0 0.4 0.8 1.2

output sampling period [ms]

Fig. 3-32: Simulation results: relation of RMS value and output sampling period in bilateral control
output sampling period in the proposed method.

3.7.2 Experiments

The experiments were conducted under the following two conditions to verify the validity of applica-

tion of the proposed multirate sampling method to bilateral teleoperation in the real system.

e single-rate control (Ts(= T, = Ty) = 0.2 ms)
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Fig. 3-33: Experimental results: bilateral control (single-rate)
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Fig. 3-34: Experimental results: bilateral control (multirate)

e multirate control with long input sampling period (7, = 0.3 ms, T}, = 0.1 ms)

In the experiments, an operator manipulated the master manipulator to make the slave manipulator into
contact with an aluminum object for several seconds. The sampling periods and cutoff frequencies used
in the experiments are shown in Table 3-8.

Fig. 3-33 shows the position and force responses of the master manipulator and the slave manipulator
in the single-rate control and Fig. 3-34 shows those in the multirate control. The position and force
corresponded well between the master and the slave in both cases. The same as in the simulations shown
in the previous subsection, small oscillation occurred in the single-rate control, however, when the slave
was made into contact with the object. Moreover, the system became unstable when g4, was set higher
than 500 rad/s. On the other hand, in the case with the proposed method, an operator could manipulate
stably even when g4;s was set higher than 500 rad/s and oscillation in the contact state was not confirmed.

It is confirmed from the results that the bandwidth in which acceleration control is realized can be widen
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by application of the proposed method even if the input sampling period is kept long. The above results
imply that more accurate and precise tactile sensation can be transmitted by using the proposed method

since the bandwidth of acceleration control greatly affects force transmission performance.

3.8 Summary

This chapter shows higher significance of shortening the sampling period of the output than that of
the input in acceleration control with a focus on the relationship between sampling periods and the
performance of acceleration control. A novel multirate sampling method with the shorter output sampling
period was proposed for an acceleration control system from a viewpoint different from conventional
methods. A disturbance torque in the proposed multirate sampling system was newly defined and the
disturbance observer and reaction force observer were redesigned for the system. The proposed method is
expected to improve robustness against disturbance by promoting faster response against disturbance and
widening the bandwidth of acceleration control. The performance equivalent to that with short input and
output sampling periods is also expected by applying the proposed method with the proposed disturbance
observer. The validity of the proposed method was verified by applying the method to position control,
force control, and bilateral teleoperation systems. The results of stability analysis for position control

and force control systems are summarized as follows:

e position control: stability in the proposed method was almost middle between that in the single-

rate control with the long sampling period and that with the short sampling period; and

e force control: stability in the proposed method was equivalent to that in the single-rate control with

the short sampling period.
The followings were confirmed from the experiments.

o the cutoff frequency of the disturbance observer could be set higher and better performance was

achieved by using the proposed method even with the longer input sampling period.

e the performance became close to that with the short sampling period for both input and output by

applying the proposed observer.

e the proposed method was effective even in the system with a low resolution encoder.
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Although the proposed method worked effectively even with a low resolution encoder, it is also effective
to use a velocity measurement method other than M method in order to take the maximum advantage
of the shortened sampling period when the resolution of an encoder is extremely low or the output
sampling period can be set extremely short. The proposed method can be applied to any kind of motion
control system and is effective especially for systems that require wide-band acceleration control. In
application to various systems, time-variants characteristics achieved by the proposed multirate sampling
method may also impose a positive effect, although the discussion and verification in this chapter mainly
focused on the importance of shortening the output sampling period. Moreover, the sampling period
for control can be designed differently among controllers, especially between inner loop and outer loop
controllers, although this chapter set the control sampling period to the same value as the output sampling
period. What is important is shortening the sampling period of the inner loop, which is an acceleration
controller, and the sampling period for outer loop controllers can be designed independently considering

the characteristics and requirements of controllers and a controlled object.
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Chapter 4

Velocity Measurement Method for
Acceleration Control

4.1 Introduction

A short sampling period and accurate acceleration information are vital for high-performance motion
control. On the other hand, the sampling periods have limitations relating to hardware performance. In
order to acquire better performance despite such limitations, the author proposed the multirate sampling
method for acceleration control in Chapter 3. The output sampling period is set shorter than the input in
the method. The control performance and stability of motion control were confirmed to be improved by
the method. There is a problem, however, that a quantization error of an encoder affects the performance
when the output sampling period is shortened. Although no negative effect was confirmed in the previous
chapter, velocity resolution is deteriorated by shortening the sampling period when the fixed-time method
(M method) 86]is used.

Meanwhile, many researches have been conducted over a long period of time on velocity measurement
or estimation using pulses of an encoder. Among them, the fixed-time method (M method) and the fixed-
position method (T method) 87 are most commonly used. M method counts the number of pulses from
an encoder generated during a fixed time interval and calculates velocity by finite-different derivative. On
the other hand, T method calculates velocity by measuring a time interval between two consecutive pulses
and dividing an inter-pulse angle by the interval. Accuracy deteriorates in a low-speed range or with the
short sampling period in M method, while T method achieves high accuracy. T method is applicable

only to the low-speed range, however, since the time interval cannot be measured in a high-speed range.
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M/T method was then proposed as a combination of the above-mentioned two methods [, M/T method
has high accuracy in a low-speed range and works in all speed ranges. The method has been applied

89 The method is extended to a constant

in many studies since it is effective for a practical use [88] [
sample-time digital tachometer (CSDT) 90, It can be incorporated more easily into a controller operated
with a constant sampling time. The above-mentioned methods derive the velocity without using a model
of a system. Researches on the topic had mainly been conducted by the 1980’s and only a few effective
methods have been proposed after M/T method. Under the situation, the synchronous measurement
method (S method) was proposed to achieve high accuracy in all speed ranges 126/, S method calculates
velocity in synchronization with alteration of the number of pulses generated in a fixed time interval and
expands high accuracy of T method to a high-speed range. Accuracy is high only in a low-speed range in
M/T method, while high accuracy is achieved in all speed ranges in S method. There are problems also
in S method, however, such as existence of sampling points at which velocity is not calculated.

As model-based velocity estimation methods, the methods using Kalman filter [*!} or an instantaneous

speed observer are well known 271 92,

Utilization of Kalman filter improves standard deviations in
velocity measurement. The instantaneous speed observer is an effective tool to acquire the velocity
between encoder pulses or sampling points. The observer is unique in the point that the observer regards
an estimation error as a result of an error in an initial velocity value or uncertainty of the estimated
disturbance and divides the error into these two factors using weighting coefficients. It is also interesting
that the convergence of the observer can be designed using the weighting coefficients.

The aim of this chapter is to improve the performance of motion control based on acceleration control
by improving the performance of velocity measurement. Firstly, M method, T method, M/T method,
and S method are introduced as velocity measurement methods without models and relationship between
the sampling period and measurement accuracy in each method is described. This chapter focuses on
S method and aims at decreasing the influence of the quantization error of an encoder by improving
performance of S method. The idea of the instantaneous speed observer is explained as a method for
supporting velocity measurement methods. The instantaneous speed observer for S method is then pro-
posed to solve the problems in S method. Utilization and the effect of the proposed measurement method
based on S method and the instantaneous speed observer are described. This chapter also proposes com-
bined use of the proposed velocity measurement method with the multirate sampling method proposed in
Chapter 3. The proposed measurement method is applied to the position control system and experiments

are conducted to verify the validity of the proposal in acceleration control-based motion control.

— 80 —



CHAPTER 4 VELOCITY MEASUREMENT METHOD FOR ACCELERATION CONTROL

m,

K_H

O

—>

Encoder Pulses

Sampling Period

<—TS—><—TS

Fig. 4-1: Principal of M method
4.2 Velocity Measurement Methods

This section introduces M method [#6] and T method (7] as most generally used velocity measure-
ment methods. M/T method [79], which combines above two methods, is also explained. S method is
described as the method effective especially for acceleration control 26/, Then the relationship between
the sampling period and measurement accuracy in each method is described.

In the description below, a unit angle 2, and a unit velocity 12, are used as performance indices. The
unit angle is the amount of angle per a pulse of an encoder. The unit velocity is the velocity when one

pulse is generated in one sampling period. Those are defined as follows:

2T

R, = — 4.1

P P ( )
2T

R, = —, 4.2
PT. 4.2)

where P denotes pulses per revolution of an encoder and 75 denotes the sampling period for velocity

measurement.

4.2.1 M method

M method, or a fixed-time method, is the most commonly used for measuring velocity from encoder
pulses. The idea of the method is to count the number of pulses generated in a fixed time interval Ts. The
principle is shown in Fig. 4-1. Here, m. is the number of pulses generated in a fixed time interval (pulse
number). The velocity is calculated by finite-difference derivative. The measured velocity @ is obtained

by the following equation.

2Tme
PT;

(4.3)

w =
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The velocity resolution (), and the measurement time 7;,, are represented as follows:

27
v = =R, 4.4
Q PT. R 4.4)
T = Ts. 4.5)

The advantages of this method are as follows: the method can deal with all velocity ranges and the
measurement time is constant and can be set arbitrarily. However, (4.4) shows that velocity resolution
becomes larger as the sampling period becomes shorter. It is therefore difficult to acquire accurate
velocity with a combination of a low resolution encoder and the short sampling period. An adverse effect
of a quantization error may be imposed on the system when the output sampling period is shortened as
in the multirate sampling method.

The easiest way to improve the accuracy is to average velocity values. The average velocity of n

sampling periods is acquired as follows:

n
2> me(i — j)
7=0

&(i) = ‘*n = . (4.6)

The velocity resolution and measurement time are represented as follows:

2 R,
, = _ v 4.7
@ nPT, n 4.7
T, = nT;. (4.8)

The above equations show that averaging improves the velocity resolution by 1/n times and lengthens

the measurement time by n times.

4.2.2 T method

T method measures an interval time between two consecutive pulses to calculate velocity. Fig. 4-
2 shows the idea of the method. Here, 7. denotes an interval time between two consecutive pulses
(pulse interval) and mg, denotes the number of sampling points during the pulse interval (sampling
number). Since T, is measured as an integer multiple of the sampling period for pulse detection T, i.e.,
T. = mgyTs, it contains an error smaller than 7. The velocity is obtained by dividing the interpulse

angle I, by the pulse interval time as shown in the equation below.

R, 2T
My, Ty mg,PTs

w =

(4.9)
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Fig. 4-2: Principal of T method

The velocity resolution and the measurement time are represented as in the following equations when

the interpulse angle of the encoder is completely accurate.

Qu = 2 S (4.10)

Msp(Mmsp — 1)PTs  mgp(msp — 1)
T = mspTs 4.11)

It is shown from the equations that T method reduces the maximum error inversely proportional to
Mmp(mgp — 1) while the measurement time becomes m, times longer compared with M method. There
are several problems, however, in this method. The largest problem is that the pulse interval cannot be
measured when the interval is shorter than the sampling period. This method is therefore applicable
only to a low-speed range. The maximum measurable speed in T method is the unit velocity of an en-
coder. In order to attain a wide measurable velocity range, this method is generally used for an ultra
low resolution encoder or with a device that can implement a hardware counter and set the sampling
period extremely short. Another problem of this method is that the measurement time 7},, fluctuates de-
pending on the velocity. In particular in velocity around zero, an interval time between two consecutive
pulses becomes extremely long and thus the measurement delay becomes large. It may impose a great
impact on the control performance. This method should therefore be used with a method for modifica-
tion of the measurement time to prevent the system to be unstable. As the time modification method,
Periomatic™ 93], CET 194, and the method focusing on the relation between the measurement time and
quantization error [95] 196] can be applied.

When considering the application to the multirate sampling method, T method is preferable in the
point that measurement accuracy depends on the sampling period and improves when the sampling period
is short. The sampling period should be set extremely short. Although an applicable system is limited,
T method is effective when it is used in combination with the multirate sampling method in the system

that realizes a high sampling rate.
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4.2.3 M/T method

M/T method (™ is a combination of M method and T method. Its performance is similar to that of
T method in a low-speed range and to that of M method with averaging in a high-speed range. This
method is therefore applicable to all speed ranges and improves measurement accuracy in the low-speed

range.

4.2.4 S method

Synchronous-measurement method (S method) has been proposed as an effective method for accel-
eration control (261, Acceleration control requires high accuracy in velocity information. The objective
of S method is acquisition of high accuracy in all speed ranges. The method was proposed focusing
on the mechanism that gives high accuracy to T method. High accuracy of T method is derived from
synchronization of velocity calculation with the timing of pulse generation. In this point, T method
can be regarded as a method that calculates the average velocity during two consecutive pulses. It is
impossible in a high-speed range to synchronize calculation with the pulse generation because multiple
pulses are generated during one sampling period. S method therefore focuses on patterns of the number
of pulses generated in the sampling period. As shown in Fig. 4-3, the patterns in the high-speed range
are confirmed to be quite similar to those in the low-speed range although several pulses always occur
in the high-speed range. Then the patterns are presumed as occasional pulses with a certain amount of
offset. S method monitors the alteration of the pulse numbers, which is called “pulse alteration”, and
calculates velocity in synchronization with occurrence of pulse alteration. The outline of velocity cal-
culation in S method is shown in Fig. 4-4. Here, T}, denotes a time interval between two consecutive
pulse alterations. 7T is measured as T, = mg,7Ts using the constant sampling period T and includes a
measurement error smaller than 7. mg, is the sampling number between two consecutive pulse alter-
ations. S method can be regarded as a method calculating an average velocity during two consecutive
pulse alterations in synchronous with pulse alteration. The procedures of the velocity measurement are

as follows:
(1) count the pulse number m. () in each sampling period,;

(2) do not update the velocity value when the pulse number is the same as that in the previous sampling

point; and
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Fig. 4-4: Principle of S method

(3) calculate and update the velocity value if the pulse number alters (i.e., if pulse alteration occurs).

The measured velocity @ at a sampling point  is derived by the equation below.

2 Msa . _
o) = WszZT( 7 4.12)

The equation (4.12) is quite similar to that for M method with averaging shown in (4.6). The difference

is that averaging calculation of the S method is performed in synchronous with pulse alteration. The
velocity resolution (), and the measurement time 7,,, are represented by the following equations.

2
L= 4.13
@ Msa(Msq — 1) PTs ( )

Ty = Mmgads (4.14)

Equation (4.13) shows that velocity resolution equal to that in T method is acquired in S method. More-

over, an applicable speed range is not limited in S method. Since calculation is synchronized not with
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pulse but with pulse alteration in this method, high accuracy of T method, which synchronizes velocity
calculation with pulse occurrence, is expanded to a high-speed range.

The advantage of this method is applicability to a system with the relatively long sampling period
since it works in all speed ranges regardless of the sampling period. Note that T method often requires
an additional processor for the quite short sampling period to extend its measurable speed range. Further-
more, S method is also applicable to a system with an auxiliary processor to acquire the shorter sampling
period. Accuracy of velocity measurement improves with the shorter sampling period. The problem in
this method is that the measurement time becomes extremely long when the velocity is around a multiple

of the unit velocity. Measurement time modification methods [93] [94] [95]

can be applied to overcome
this problem. In terms of combination with the multirate sampling method, S method is considered to
be highly effective since the method is applicable to any system and improves measurement accuracy by

shortening the sampling period.

4.2.5 Comparison of Velocity Measurement Methods

The performance of the velocity measurement method was compared in terms of accuracy by simu-
lation. The pulse number of an encoder P was set as 2000 pulses/rev and the sampling period T was
set as Ty = 0.5 ms. As shown in Fig. 4-5(a), the resolution did not change depending on the velocity
in M method. In T method, resolution in a low-speed range was much higher than that of M method
but the measurable speed range was limited. Fig. 4-5(b) shows that M/T method had resolution the
same as that of T method in the low-speed range and the measurable speed range was expanded to all
speeds. On the other hand, the resolution in the high-speed range was the same as that of M method
with averaging of three samples. The resolution was much lower in the high-speed range compared with
that in the low-speed range. In S method, however, high resolution was achieved in all speed ranges as
shown in Fig. 4-5(c). The results indicate that S method is superior to other methods in terms of velocity
resolution.

This research thus focuses on S method as an effective velocity measurement method for acceleration
control. There are problems also in S method, however, such as existence of sampling points without
velocity measurement. It occurs since velocity calculation in S method is performed only when pulse
alteration occurs. This problem should be solved for further improvement in control performance using

S method.
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Fig. 4-5: Comparison of measured velocity in velocity measurement methods
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4.3 Instantaneous Speed Observer for S method

This research applies the instantaneous speed observer to solve the problem of existence of sampling
points without velocity measurement in S method. After explaining the basis of the instantaneous speed

observer, the observer for S method is proposed.

4.3.1 Instantaneous Speed Observer

The instantaneous speed observer [92]

is a method for supplementing velocity measurement using
encoder pulses. The instantaneous speed observer has been proposed to estimate the instantaneous speed
of a motor between two consecutive sampling points or that between two consecutive encoder pulses.

The observer is composed of the following two parts.
(1) velocity estimation when information from an encoder cannot be acquired
(2) modification of the estimated value at the timing when information from an encoder is acquired

In the case of T method, the observer considers the interval time between two consecutive pulses 7,
as the modification sampling period 77 and the sampling period for measurement and control T as

the estimation sampling period 7>. Estimation is therefore executed at every 715 while modification is

m

executed for 77. Here, T is assumed to be longer than 75. For simplicity, t = Z T1(j) + nTe (n =
j=0

0,---,NN)is expressed as |m, n|. Here, T1(j) denotes an interval time between jth and (j + 1)th pulses

and m is a positive integer number.
The total acceleration torque T7,,..; calculated at every 75 is given by the sum of a motor torque

K1y |m, n| and an estimated disturbance torque 74;5 as follows:
Tmech|My 1| = KLy |m, n| — Tgis|m)|. (4.15)

Kin 1y |m, nl is renewed at every 15 and 74, is assumed to be constant during 7. By integrating (4.15),

the estimated instantaneous velocity and position are acquired as follows:

1 ~1
ol nl=lm, . — 1]+ 22 (Tmechl M 1+ Tmeen|mo n = 1]
2 T,
(4.16)
) ) T, A
Olm, n|=0lm, n — 1|+-(@[m, n| + &m,n —1). 4.17)
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At the sampling point where an encoder signal is acquired, the position estimation error Af =
0|m, N| — 0m + 1,0| is calculated from the encoder pulse at T} (m + 1). Then it is utilized for mod-
ification. There are two main factors that cause the error: an error of an initial velocity value used for
estimation Aw and uncertainty of the estimated disturbance torque A7g;s. The position estimation error
is divided into those two factors using weighting coefficients y; and 2 as follows:

2

T,
A0 =T Aw, 72 A0 = ﬁATdm (4.18)

The values used in the next interval are modified in the following equations.

%dis\m + 1‘ = %dislm\ — ATdis (4.19)
T

Glm+1,00 = @|m,N|— JJA% — Aw (4.20)
n

The convergence of the observer can be designed by weighting coefficients y; and 2. The relationship

between poles of the observer and the weighting coefficients is represented in the equation below.
22+(’71 +372—2)z2—1—72+1=0, (4.21)

where roots of the equation are the poles of the observer.

4.3.2 Instantaneous Speed Observer for S method

The method for implementing of the instantaneous speed observer to M method and T method had

already been proposed [27) 92!

. In the case of S method, however, implementation of the observer has not
yet been proposed. This subsection proposes the instantaneous speed observer for S method.

The important issue in the instantaneous speed observer is designing the estimation period 75 and
the modification period T} appropriately. The estimation period is generally set equal to the control
sampling period. Since measurement and control calculation are generally performed with the same
sampling period in S method, the estimation period 75 should be set as the sampling period for output
and control 7. On the other hand, the modification period is set differently in M method and T method

since information from an encoder is required for modification of the estimated value. The modification

period is set as follows in each method:
e T method: period in which pulse occurs; and

e M method: predetermined constant period for acquisition of an encoder signal.
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The period fluctuates depending on the velocity in T method, while it is constant but usually set long
enough to avoid deterioration of the velocity resolution in M method. The number of pulses generated in
one modification period is always one in T method, while it is generally a plural number in M method. In
S method, no pulse occurs in the measurement sampling period when velocity is low and multiple pulses
occur when velocity is high. If the modification is performed with a predetermined constant period as in
M method, there is a risk that no pulse occurs in the modification period and the estimation error cannot
be calculated accurately. This problem can be solved by performing modification at the sampling point
when pulse occurs the same as in T method. But there is another problem in this case that modification
is performed at every sampling point when the velocity is high. Considering the convergence of the
observer, it is obvious that executing modification at every sampling point imposes a negative effect on
the performance since convergence of the observer cannot be assured. A novel design of the modification
period is necessary for application of the instantaneous speed observer to S method.

The author focuses on the event on which the modification of the estimated values is performed in
synchronization with in T method and M method. The modification is performed synchronized with a
pulse in T method, while it is performed with a constant measurement period in M method. It means that
modification is performed in synchronization with velocity measurement. The modification in S method
should thus be performed also in synchronization with velocity measurement, i.e., pulse alteration. Since
the pulse alteration occurs in a similar interval both in low and high-speed ranges, both the problem
that modification is performed without pulse information in the low-speed range and the problem that
modification in the high-speed range is performed at every sampling point can be avoided.

In addition to the above point, the following two points should be considered in modification in
S method. Firstly, a pulse does not occur at every sampling point at which pulse alteration occurs.
As shown in Fig. 4-6, no pulse occurs but pulse alteration occurs when the pulse number changes from
1 to 0 or from -1 to 0. Here, a negative number of pulse means that the actuator moves to the negative
direction. The modification should not be performed at those sampling points because pulse information
cannot be acquired. The second point is treatment in the case when pulse alteration dose not occur for
a long period. The interval of pulse alteration is extremely long when velocity is around a multiple of
the unit velocity. The system may become unstable when the estimated value is not modified for a long
period. Since a similar problem occurs in T method, the method for dealing with the variant modification
period has been proposed 971, This method can also be used in S method. In this research, however, an

alternative method is proposed with a focus on the characteristics of S method. In S method, there is a
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Fig. 4-6: Pulse alteration without pulse occurrence

possibility of occurrence of the pulse even when no pulse alteration occurs. The modification is therefore
performed in synchronization with the pulse when no pulse alteration occurs for a certain period.

Fig. 4-7 shows the flow charts of the modification in T method and that in S method proposed in this
subsection. The flow chart of the whole procedure of the proposed velocity measurement, which is a
combination of S method and the instantaneous speed observer, is shown in Fig. 4-8. The situations are
classified into the following four cases and position and velocity values to be outputted are determined

depending on the situation:

(a) neither pulse nor pulse alteration occurs;

(b) pulse occurs but no pulse alteration occurs;

(c) pulse alteration occurs but no pulse occurs; and
(d) both pulse and pulse alteration occur.

Velocity calculation based on S method is executed in Case (c) and Case (d) while observer modifica-
tion is basically executed in Case (d). Case (b) and Case (c) show a difference between S method and
T method. Selection of values to be used for control in each case is explained next. In Case (a), the
estimated values of the instantaneous speed observer are used both for position and velocity since neither
position nor velocity information can be obtained from the encoder. In Case (b), position information
from the encoder is used instead of the estimated value while the estimated value is used for velocity. The
estimated position of the observer and the measured velocity value with S method are used in Case (c).
In Case (d), both position and velocity are based on the measured values: encoder information and the

calculated value in S method.
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Fig. 4-8: Flow chart of velocity measurement in S method with instantaneous speed observer

4.3.3 Technical Issues in Application of Observer

There are some technical issues in application of the instantaneous speed observer to real systems.

This subsection discusses the issues and provides solutions to them.

The problems of the instantaneous speed observer confirmed in the preliminary experiments are listed
below.

e excess of the estimated value because of a long interval time of modification

e gap of the estimated value due to modeling errors such as friction and sudden and large disturbance

e jump in the estimated value

These are mainly due to the model-based structure of the observer. It is indispensable to deal with those

issues to improve performance.

In this subsection, the author proposes to provide limiting values to the estimated position and velocity.

Since the estimated values are modified when a pulse occurs, no modification means that no pulse occurs.
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In this case, position should be within a unit angle from the previously acquired position. It indicates
that the real position at the sampling point must be in the range of Ry,(p, (i) — 1) < 0 < Rp(pn(i) + 1).
Here, p,, () denotes a total number of pulses occurring by the sampling point T and R,,p,, (i) denotes
previously acquired position from the encoder. The upper and lower limits for the estimated position can

therefore be given as follows:
e upper limit : R,(py (i) + 1); and
e lower limit : R, (p,(i) — 1).

The limiting value is used for control instead of the estimated value when the estimated position value
exceeds the limits. The limiting value is renewed only when a new pulse is detected.
A method for preventing a large error in the estimated velocity is described next. In S method or
T method, the maximum and minimum velocities at a sampling point can be derived in the velocity
calculation process. Although the following discussion focuses on S method, a similar scheme can be
applied to T method. In S method, no velocity calculation at a sampling point means that the number
of pulses generated in the present sampling period is equal to that in the previous sampling period. The
minimum or maximum velocity is determined based on an assumption that pulse alteration occurs in the
next sampling period. If the pulse number in the next sampling period is larger than that in the present
sampling period by one, the calculated velocity becomes the maximum value. On the other hand, if the
pulse number is lower by one, the calculated velocity becomes the minimum value. The limiting values
for the estimated velocity can therefore be derived as follows:
Ry(Psum (i) + (me(i) + 1))
(msa(i) +1)

Rv(psum(i) + (me(z) - 1))
(Mmsa(i) + 1)

Vmax =

(4.22)

Vmin =

(4.23)

Here, psym (i) denotes a sum of the pulse numbers from the previous velocity calculation, m (i) denotes
the pulse number in the present sampling period, and m,(7) denotes the sampling number from the
previous velocity calculation. The limiting value is used for control instead of the estimated value when
the estimated velocity value exceeds the limits. The limiting value is renewed at every sampling point
concurrently with checking occurrence of pulse alteration.

Fig. 4-9 shows the flow charts of the proposed limiting processes. Note that limiting values are used

only for control and the original estimation processes are continued even if the estimated values exceed
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Fig. 4-9: Flow charts of limiting process for estimated values

the limiting values. The modification of the observer is executed based on the value of the original

estimation.

4.4 Application of S Method with Instantaneous Speed Observer to Mul-
tirate Sampling System

This subsection discusses combined use of the multirate sampling method proposed in Chapter 3,
S method, and the instantaneous speed observer. The advantages of the combination and the role of each
scheme in the combination are discussed.

The advantages of the multirate sampling method based on M method confirmed in Chapter 3 are

summarized as follows:
e information of disturbance is detected at early timing; and
o influence of discretization is suppressed.

As a result, higher performance is achieved with wider bandwidth acceleration control. The expected
advantages of the combination of the multirate sampling method, S method, and the instantaneous speed

observer are described with a focus on the relationship among the time interval of pulse alterations 7,
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the time interval of pulses 7, and the input sampling period T’,. The output and control sampling periods

are set shorter than the input sampling period in the multirate sampling period.

(a) T, < T,: pulse alteration occurs during one input sampling period
(b) T, > T,, T, < Ty: no pulse alteration but pulse occurs during one input sampling period

(c) T, < Ty, Te < Ty neither pulse nor pulse alteration occurs during one input sampling period

The role of the instantaneous speed observer in the multirate sampling system based on S method is to
provide interpolation values when the velocity is not calculated in S method. The instantaneous speed
observer can also provide an interpolating position value when a pulse is not generated at the sampling
point. Velocity calculation based on S method is executed only when a pulse alteration occurs, and the
instantaneous speed observer is modified when both a pulse and a pulse alteration occur.

In Case (a), both of the advantages mentioned above for the multirate sampling method with M method
are expected while the effect of the instantaneous speed observer is small. The instantaneous speed ob-
server hardly affects the system especially when a pulse alteration occurs several times in one input
sampling period. In Cases (b) and (c), S method does not provide velocity at any output sampling point.
The instantaneous speed observer plays a large role in those cases. In Case (b), position information
from an encoder can be acquired and the instantaneous speed observer is modified in the shorter sam-
pling period when the multirate sampling method is applied. The performance may be improved and
destabilization of the system is prevented. It is therefore described as an advantage of the multirate sam-
pling method. The advantage of application of the instantaneous speed observer in this case is that the
estimated velocity can be used for control. It may solve the problem of a long holding time in S method
that degrades the control performance and even destabilizes the system. Even in Case (c), the instanta-
neous speed observer provides the estimated position and velocity for control with a shorter sampling
period. Application of the instantaneous speed observer enables the system to be controlled in the shorter
sampling period and to prevent an adverse effect of the long holding time in S method.

In summary, the multirate sampling method enables the system to be controlled with the shorter sam-
pling period, S method supports the method by improving velocity resolution, and the instantaneous
speed observer supports the method and plays a large role in providing positive effects of the short con-
trol sampling period especially when the velocity or position value cannot be acquired from the encoder.

The interesting point in the combination of the multirate sampling method, S method, and the in-

stantaneous speed observer is that the combination imposes positive effects on each method. From a
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viewpoint of the multirate sampling method, S method solves the problem of deterioration of velocity
resolution with the short sampling period. Implementation of the instantaneous speed observer enables
the method to execute control calculation using the estimated values even at sampling points at which
the position or velocity information cannot be acquired from an encoder. The effectiveness of the short
sampling period in the multirate sampling method can therefore be expected in any situations. From a
viewpoint of S method, the multirate sampling method decreases the measurement error in S method
by shortening the sampling period 7. The instantaneous speed observer solves the problem of the long
holding time in S method by providing the estimated values at sampling points at which S method cannot
renew the velocity value. From a viewpoint of the instantaneous speed observer, the multirate sampling
method shortens the modification period and makes the modified value more accurate. The stability of
the observer thus improves. Application of S method enables the system to set the limiting values to the
estimated values of the instantaneous speed observer. It decreases the error of the estimated value and
thus prevents the negative influence of application of the observer.

A unique point of the combination from the standpoint of the instantaneous speed observer is that the
sampling period for the instantaneous speed observer is shorter than that for renewal of the input. The
instantaneous speed observer is usually utilized to fit an output sampling period to the input sampling
period. In the proposed combination, however, the observer is used to support other methods and the

estimated values are used only when the values from an encoder or S method cannot be acquired.

4.5 Verification

Experiments were conducted to verify the effects of S method with the proposed instantaneous speed
observer and the combination of the measurement method and the multirate sampling method on velocity
measurement accuracy and motion control performance. There are several issues to be considered in
implementation of S method: coping with irregular pulse alteration, calculation of an LPF, and so on.

This section applied the schemes explained in [96] to solve those issues.

4.5.1 Experimental Setup

The single-link manipulator shown in Fig. 3-11 was used in the experiments. The pulses of the encoder
were used as quadrature encoder to acquire data for verification and the pulses were reduced in software

to simulate the system with a low resolution encoder. In experiments on S method with the instantaneous
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Table 4-1: Control parameters in experiments on velocity measurement method

position gain K, 3600 1/s2
velocity gain K, 120 1/s
weighting coef. (initial velocity) T 0.909

weighting coef. (disturbance) Y2 0.091

S method with instantaneous speed observer

assumed pulse number P 4000 pulse/rev
input sampling period Ty 0.2 ms
output sampling period T, 0.2 ms
measurable velocity in T method | V.1 7.85 rad/s
Combination with multirate sampling method

assumed pulse number P 8100 pulse/rev
input sampling period Ty 0.5 ms
output sampling period T, 0.10or0.5 ms

measurable velocity in T method | Va7 | 7.75 or 1.55  rad/s

speed observer, the pulse number was assumed as 4000 pulses/rev and the sampling periods were set as
T, = T, = 0.2 ms. The measurable maximum velocity in T method was about 7.85 rad/s in this case.
In experiments on the combined use of the measurement method and the multirate sampling method, the
pulse number was assumed as 8100 pulses/rev and the sampling periods were set as T, = T;, = 0.5 ms
in the single-rate and 7;, = 0.5 ms, Tj, = 0.1 ms in the multirate. The measurable maximum velocity
in T method was about 7.75 rad/s with T;, = 0.1 ms and about 1.55 rad/s with T}, = 0.5 ms. The
manipulator was controlled with a position command given in the equation below by applying a PD

controller with the disturbance observer shown in Fig. 2-7(b).
64 = 4.3 cos(2t — 5.0) — 4.3 (4.24)

A pseudo disturbance torque of 0.1 Nm was applied as a current input during the operation from¢ = 7.0 s
tot = 7.5 s. The parameters used in the experiments are shown in Table 4-1. Since the considerable max-
imum velocity in (4.24) exceeds the measurable maximum velocity in T method in all cases, T method

was not applicable.
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Fig. 4-10: Experimental results: limiting process for estimated values

4.5.2 Experimental Results on Instantaneous Speed Observer for S Method

First, effectiveness of the proposed solution to the technical issues of excess in estimated values, which
sets the limiting values to the estimated values, was verified. In Fig. 4-10(a), the estimated position value
exceeded the value of the next pulse and a large gap between the estimated value and the real value existed
in some sampling points. Here, the real angle was derived from the output of a high resolution encoder.
The modification of the estimated value was executed only when the value exceeded the limiting value.
The excess in the estimated position was properly suppressed by introducing the limiting value. Fig 4-
10(b) shows the results of velocity. A large deviation was confirmed in the estimated value around zero
velocity. It was due to the long modification period of the observer. The deviation could be prevented
perfectly by introducing the limiting value. Utilization of the limiting value is more effective when the
influence of friction is larger since nonlinearity due to the friction is one of the causes of the estimation
erTor.

Secondly, the effectiveness of design of the modification timing was verified. In the proposed design,
the modification was performed in synchronization with a pulse alteration. The performance with the
proposed design was compared with that in the case of performing the modification in synchronization
with a pulse. Each of the estimated values was used for control and control performance was compared.
Fig. 4-11 shows the estimated velocity in each case. The results show that deviation in the estimated value
existed especially in the high speed range when modification was performed in synchronization with a
pulse. It can be considered as a result of deterioration of convergence of the observer due to performing
modification at every sampling point. The deviation was not confirmed in the case of performing the

modification in synchronization with a pulse alteration. Moreover, noise in the estimated velocity was
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Fig. 4-11: Experimental results: comparison of modification methods on estimated velocity
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Fig. 4-12: Experimental results: comparison of modification methods on position control error

much smaller than that in the measured velocity. The influence on the control performance is verified in
Fig. 4-12. As aresult of the deviation in the estimated velocity, an angular error existed steadily when the
modification was performed in synchronization with a pulse. In the case of performing the modification
in synchronization with a pulse alteration, on the other hand, the steady state error disappeared. It is
therefore effective in S method to perform the modification synchronous with pulse alteration.

The influence of the application of the instantaneous speed observer to S method on control perfor-
mance and the response to disturbance was verified next. Fig. 4-13 compares the following three cases

of the single-rate control:
e S method only (S);

¢ S method with the instantaneous speed observer (S+i); and
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Fig. 4-13: Experimental results: conventional S method and proposed S method

e S method with the instantaneous speed observer and using the estimated values in the disturbance

observer (S+idob).

In the experiments, the modification of the instantaneous speed observer was performed in synchroniza-
tion with a pulse alteration and the limiting process was applied. When only S method was applied,
large oscillation occurred and the system could not be operated stably when the cutoff frequency of the
disturbance observer was higher than 300 rad/s. The cutoff frequency could be set much higher and
oscillation in a steady state disappeared when the instantaneous speed observer was applied. Utilization
of the estimated value of the instantaneous speed observer for disturbance calculation increased the max-
imum value of the cutoff frequency further and solved the problem of oscillation occurring around zero
velocity. The cutoff frequency could be set about four times higher in this case compared with the case
of using only S method. The influence of disturbance was therefore greatly suppressed by applying the
instantaneous speed observer and using estimation values for disturbance calculation.

Finally, the proposed S method with the instantaneous speed observer was compared with M method
in Fig. 4-14. Although the velocity value calculated with M method or S method was used for control,
Fig. 4-14(b) shows the velocity value of each case calculated by S method in order for fair comparison.
The difference was small but the noise was larger in M method from ¢t = 7.1 sto ¢ = 7.5 s. Moreover,
a large sound noise occurred in the experiment with M method and it was unbearable in the practical
use. The sound was not confirmed in S method with the instantaneous speed observer. Although the

difference confirmed in the measured data was small, the proposed method was superior in terms of
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Fig. 4-14: Experimental results: M method and proposed S method
practicability.

The above results show that the proposed method improves the performance by solving the problem
of existence of sampling points without measurement. Noise, which was the problem in M method, was
also greatly reduced. When the sampling period is short, the resolution deteriorates in M method, while
it improves in the proposed method. The difference may therefore be more obvious when the sampling

period is shorter.

4.5.3 Experimental Results on Combination of S Method and Multirate Sampling Method

This subsection verifies the effectiveness of combined use of the multirate sampling method, S method,
and the instantaneous speed observer. Fig. 4-15 shows a comparison of the single-rate control and the
multirate control with S method. The maximum value for the cutoff frequency of the disturbance observer
was 300 rad/s in the single-rate control. On the other hand, the system was stably operated even with
600 rad/s in the multirate control. Fig. 4-16 compares the single-rate and the multirate when S method
with the instantaneous speed observer was used for velocity measurement and the estimated value was
used for disturbance calculation in the disturbance observer. The cutoff frequency of the disturbance
observer could be set higher by applying the multirate sampling method the same as in the cases in
Fig. 4-15. Since the cutoff frequency could be set higher, the influence of the disturbance was smaller in
the multirate. No adverse influence of shortening the output sampling period with the multirate sampling
method was confirmed.

Fig. 4-17 compares the following three cases of the multirate control: only S method (S); S method

with the instantaneous speed observer (S+i); and S method with the instantaneous speed observer and

-102 -



CHAPTER 4 VELOCITY MEASUREMENT METHOD FOR ACCELERATION CONTROL

o
o
v

angular error [rad]
=)
]
(" o

single-rate, S (g,=500, g, =250) — 1
multirate, 8 (£,-600, g,=500) —

6.5 7 7.5 8
time [s]

S
2

Fig. 4-15: Experimental results: S method in single-rate and multirate

the disturbance observer based on the estimated values (S+idob). Application of the instantaneous speed
observer heightened the maximum cutoff frequency. Utilization of the estimated values in the distur-
bance observer not only heightened the cutoff frequency further but also reduced oscillation around zero
velocity. As a result, the influence of disturbance was the smallest in “S+idob”. This tendency of perfor-
mance in comparison was similar to that in the single-rate control shown in Fig. 4-13. Then in Fig. 4-18,
the proposed combination was compared with the conventional S method using the single-rate control.
The maximum cutoff frequency could be heightened more than five times in the proposed combination
compared with the conventional S method with the single-rate control. As a result, the influence of the
disturbance was suppressed to extremely small by using the proposed combination. Furthermore, the
oscillation occurring steadily during the operation was greatly suppressed. These results show validity
of both application of the multirate control and that of the instantaneous speed observer to the multirate
sampling system based on S method.

Finally, the proposed combination is compared with M method in Fig. 4-19. An amplitude of noise
was smaller in the proposed method than in M method although the cutoff frequency was a bit higher.
Fig. 4-19(b) shows the velocity value of each case. In order for fair comparison, measured values using
S method are shown in all cases. When M method was used for control, a large noise occurred in
the velocity value from ¢ = 7.1 stot = 7.6 s. On the other hand, the noise was kept small when
S method was used. Furthermore, a large sound noise occurred in the experiment with M method. It is
not acceptable in the practical use. This result is similar to that in the comparison in the single-rate control

but the influence of using the S method was greater in the multirate control. These results show that the
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Fig. 4-16: Experimental results: proposed S method in single-rate and multirate
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Fig. 4-19: Experimental results: M method and proposed S method in multirate

proposed method is superior to M method both in noise reduction and performance improvement. Wider
bandwidth acceleration control can thus be achieved by combined use of the multirate sampling method,
S method, and the instantaneous speed observer even in the case where a resolution of an encoder is

relatively low.

4.6 Summary

This chapter focused on the synchronous-measurement method (S method) as an effective velocity
measurement method for acceleration control and proposed the instantaneous speed observer for the
method. The proposed observer solves the problems of destabilization and performance limitation re-
lating to the existence of sampling points without measurement. The method of giving the limit to the
estimated value in the observer was also proposed in order to prevent large estimation errors due to the
model-base structure of the observer. Since the velocity resolution is high even with the short sampling
period in S method, the control performance is improved further by using the measurement method to-
gether with the multirate sampling method proposed in Chapter 3. Based on the experimental results, the

validity of the proposed method was confirmed as follows:

e utilization of the proposed observer greatly widened the bandwidth of acceleration control and

improved the performance dramatically compared with the result with only S method; and

e deterioration of the velocity resolution due to the short sampling period was solved and thus the

noise during operation was suppressed compared with M method.
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Chapter 5

Multirate Sampling Method for Network
Based Control System

5.1 Introduction

Due to recent rapid progress in communication technology, introduction of a network to motion con-

trol systems is increasing in many fields (23 [24] [98] [99],

Control over a network suffers from prob-
lems of deterioration of stability and control performance, however, due to limitations of the network
performances such as throughput and communication delay [25] [67] [100] - Researchers have attempted
to clarify the trade-offs in networked control systems with communication constraints to improve per-

[101] [102] [103]

formance In order to realize stable operation under communication delay, time delay

[105]

compensation such as Smith predictor [104] " communication disturbance observer , or Hoo based

control [106]

, has been introduced to the control systems. In order to transmit high-quality signals under
the limitation of a data rate, various quantization methods such as optimal dynamic quantizer have been
proposed 107 Data compression is also effective to reduce a data volume. Discrete cosine transform
(DCT) based methods have been used widely in the fields of sound and image processing and they are
also applied to compression of control signals [198] [109],

In addition to the above-mentioned issues, limitations on the interval of packet transmission impose
the significant influence on the performance of the networked motion control system [11%. The packet
transmission interval is limited due to the performance of communication lines and devices. The risk of

network congestion is increased by shortening the interval even if a total data volume is small enough

when a congestion avoidance mechanism is not implemented (8. Since network congestion causes a
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large communication delay and significant packet loss and seriously deteriorates the performance of the
control system, the packet transmission interval should be set long enough. The limitation of the packet
transmission interval raises problems relating to the sampling period and those relating to the quality of a
transmission signal. If one constant sampling period is selected for a system, it should be set long enough
to avoid network congestion. The bandwidth of the signal is limited since frequency components higher
than Nyquist frequency cannot be reproduced due to aliasing. The performance of motion control is
likely to be deteriorated when the sampling period is long and the bandwidth of the transmission signals
used for the control is narrow.

This chapter focuses especially on sampling periods and the transmission signal in networked motion
control systems in order to overcome limitations on the system and to improve the performance. This
chapter tackles the problems in precise networked motion control based on acceleration control through

the following three approaches:
e design of sampling periods;
e selection of data to be transmitted; and
e coding and decoding of transmission signal.

A bilateral teleoperation over a network is selected as a main target system in this chapter since control
over a network and high-precision control are strongly required at the same time. Introduction of a net-
work enables operators to execute tasks from safe and convenient areas. There are increasing demands
for precise bilateral teleoperation with wide-band haptic sensation for application of a system to surgical
or other complicated tasks (98] As mentioned in Section 2.4.3, many researches on bilateral teleoper-
ation have been conducted to achieve safe and efficient operations in various environments. A variety
of control and performance evaluation methods have been proposed also for the system with communi-
cation delay (65 [111) [112] " Even with a number of researches, large or time-variant time delay makes
stable operation difficult. When the bandwidth of a transmission signal is limited, reproduction of haptic
sensation is greatly limited and the operator thus cannot feel real characteristics of remote objects. In
this sense, bilateral teleoperation systems are greatly affected by network constrains.

The first approach focuses on the limitations on the sampling periods in networked motion control
systems. In the point of sampling periods, a system connected through a network suffers from the limita-

tion of the packet transmission interval. Although the previous chapter proposes the method focusing on
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the input, output, and control sampling periods, the influence of the limitation of the packet transmission
interval is needed to be considered in the networked control systems. As mentioned above, the limitation
of the packet transmission interval is generally much severer than that on other sampling periods in motor
control. Since the packet transmission interval should be set long enough to avoid network congestion,

it is often set longer than other sampling periods [113]

. A long packet transmission interval means that a
time interval of data renewal of the signal acquired through a network is long. The multirate sampling
method for acceleration control proposed in Chapter 3 mainly focuses on the cases in which the output
sampling period can be set shorter than the input sampling period, in other words, the cases in which the
signal can be acquired with an interval shorter than the interval for changing the real input to the motor.
In a system with a network, however, some or all of the signals cannot be acquired in a short interval but
only with a long interval. No clear guideline has been provided for design of each sampling period in that
kind of system. The basic idea in this thesis is that the best performance under limitations on the system
can be acquired by designing sampling periods independently for each sampling period with consider-
ation only of limitations on the corresponding sampling period. A question here is whether or not and
how meaningful it is to shorten the input, output, and control sampling periods when some information
or signal is not renewed. In [113], attention was given to avoidance of network congestion to avoid large
communication delay and the influence of changing sampling periods itself has not been verified. In
Section 5.2, the influence of each sampling period on the performance is verified concretely and a design
guideline for sampling periods, which is a multirate sampling method for a networked control system, is
established as basic knowledge or technique for motion control over a network.

The second approach is consideration of what signals or values to be transmitted to attain better per-
formance under the limitations. The time interval of data renewal of the signals acquired through a
network is generally longer than that of other signals due to the limitation on the packet transmission
interval as mentioned above. It causes discontinuity of the transmission signal and limits the bandwidth
of the signal. It may deteriorate the stability and performance of the system. In order to transmit a higher
quality signal even under limitations due to a network, it is important to improve a communication pro-
tocol and to process and transmit appropriate signals properly. A high quality signal here means a signal
with preferable characteristics for utilization in control such as: small delay, small deviation from the
real value, wide bandwidth, and a short data renewal interval. In order to solve the problem of a long
data renewal interval due to the limitation of the packet transmission interval, a method of transmitting

[114]

data at multiple sampling points as a packet has been proposed . Although the adverse influence of
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discontinuity of the transmission signal can be reduced with the method, there still remains a problem
that the method causes delay since transmitted data is used from the oldest. It may differ depending on
types of signals and control that which of continuity and bandwidth or delay should be prioritized. It
may thus be possible to minimize the influence of a network by deciding the kind of data or signal to
transmit, with consideration of the influence of time interval of data renewal or bandwidth and delay on
control performance. This thesis mainly focuses on the bilateral teleoperation system and investigates
the influence of quality of each of three signals, position, velocity, and force. A signal transmission
method for bilateral teleoperation is then proposed in Section 5.3 based on the investigation. The basic
idea is that performance under limitations can be improved by selecting transmitted data appropriately
considering the influence of each signal on the performance.

This thesis also deals with processing of transmission signals as the third approach. The above-
mentioned signal transmission method is also one of processing schemes. The third approach provides
a scheme more generally applicable. The second approach requires investigation of the influence of
the interval of data renewal and that of the delay on control performance every time when signals or
control are changed. Although the method can improve the performance, it needs time and effort. Then
the motivation for the third approach is whether or not it is really impossible to transmit wide-band
signals with small delay when the packet transmission interval is limited. This thesis focuses on the
trade-off between the data renewal interval and the delay in the transmission signal. A delay due to
the transmission process is small when a long data renewal interval, in other words, low bandwidth, is
accepted. A higher frequency signal is also required in control, however. Based on the above discussion,
a coding and decoding scheme realizing wide-band small-delay signal transmission by dealing with
the low frequency component and the high frequency component in different manners is proposed in
Section 5.4. The scheme is applicable not only to bilateral teleoperation but also to any other signal
transmission. Furthermore, a method for reducing calculation cost and the transmission packet size
while maintaining high performance is proposed for signal transmission in bilateral teleoperation. The
basic idea of the method is similar to the second approach mentioned above.

The validity of the hypothesis and the proposed methods derived from above-mentioned three ap-

proaches was verified by analysis and experiments.
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5.2 Multirate Sampling Method for Systems with Network Constraints

This section focuses on the limitations on the sampling periods in acceleration control-based motion
control systems connected through a network and proposes a design guideline for the sampling periods.
The sampling periods focused on in this section are as follows: the input sampling period T;,; the output
sampling period T); the control sampling period 7;.; and the packet transmission interval 7¢.. The packet
transmission interval is a time interval between consecutive packet transmissions. In order to acquire
better performance even under limitations, it is important to design each sampling period independently.
The design guideline is proposed by concrete verification of the influences of the sampling periods on
the performance with reference to the existing method 13 and the multirate sampling method proposed

in Chapter 3.

5.2.1 Multirate Sampling Method Focused on Packet Transmission Sampling Period

This subsection introduces the multirate sampling method proposed in [113]. This method was pro-
posed for a networked control system to reduce an adverse impact of a network on the control perfor-
mance. When systems are connected through a network, the performance is limited due to communica-
tion constraints such as communication delay, packet loss, throughput, and the packet transmission rate.
The throughput and the packet transmission rate are limited by the performance of the communication
lines and the communication devices. The increase in communication delay by shortening the packet
transmission interval was shown in [113]. Especially when the packet transmission interval is set shorter
than a certain value, communication delay surges and significant packet losses occur due to network
congestion. It was also confirmed from the performance analysis that the adverse influence of the packet

115] 1t was then

transmission interval on transparency was smaller than that of communication delay [
proposed to design the packet transmission interval independently of the control sampling period. The

packet transmission interval is set longer than the control sampling period in this method.
1. > 1T, (5.1)

The packet transmission interval is set to the value long enough to avoid network congestion by identi-

fying the characteristics of a network before implementation.
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5.2.2 Design of Sampling Periods in Motion Control over Network

This subsection provides a design guideline for sampling periods in acceleration control-based motion
control systems connected through a network and discusses the matters to be verified. The basic idea is
that the best performance under limitations on the system can be acquired by setting the period to the
shortest value that does not impose the adverse influences, with consideration of the limitations on each
sampling period. The precise design procedure is described below.

In terms of stability and performance of the system connected through a network, it is important
to keep communication delay short. The packet transmission interval should therefore be set to the
value long enough to avoid network congestion as explained in the previous subsection. Since better
performance is generally acquired with a shorter packet transmission interval if the communication delay
is the same, the interval 7. should be set to the shortest value that can avoid network congestion. As
explained in Chapter 3, it is important to set the output and control sampling periods short in acceleration
control. Although the output sampling period is strictly limited in a system with a vision sensor, it can
be set to the same as the control sampling period when an encoder or a potentiometer is used. The
output and control sampling periods, T}, and T}, are then set to the shortest values with consideration
of the processing time for control calculation. It is also effective to set T}, and 7). shorter than the input
sampling period. The input sampling period 7, is determined with consideration of the processing time
of D/A converter and the frequency of PWM. The relationship among the sampling periods determined

based on the above-mentioned design guideline is expressed as shown in Fig. 5-1 and the following

equations.
T, = T, (5.2)
T, = nT, (5.3)
T. = mT,, 54

where n and m denote positive integer numbers.
The advantages expected with the design guideline and the matters to be verified are described below.

The following points are listed as main expected advantages of utilization of the guideline.

e convergence of feedback control improves

o cutoff frequency of the disturbance observer can be set higher and the bandwidth of acceleration

control is thus widened
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Fig. 5-1: Design of sampling periods in networked motion control system

The first point is owing to execution of control in the short sampling period. The renewal interval of
the signal acquired through a network is generally limited to 7.. When information in both local and
remote sides is utilized for control, however, some of signals, such as the information in the local side,
which is usually the reference or the response for the control, can be acquired with the output sampling
period, the short sampling period in the guideline. This is a key for the first advantage. For example, in
the case of the bilateral teleoperation system, the response signals for the controller, which are the output
of the local side robot, can be obtained in a short sampling period even if the packet transmission interval
is long. T, longer than T}, and T, in bilateral teleoperation therefore means that the reference values
for control calculation, the outputs of the remote side robot, are not renewed at some control sampling
points. The convergence to the reference is expected to be improved even in this case by obtaining output
information and executing feedback control repeatedly with the short sampling period.

The second point is an advantage associated with shortening output and control sampling periods ac-
cording to the guideline. The maximum value of the cutoff frequency depends on the sampling period for
the disturbance observer. Since the sampling period of observer calculation is shortened in the guideline,
the cutoff frequency can be set higher than that in the case where all sampling periods are set equal to
the packet transmission interval. As a result, the bandwidth of acceleration control is expected to be
widened. In terms of bilateral teleoperation, performance such as reproducibility and drift is expected to
be improved.

There is another advantage expected when there is a jitter in a communication delay. When a remote
signal does not arrive at a scheduled sampling point due to the jitter, a system has to wait renewal of a
value of the remote signal until the next scheduled sampling point of packet transmission or change the

control sampling period according to change in the communication delay. The former increases the delay
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and the influence of discretization and the latter is not preferable in many systems in terms of stability
and convergence. The increase in the delay and the influence of discretization can be minimized by using
the proposed design guideline, since the received value is reflected earlier at a control sampling point just
after the remote signal arrives even between packet transmission intervals.

When the proposed design guideline is used, several sampling periods exist in a system. As a method
of manipulating sampling periods, upsampling and downsampling are generally used. The relation and
difference between those methods and the proposed design guideline are described below. A packet
transmission interval is longer than the output sampling period, which is the same as in downsampling.
When considering a packet transmission interval as a reference, output, control, and input sampling pe-
riods are shortened in the proposed design guideline. It is different from upsampling, however. The
major difference is that the output signal is actually measured and control calculation is performed in the
sampling points between packet transmission sampling points in the proposed design guideline while the
output value is generated by interpolation in upsampling. Acquisition of a wide-band signal and detec-
tion of the influence of the disturbance in an early timing are therefore possible by using the proposed
design guideline but not by upsampling. Meanwhile, application of upsampling seems to be effective
for heightening a sampling rate of a transmission signal in the received side. Although the transmission
signal is assumed to be held for a packet transmission interval in this section, introduction of upsampling
enables a system to renew a value of a remote signal in a sampling period the same as a local signal.
Although the bandwidth of the signal does not improve, the influence of discretization may decrease.

The matters to be verified in this section are then discussed below. As an advantage of shorting T},
and 7., it was confirmed in Chapter 3 that better performance can be acquired even with a longer 77,. On
the other hand, the effectiveness of shortening 7}, and 7’. in the case with limitations on 7. and existence
of communication delay has not yet been confirmed. The multirate sampling method in which 7, is set
longer than 7 described in [113] focuses just on avoidance of performance deterioration due to network
congestion. Thus a focus was given only on design of the packet transmission interval and the influence
of changing T}, and T’. has not been verified. Whether or not shortening 77, and T;. is effective in the case
where T, is limited and how the proposed guideline influences on the control performance are needed
to be verified. The following subsections conduct concrete verification with a focus on the influence
of the shortened sampling periods itself and that of changing the cutoff frequency of the disturbance
observer according to the sampling periods. In the verifications in the following subsections, a bilateral

teleoperation system connected through a network is taken up as an example of the system that requires
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acceleration control-based motion control over a network.

5.2.3 Performance Analysis

In this subsection, frequency analyses were conducted to clarify the influences of the design guideline,
especially the influences of setting the input, output, and control sampling periods shorter than the packet
transmission interval on the motion control performance. A bilateral teleoperation system was taken up
as an example of motion control systems connected through a network. The analyses were conducted
for the system with a four-channel-based controller shown in Fig. 5-2. The controller is expansion
of the controller shown in Fig. 2-12 to the system connected through a network. Here, IV denotes a
communication path and subscripts ms and sm denote transmission from the master side to the slave
side and that from the slave side to the master side, respectively. Xand F represent received and decoded
signals of X and F. The same as in the controller shown in Fig. 2-12, Cy, Cs, C,,, and C; represent
position controllers, and Cs, C3, Cs, and Cy represent force controllers. A Smith predictor 194 based
delay compensation is assumed to be applied to the controller. The disturbance observer and the reaction
force observer are implemented on each robot. The estimated force Fm and FS were assumed to be

obtained through an LPF as shown in the equation below.

A s
F, = F, 5.5
m st lm (5.5)
A s
= F. 5.6
el (5.6)

An operator and an environment were modeled as a spring and damper model expressed in (2.37) and
(2.38). The communication line was modeled as shown in Fig. 5-3. Here, S(s) denotes a sampler, H (s)
denotes a zero-order-holder, the subscripts of S(s) and H (s) denote the sampling period and the holding
period, and L. denotes communication delay. Although the method with high-dimensional state-space
equation 35] should be used for precise analysis on the multirate system as described in Section 3.5.1, the
equations become too complicated for calculation when the number of sampling periods is large. This
chapter therefore uses models of a sampler and a zero-order holder instead for simplified analysis. The

sampler and holder were assumed to be an ideal sampler and zero-order holder. Laplace domain transfer

functions of the sampler and the holder are represented as follows [116);
St.(s) = 1/T. (5.7
1— e Tes
Hi(s) = ——. (5.8)
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This study introduces the following four indices explained in Section 2.4.3 to evaluate the performance
of bilateral teleoperation: reproducibility, operationality, tracking, and drift. Reproducibility P, should
satisfy | P.| = 1 for reproduction of the environmental impedance perfectly. The operationality evaluates
the magnitude of the force an operator feels other than the real reaction force from the environment
and should satisfy |P,| = 0. Tracking P; and drift P, evaluate the position difference between the
master device and the slave device in a non-contact motion and a contact motion, respectively. The ideal
conditions for perfect coincidence of position are |P;| = 0 and |Py| = 0.

Analyses were conducted for the following three cases:
e Case A:single-rate (T, =T, =T, = T},);

e Case B: multirate with same g4;5 (I = m1T, = mT, = mT,); and
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Table 5-1: Control parameters in analysis on design guideline of sampling periods

Position feedback gain K, | 3600.0 1/s?
Velocity feedback gain K, 120.0 1/s
Force feedback gain Ky 1.0 m/Ns?
Communication delay L. 1.0 ms
Nominal mass M, 0.5 kg
Spring coefficient of operator K | 400.0 N/m
Damping coefficient of operator Dy, 40.0 Ns/m
Spring coefficient of environment K. | 10000.0 N/m
Damping coefficient of environment | D, 10.0 Ns/m

Table 5-2: Settings in analysis on design guideline of sampling periods

T, [ms] | Tc [ms] | ga;s [rad/s]
Case A | 5.0 5.0 500.0
Case B 1.0 5.0 500.0
Case C 1.0 5.0 2000.0

e Case C: multirate with higher g4;5 (T:. = mT,, = mT, = mT,).

Here, Case B and Case C are the cases with the design guideline. Since the sampling periods of out-
put, control, and input were set equal in all cases, these sampling periods are expressed as the control
sampling period 7, in the following explanation for simplicity. The cutoff frequencies of the reaction
force observer g, were set to be equal to those of the disturbance observer g4, in all cases. The cutoff
frequencies were set to the same value in Case A and Case B. The cutoff frequency can be set higher in
the multirate sampling system than in Case A, however, since the sampling period for observer calcula-
tion is shortened. The cutoff frequency was thus set higher in Case C. Comparison between Case A and
Case B shows the influence of shortening the control sampling period itself, not including the influence
on the maximum value of g4;s. Then comparison between Case B and Case C shows the influence of
heightening the cutoff frequency by shortening the control sampling period. The parameters used in the
analyses are represented in Tables 5-1 and 5-2.

Fig. 5-4 shows the bode diagram of each index. Fig. 5-4(a) shows the bode diagram of reproducibility.
Although the packet transmission period and the cutoff frequency of the disturbance observer were the
same in Case A and Case B, the gain peak at around 200 rad/s confirmed in Case A decreased and
the bandwidth improved in Case B. When g4;s was set higher in Case C, the bandwidth was further

improved. Fig. 5-4(b) shows the bode diagram of operationality. Fluctuations of the gain and the phase
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Fig. 5-4: Analysis on influence of sampling periods on performance indices

were confirmed at around 200 rad/s in Case A. They were greatly alleviated and almost disappeared when
the control sampling period was set shorter in Cases B and C. Although the gain in the high frequency
range was larger in Case C, it may not impose the great influence on the operation since the frequency
of motions of a human operator is usually not very high. Figs. 5-4(c) and (d) show the bode diagrams of
tracking and drift, respectively. The gains were small enough in all cases to consider the ideal condition
was satisfied. Both in tracking and drift, fluctuations of the gain and the phase were confirmed at around
200 rad/s in Case A. They were suppressed in Case B and Case C. The performance of tracking in the
high frequency range improved in Case C. In terms of drift, the gain was the smallest in Case C in almost
all frequencies.

The above results show that performance was better in Case B than in Case A, and better in Case C

than in Case B, although the difference among the methods appeared mainly in reproducibility and the
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difference was small in other indices. It means that performance improves by shortening the control
sampling period even if the packet transmission period is kept long and the cutoff frequencies of the
observers are kept low. The performance improvement with the guideline is thus expected even in the
cases where the cutoff frequency of the disturbance observer is limited due to noise of a sensor or a
mechanical structure of a robot. The results also show that the performance was further improved by
setting the cutoff frequency higher according to the shortening the control sampling period. Improvement

was significant especially in reproducibility.

5.2.4 Simulations and Experiments

Simulations and experiments were conducted to verify the influence of the design guideline on mo-
tion control performance when limitations on the packet transmission interval and communication delay
existed. An example of a target system is shown in Fig. 5-5(a). In this verification, the limitations on the
sampling periods were set to the values in the target experimental system. The limitation of the control
sampling period was 0.05 ms and that on the input sampling period was 0.1 ms. The basic values for
the packet transmission sampling period and the communication delay were determined referring to the
results shown in [113]: 7, = 1.2 ms and L. = 1.0 ms. A Smith predictor [104] pased delay compensa-
tion was used for compensation of the communication delay. The length of communication delay was
acquired from the time stamp of the packet. In order to verify the influence of the output and control

sampling periods, sampling periods were set as follows:
e multirate: 7. = m7, = 1.2 ms; and
e single-rate (short): mT, = m7, = 1.2 ms.

Here, mism =1, 2, 3, 4, 6, 12, 24. The output sampling period was set to be equal to 7. The input
sampling period was set to be the longer of 7, and the limitation of the input sampling period, 0.1 ms.
The multirate with m higher than 1 follows the design guideline. Note that not only the control sampling
period but also the packet transmission interval was set shorter in the single-rate (short). The communi-
cation delay may thus greatly increase in single-rate (short) when it is applied to the real system. Since
the sampling periods of output, control, and input were set equal in almost all the cases, these sampling

periods are expressed as the control sampling period 7;. in the following explanation for simplicity.
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Fig. 5-5: Experimental bilateral teleoperation system

Simulation

Simulations were conducted to verify both the influences of the shortened control sampling period
itself and those of changing the cutoff frequency of the disturbance observer according to the sampling
period. First, the cutoff frequency of pseudo-derivative for velocity calculation g, that of the disturbance
observer g4;s, and that of the reaction torque observer g. were set to the same values in all cases in
order to verify the direct influences of shortening the sampling periods with the design guideline. Then,
the cutoff frequencies were heightened gradually and set to the best value for the respective cases. The
cutoff frequency of the reaction force observer was always set to the same value as that of the disturbance
observer. Simulations were conducted for the cases without communication delay and with a constant
communication delay. An operator and an environment were modeled as a spring and damper model

represented in (2.37) and (2.38). Parameters used in the simulation are shown in Table 5-3.
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Table 5-3: Control parameters in simulation on design guideline of sampling periods

Sampling period T, | 0.05-1.2 ms
Communication delay L. | 0.0and 1.0 ms
Position feedback gain K, | 1600.0  1/s
Velocity feedback gain K, 80.0 1/s
Force feedback gain Ky 2.0 m/Ns?
Spring coefficient of operator Ky 400.0 N/m
Damping coefficient of operator Dy, 40.0 Ns/m
Spring coefficient of environment K. 10000.0  N/m
Damping coefficient of environment | D, 10.0 Ns/m
master = master =
20 slave = | 30 slave 7 |
H £
£ 10 g
0 0
0 05 1 15 2 25 0 I 2 3
time [s] time [s]
(a) free motion (b) contact motion

Fig. 5-6: Simulation results: position response in bilateral teleoperation

The result in m = 1 with communication delay is shown in Fig. 5-6 to show the outline of the motion
in the simulation. The error between positions of the master and slave devices at a contact moment was
compared in Figs. 5-7 and 5-8. Fig. 5-7 compares the results with the same cutoff frequencies for all
cases. The error decreased by shortening 7). even though 7. or g4;s was not changed. This results show
the validity of the design guideline even in the cases when g4 is limited. Fig. 5-8 shows the results with
heightened cutoff frequencies. The cutoff frequencies for each case are shown in Table 5-4. The cutoff
frequencies could be heightened by shortening 7). as listed in Table 5-4 even if the packet transmission
interval was kept long. Comparing the values in Fig. 5-7 and Fig. 5-8, the error decreased further by
increasing the cutoff frequencies according to shortening the control sampling period. These results
show the positive influences of both shortening of the control sampling period itself and heightening of
the cutoff frequencies by the shortened sampling period.

The relationship between T, and the position error is verified concretely in Figs. 5-9 to 5-11 for
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Fig. 5-8: Simulation results: position error at contact moment (heightened g4;s, 1. = m1, = 1.2 ms)

the cases with the same cutoff frequencies and in Figs. 5-12 to 5-14 for the cases with the heightened
cutoff frequencies. The maximum and average values of the position error in the contact motion and the
average value of the position error in the free motion were selected as performance evaluation indices.
The maximum position error in the free motion was almost the same in all cases when the communication
delay was the same. As shown in Fig. 5-9, the maximum error in the contact motion decreased when
T, was shortened even though 7, was kept long and not changed in the multirate. The decrease was
significant especially when L. = 1.0 ms, which is similar to the condition in the real system. Although
the performance improvement in the multirate was much smaller than that in the single-rate (short),
which shortened 7, according to 7;., when L. = 0.0 ms, the performance improved greatly even with

long T, and difference between the multirate and single-rate (short) was small when L. = 1.0 ms. The
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Table 5-4: Settings in simulations on design guideline of sampling periods

(a) multirate

L.=0.0ms L.=1.0ms
m | T, [ms] T.(=T,)[ms] T,[ms] | g, [rad/s] gas [rad/s] | g, [rad/s] ggs [rad/s]
1 1.2 1.2 1.2 800 500 800 500
2 1.2 0.6 0.6 1500 1200 1000 800
3 1.2 04 04 1800 1600 1200 1000
4 1.2 0.3 0.3 2200 2000 1500 1300
6 1.2 0.2 0.2 2500 2300 2200 2000
12 1.2 0.1 0.1 4000 3500 2200 2000
24 1.2 0.05 0.1 5500 5000 4000 3800

(b) single-rate with short 7T,

L.=0.0ms L.=1.0ms
m | T, [ms] 7T,(=Ty) [ms] T, [ms] | g, [rad/s] gas [rad/s] | g, [rad/s]  ga;s [rad/s]
1 1.2 1.2 1.2 800 500 800 500
2 0.6 0.6 0.6 1500 1300 1000 800
3 0.4 0.4 0.4 2300 2100 1300 1200
4 0.3 0.3 0.3 3100 2900 1500 1400
6 0.2 0.2 0.2 4500 4300 2200 2000
12 0.1 0.1 0.1 5700 5500 2500 2300
24 0.05 0.05 0.1 6200 6000 4000 3800

difference shows the influence of 7. Fig. 5-10 shows the average position error in the contact motion.
The error slightly heightened by shortening 7' when T;. was kept long with L. = 0.0 ms. Since decrease
in the error was slight even in the cases where both T, and 7T, were shortened in single-rate (short), the
influence of the sampling periods on magnitude of the error is considered to be small when L, = 0.0 ms.
On the other hand in L. = 1.0 ms, the error decreased by shortening 7. even with long 7. A tendency
similar to the cases with short sampling periods also for packet transmission (single-rate (short)) was
attained in the multirate. Fig. 5-11 shows the average position error in the free motion. The error
decreased by shortening 7). regardless of T.. Although the amount of decrease in the multirate was less
than that of the single-rate with short 7, when L. = 0.0 ms, the error was almost the same in both cases
when L. = 1.0 ms. This result shows that the control sampling period is the key element to decrease

the average position error in the free motion. The above-mentioned results show the effectiveness of
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Fig. 5-11: Simulation results: average position error in free motion with same gg;
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shortening 7;. even when 7. and g4, are limited.

The tendency of the relationship between 7;. and the position error was almost the same in the cases
with the heightened cutoff frequencies as shown in Figs. 5-12 to 5-14. The performance change by
shortening 7, with the same g4;; was compared with the change when g4;; was heightened to the best
value in each case in Figs. 5-15 to 5-17. The packet transmission interval was set to the same value,
T. = 1.2 ms, in all cases. Except for the average error in the free motion with the communication
delay, the errors decreased further by heightening g4;;. Difference between the result of 7, = 1.2 ms
and that of a shorter 7;. with the same 7; and g4;s shows the influence of the shortened control sampling
period itself. On the other hand, difference between the results in the cases when g4;5 was not changed
(multirate (same)) and those in the cases when g4, was heightened (multirate (dif)) with 7). shorter than
1.2 ms shows the influence of the heightened cutoff frequency of the disturbance observer by shortening
the control sampling period.

Finally, the influence of changing 7’ was compared with that of changing 7;. concretely with a focus on
the maximum error in the contact motion. This verification focused on the cases with heightened cutoff
frequencies. The results are summarized in Table 5-5. In the cases with L. = 0.0 ms, the error decreased
by 34.6% when T, = 1.2 ms and 7. was shortened from 1.2 ms to 0.4 ms, while the decrease was 55.9%
when 7T, = 0.4 ms and 7. was shortened from 1.2 ms to 0.4 ms. In the cases with L. = 1.0 ms, the
decrease achieved by changing 7). was 24.3% and that by changing 7, was 14.3%. These results show
that although the influence of changing 7. is larger than that of changing 7, when communication delay
is negligibly small, the influence of changing 7 is larger than that of changing 7. when communication
delay is L. = 1.0 ms, which is similar to the condition in the real system.

The validity of implementation of the multirate sampling method described in Chapter 3 to a system
with a limitation of the packet transmission interval can be clarified by comparing the results with 7, =
0.1 ms and those with 7, = 0.05 ms. Although 7, and 7, were kept long, the errors decreased by
shortening 7'. and 7). In terms of the maximum error in the contact motion, the decrease achieved by
shortening 7. and 7}, from 0.1 ms to 0.05 ms was 15.8% in L. = 0.0 ms and 9.1% in L. = 1.0 ms.

The above results support the validity of the design guideline described in Section 5.2.2. It was
confirmed from the results that the performance improved by shortening the control sampling period
even if the packet transmission period was kept long and the cutoff frequencies of the observers were
kept low. It implies the effectiveness of the design guideline even in the system with constraints on the

cutoff frequency due to noise or mechanical structure. Moreover, the cutoff frequency can usually be set
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Fig. 5-17: Simulation results: average position error in free motion in multirate
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Table 5-5: Position error in simulations on design guideline of sampling periods

(a) L. = 0.0 ms
multirate (7, = 1.2 ms) single-rate (short: T, = T}.)
contact motion | free motion | contact motion | free motion
m | T.(=Ty) [ms] | Max. Ave. Ave. Max. Ave. Ave.
1 1.2 0.156 1.64e72 | 240e % |0.156 1.64e 2| 2.40e
2 0.6 0.114 1.11e 2| 1.58¢~* [0.069 6.70e73 | 1.14e*
3 0.4 0.102 9.95¢73 | 1.46e * |0.045 433¢3| 6.52¢7°
4 0.3 0.098 9.90e3 | 1.44e % [0.032 3.17¢3 | 4.64e°
6 0.2 0.090 9.18¢73 | 127¢ % [0.022 2.14e 3| 3.36e7°
12 0.1 0.076 7.99¢73 | 1.06e=* | 0.015 1.46e=3 | 220e°
24 0.05 0.064 7.10e73 | 9.76e=° |0.013 127¢73 | 1.44e°
b)L.=1.0ms
multirate (7, = 1.2 ms) single-rate (short: T, = T;.)
contact motion | free motion | contact motion | free motion

m | T,.(= Ty) [ms] | Max. Ave. Ave. Max. Ave. Ave.
1 1.2 0342 474e 2| 193e72 | 0.342 4.74e7 2| 1.93e¢2
2 0.6 0.295 4.54e 2| 194e 2 | 0264 428e7 2| 1942
3 0.4 0259 3.96e 2| 1.6le?2 |0222 357 2| 1.6le?
4 0.3 0.250 4.0le 2| 1.69%72 |0.209 3.60e 2| 1.70e"2
6 0.2 0.204 3.47¢2| 1.6le? |0.175 322¢72| 1.62¢2
12 0.1 0.187 3482 | 1.6le? |0.153 3.15¢72| 1.62¢72
24 0.05 0.170 329¢ 2| 1.6le?2 |0.138 3.04e 2| 1.62¢2

higher by shortening the control sampling period and the performance improves further by setting gq;
higher according to shortening 7;.. Although details of results are not shown here, the same tendency
was confirmed in the cases under time-varying communication delay with L, = 1.0 — 2.0 ms. The
performance is thus expected to be improved even under time-varying communication delay by using the

proposed design guideline.

Experiments

Experiments were conducted to verify the influence of sampling periods and the validity of the design

guideline on sampling periods in the real system using the equipment shown in Fig. 5-18. Each of the
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Fig. 5-18: Experimental equipment: master-slave system with linear motor

Table 5-6: Specification of master-slave system using linear motor

Type of encoder RENISHAW RGH24Y
Resolution 0.1 pum

Max. response speed | 250 mm/s

Type of motor GMC Hillstone S160Q
Continuous force 20 N

Max. force 78 N

Force constant 33.0 N/A

Forcer weight 03 Kg

Total mass 0.5 Kg

master and slave robots is composed of a 1DOF linear motor and a linear encoder. Specifications of the
system are shown in Table 5-6. In this experiment, the master and slave robots were controlled using the
same computer and a network was constructed virtually in the computer to conduct experiments under
various situations. The controller gains were set as follow: K, = 3600.0, K, = 120.0, and Ky = 2.0.
The communication delay was set as L. = 1.0 ms. Settings of the sampling periods were the same as
those in the simulation. The input sampling period was set to satisfy its limitation, 0.1 ms. The cutoff
frequencies in the experiments are shown in Table 5-7. Although 77 could be set shorter than 1.2 ms with
the same delay in the experiments shown in this section since the network was just constructed in the
computer virtually, significant delay and packet losses due to network congestion may occur with short
T, if the real communication is implemented.

Only the contact motion was conducted in the experiments. The error between positions of the master
and slave devices at contact moment with 7. = 1.2 ms is compared in Fig. 5-19. The maximum and

average errors from ¢ = 0.5 s to ¢ = 1.0 s are shown in Fig. 5-20 and Table 5-8. As in the simulation,
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Table 5-7: Settings in experiments on design guideline of sampling periods

multirate (7. = 1.2 ms) | single-rate (short: T,. = T,)
m | T, (= Ty) [ms] | g, [rad/s]  gais [rad/s] | g, [rad/s] Gdis [rad/s]
1 1.2 500 250 500 250
2 0.6 500 350 600 500
3 04 700 600 1100 1000
4 0.3 1100 1000 1700 1500
6 0.2 2000 1800 2000 1800
12 0.1 2200 2000 2200 2000
24 0.05 2200 2000 2200 2000
3l m=1 _

m=2
m=3

position error [mm]
—

0.56 0.58 0.6
time [s]

Fig. 5-19: Experimental results: position error at contact moment (heightened g4;5, 7. = m1;. = 1.2 ms)

the error was decreased by shortening 7). even if 7 was kept long. The difference between the single-
rate with short 7. and the multirate was small in the experiments. It means that shortening 7;. improves
performance even when 7 is limited. These results show that the best performance under limitations on
the system can be acquired by designing sampling periods independently, considering only limitations

on the corresponding sampling period.

5.3 Signal Transmission Method for Bilateral Teleoperation

This section proposes a signal transmission method for achieving higher performance even under the
limitation of the packet transmission interval. Although the previous section shows that the performance
can be improved by setting input, output, and control sampling periods short even if the packet trans-

mission interval is long, the performance cannot catch up with that with the shorter packet transmission

-129 -



CHAPTER 5 MULTIRATE SAMPLING METHOD FOR NETWORK BASED CONTROL SYSTEM

3 single-rate: short (dif) ™~ 0.4 single-rate: short (dif) =~
= multirate (dif) =% — multirate (dif) ~*
E 2.5 g 0.3
g g
5 2 502
= =
2 .2
215 2 0.1
2 a

1 0
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(a) maximum position error (b) average position error

Fig. 5-20: Experimental results: position error in contact motion with heightened g;

Table 5-8: Position error in experiments on design guideline of sampling periods

multirate (7. = 1.2 ms) | single-rate (short: T,. = T;)
m | T,(=Ty) [ms] | Max. Ave. Max. Ave
1 1.2 2.618 0.314 2.618 0.314
2 0.6 2.485 0.252 2.233 0.217
3 04 1.952 0.164 1.710 0.113
4 0.3 1.754 0.138 1.636 0.106
6 0.2 1.601 0.116 1.519 0.084
12 0.1 1.667 0.076 1.531 0.078
24 0.05 1.482 0.085 1.141 0.087

interval. It is due to the bandwidth limitation and discontinuity of the transmission signal owing to the
long interval. It is important for further improvement of the performance to transmit appropriate signals
properly. A signal transmission method that transmits a packet filled with selected signals is proposed
with a focus on the influence of quality of each signal used for control on the performance. Here, high
quality of the signal means preferable characteristics for utilization in control, such as small delay, small

deviation from the real value, wide bandwidth, and a short time interval of data renewal.

5.3.1 Related Researches on Signal Transmission Method

This subsection introduces the signal transmission methods proposed in the previous researches. The
advantages and disadvantages of the conventional methods are also described in terms of signal data
quality.

Fig. 5-21 shows conventional signal transmission methods. Transmitting data at every control sam-
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pling point described as Method A is the simplest method. The time interval of signal transmission
T., the time interval of data renewal Ty, and a transmitting packet p[i] at ¢ = 7T, in this method are

represented as follows:

T. = T (5.9)
T, = T, (5.10)
plil = wylil, (5.11)

where y is an output signal. In this method, network congestion may occur when the control sampling
period is short. In order to avoid the network congestion while keeping the control sampling period short,
a method in which the sampling period of signal transmission is set longer than the control sampling
period has been proposed [113] a5 described in Section 5.2.1. In this method, data of the latest sampling
point is transmitted once every n control sampling periods as shown in Fig. 5-21(b) as Method B. The
time interval of signal transmission 7, the time interval of data renewal Ty, and transmitted packet p|[i]

in this method are described in the equations below.

T. = nT, (5.12)
T, = T. (5.13)
plil = yli] (5.14)

Although Method B solves the problem of occurrence of network congestion even with the short control
sampling period, the time interval of data renewal is sacrificed. A method for solving the problem of

discretization of data in Method B has also been proposed (114

. This method transmits a package of
data at multiple sampling points once every n control sampling periods as shown in Fig. 5-21(c) as
Method C. The time interval of signal transmission 7, the time interval of data renewal 7};, and the

transmitting packet p[¢] in this method are described as follows:

T, = nT, (5.15)
T, = T./m (5.16)
plil = [yli—11) yli—1m—1]y00] |, (5.17)
where
yli,k] = y(iT,+kTy) (k=0,---,m—1).
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ata
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(a) Method A: send data at every sampling periods

sender P [i'll’] w P g;_-ll’] y1,01Ev[511] ... yrg-’l] W[H&j
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(c) Method C: send set of data at every n sampling periods

Fig. 5-21: Conventional signal transmission methods

The advantages and disadvantages of the signal transmission methods introduced above are discussed
below in terms of signal data quality. In Method A, which transmits signals at every control sampling
point, data can be acquired in a short time interval when capacity and performance of a network is
enough. However, congestion of a network may occur when the control sampling period is too short,
and it leads large communication delay and significant packet losses. The congestion can be avoided

in Method B and Method C owing to a long time interval for signal transmission. The communication
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delay may therefore become relatively short in those methods. This is a great advantage in terms of
stability of a control system. In Method B, the sampling period of data renewal is then scarified instead
of communication delay. The same data is used at several control sampling points since the time interval
of signal transmission is set longer than the control sampling period. The discontinuity of data may
deteriorate the stability and performance of the system. As an advantage of Method C, a time interval of
data renewal can be kept short by transmitting values at multiple sampling points as one package. A delay
of data increases, however, in Method C. As shown in Fig. 5-21(c), data in the transmission packet is
used from the oldest in control in Method C. The delay therefore increases by (m — 1)1},/m as compared
with Method B. Although the Smith predictor [104] pased delay compensation can be effectively applied
since the delay is known and constant, the influence of delay cannot be eliminated perfectly. In addition,

the size of the transmission packet in Method C is larger than that in Method B.

5.3.2 Signal Transmission Method for Bilateral Teleoperation

This subsection proposes a signal transmission method that transmits a packet filled with data selected
with consideration of characteristics and the influence of the respective signals on motion control per-
formance in order to achieve higher performance even under the limitation of the packet transmission

interval.

Signal Transmission Method Considering Influence of Signal Data Quality

This subsection focuses especially on packet transmission in bilateral teleoperation. As mentioned in
the previous subsection, Method B, which transmits only one data at the latest sampling point, is superior
to Method C, which transmits a package of data at multiple sampling points, in terms of delay and the
size of the transmission packet. On the other hand, Method C is superior to Method B in terms of the
time interval of data renewal. In conventional researches, one signal transmission method is selected for
a system. In other words, the same method is applied to all signals in the system. On the other hand,
the influence of signal data quality, such as accuracy, a data renewal interval, and delay, differ depending
on a command trajectory and types of signals in position control 27, The influence of the time interval
of data renewal and delay may differ depending on the types of signals also in other motion control
systems. Better performance is expected to be achieved by determining data to be filled in a transmission
packet independently for each signal used for control with consideration of the influence of the quality of

the respective signals. This subsection focuses especially on bilateral teleoperation system. The bilateral
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Fig. 5-22: Smith predictor for the proposed system
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Fig. 5-23: Communication path including data decoding: N (s)

controller shown in Fig. 5-2 is composed of position and force controls. Since a PD controller is generally
applied to the position control, signals used in the controller are position, velocity, and force of the master
and slave devices. This section proposes to determine data filled in a transmission packet independently
for position, velocity, and force signals. Either data only at the latest sampling point or data at multiple
sampling points is selected for each signal to be in a transmission packet.

The communication line N (s) between the master and slave devices is assumed to contain the delay
due to the process of utilization of transmission signals in this section as shown in Fig. 5-23. A Smith
predictor 194 based delay compensation is applied to reduce the influence of the delay due to utilization
of data in a transmission packet from the oldest and that of communication delay. The Smith predictor
is modified in this research as shown in Fig. 5-22 to cope with the difference in the delay among signals.
Here, L, denotes sum of the communication delay L. and the delay due to utilization of data L4 in the
position signal and L, denotes that in the velocity signal. The smith predictor is designed to compensate
both the communication delay and the delay due to utilization of the transmitted data. Fig. 5-24 shows

the whole bilateral teleoperation system to which the proposed method is applied.
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Fig. 5-24: Bilateral teleoperation system with the proposed method

It is determined which is to be filled in a transmission packet, only the latest data or data at multiple
sampling points, for each of position, velocity, and force signals based on analysis on the influence of

the data renewal interval and data delay of each signal on bilateral teleoperation performance.

Analysis using Hybrid Matrix

The influence of the interval and the delay were analyzed using the hybrid matrix for each of the
position, velocity, and force signals. Analyses were conducted for the following combinations of 7,; and

L, to evaluate the influence.

e Case 1: T; =0.2ms, Ly = 0.0 ms

Case2: T; =0.2ms, Ly = 4.0 ms

Case3: T; =4.0ms, Ly = 0.0 ms

e Case4: Ty =4.0ms, Ly = 4.0 ms

Case5: Ty =2.0ms, Ly = 2.0 ms

In order to evaluate the influence of signal data quality of position, velocity, and force signals indepen-
dently, the parameters of the velocity and force signals were set as in Case 1 and only the parameters of

the position signal were changed from Case 1 to Case 5 in analyses on the position signal. The same as
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Table 5-9: Control parameters in analysis and experiments on signal transmission methods

Control sampling period T 0.2 ms
Communication delay L. | 0.00or2.0 ms
Position feedback gain K, | 3600.0 1/s?
Velocity feedback gain K, 120.0 1/s
Force feedback gain Ky 1.0 m/Ns?
Analysis

Spring coefficient of environment K. | 10000.0 N/m

Damping coefficient of environment | D, 10.0 N/m
Spring coefficient of operator K, 400.0 N/m
Damping coefficient of operator Dy, 40.0 N/m
Signal transmission sampling period | T 2.0 ms
Experiments

Cutoff frequency of DOB Jdis 2500 rad/s
Signal transmission sampling period | T, 5.0 ms

above, only the parameters of the velocity were changed in analyses on the velocity signal, and only the
parameters of the force were changed in analyses on the force signal. The samplers .S, and the holders
H, were assumed to be ideal samplers and zero-order holders. The parameters used for analyses are
shown in Table 5-9.

The ideal conditions of the hybrid parameters represented in (2.15) can be understood as follows:
e gains of Hy; and Hay are small enough; and
e gains of His and Ho; are 0 dB.

In terms of the frequency range, the response in the low frequency range is important in Hio and Ho
since these are parameters relating to an operator’s position and the frequency of human operator’s mo-
tions is generally low. On the other hand, all frequency ranges from low to high should be considered
in Hy5 and Hyo since these parameters relate to the force of the slave and high frequency elements exist
when the slave is made into contact with a hard object.

The analysis results on the position signal are shown in Fig. 5-25. The influence of L; and T; were
confirmed in Hy; and His. The gain of Hy; in the low frequency range increased when T,; was long.
Gain drop of Ho; in the middle frequency range was greater when L, was longer. No difference was

confirmed in Hys or Hos.
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Fig. 5-25: Analysis on influence of position signal on bilateral teleoperation performance

Fig. 5-26 shows the results of analyses on the velocity signal. The influence of Ly and Ty were
confirmed in the middle and high frequency ranges of His and the middle frequency range of Ho;.
Except for Case 1, Hy2 had a peak value in a frequency depending on the parameters of the velocity signal
although the value was small. The gain dropped to minus at frequencies higher than the peak. The zero-
crossing frequency in each case was in the following order: Case 4<Case 2<Case 5<Case 3(<Case 1).
It implies that the influence of delay is larger than that of the time interval in Hi,. Focusing on Hoa, it
had a peak value and dropped to minus when delay existed. The peak value and the level of the drop
depended only on the length of delay. No difference was confirmed in H1; or Has.

The results of analysis on the force signal are shown in Fig. 5-27. H12 and Hy; show similar charac-
teristics. They had peak values in the middle frequency range, and the delay rather than the time interval
imposed the influence on the magnitude of the peak value. The magnitude was in the following order:

Case 4>Case 2>Case 5>Case 3>Case 1. On the other hand, the influence of the time interval was larger
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Fig. 5-26: Analysis on influence of velocity signal on bilateral teleoperation performance

than that of delay in terms of frequency at which gain became minus. The frequency was in the following
order: Case 4<Case 3<Case 5<Case 2<Case 1. There was no difference confirmed in Hy;. In terms
of Hao, the gain was small enough and the ideal condition expressed in (2.15) was satisfied in all cases,
although the response differed depending on the parameters.

In a standpoint of hybrid parameters, the results are summarized as follows:
e gain of [ in the low frequency range depended on the time interval of the position signal;

e gain of Hs in the middle and high frequency ranges depended on the delay and the time interval

of the force signal;

e gain of Hy; in the middle and high frequency ranges depended on the delay of the velocity signal

and the delay and the time interval of the force signal; and
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Fig. 5-27: Analysis on influence of force signal on bilateral teleoperation performance
e M55 satisfied the ideal condition in all situations.

The above mentioned characteristics can be utilized in needs-oriented design of a system.

Selection of data for transmission packet

The data to be filled in a transmission packet is selected according to the analysis results shown above.
If delay is in priority, data at the latest sampling point is transmitted. If a time interval of data renewal is
in priority, on the other hand, data at multiple sampling points is transmitted.

In terms of the position, the time interval influence the gain of H1; in the low frequency range and the
delay influence the gain of Hs; in the middle frequency range. The operational force will be large if the
gain of Hy; in the low frequency range is large. On the other hand, difference is not confirmed in Ho; in
the low frequency range, the most important range. In addition, the influence of the position parameters

on Hy; is much smaller than that of the force parameters. Consequently, priority is given to the time
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Fig. 5-28: Data packet in the proposed method

interval and thus data at multiple sampling points are filled in the transmission packet for the position
signal.

Focusing on the velocity signal, the time interval and the delay influence Hi2 and the delay influence
Hy;. Since the influence of the delay is greater even for H;s, priority is given to the delay and thus data
only at the latest sampling point is filled in a transmission packet for the velocity signal.

In the force signal, although both the time interval and the delay influence Hi, and Hoi, the delay
gives greater impact on increase in the peak gain. Since the large peak gain may destabilize the system,
priority is given to the delay and data only at the latest sampling point is thus filled in the transmission
packet as the force signal. It should be noted that, however, the bandwidth of transmitted force may
decrease due to a long time interval. It may decrease the bandwidth of reproduction of tactile sensation.

Consequently, the transmission packet is proposed to be filled with the following data as shown in

Fig. 5-28.
e position: data at multiple sampling points
e velocity: data at the latest sampling point

e force: data at the latest sampling point

5.3.3 Performance Analysis

Conditions

Method B, Method C, and the proposed method are compared using the following five indices: re-
producibility, operationality, tracking, drift, and stability. The details of indices are described in Sec-
tion 2.4.3. Analyses were conducted for cases with and without a communication delay. The parameters
used for analyses are shown in Table 5-9. As described in Section 5.3.2, the time interval 7 and the

delay due to utilization of data in the transmission packet L, in each method are represented as follows:
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e Method B:
Ty =Ty =Ty = T¢, Lgp = Lgy = Lgp = 0;

e Method C:
po = Tdv = Tdf = TT, Ldp = Ldv = Ldf = (m — 1)Tc/m; and

e proposed method:

po = T,«, Tdv = Tdf = Tc, Ldp = (m - 1)Tc/m, Ldv = Ldf =0.

Results with Negligible Communication Delay

Fig. 5-29 shows the bode diagrams of indices in the cases when a communication delay is negligible.
The delay is assumed to be L. = 0.0 ms in the analyses.

Fig. 5-29(a) shows the bode diagram of reproducibility. The ideal condition is | P,| = 1 in all frequen-
cies. The peak value in the proposed method was almost the same as that in Method B and smaller than
that in Method C. The result indicates that Method B and the proposed method are superior to Method C
in terms of reproducibility.

Operationality is compared in Fig. 5-29(b). The ideal condition is |P,| = 0. The response in the low
frequency range is more important than that in the high frequency range since the frequency of motions
of a human operator is generally low. The gain in the low frequency range was smaller in Method C
and the proposed method than in Method B. A slight difference among methods was confirmed in the
high frequency range. It can be mentioned from the result that Method C and the proposed method are
superior to Method B in terms of operationality.

Fig. 5-29(c) shows the bode diagram of tracking. The ideal condition is |P;| = 0. The magnitude of

the gain was in the following order:
e Method C < Method B = proposed method in the low frequency range;
e Method C < proposed method < Method B in the middle frequency range; and
e Method C = proposed method < Method B in the high frequency range.

Although the responses differed depending on signal transmission methods, the gain was small enough
to satisfy |P;| = 0 in all cases. The result shows that difference in position tracking performance among

the methods was negligible.
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The performance of drift, which is position coincidence during the contact motion, is shown in Fig. 5-
29(d). The ideal condition is | P;| = 0. Although the difference among the cases was small and the ideal

condition seemed to be satisfied in all cases, the magnitudes of gains were in the following order:
e proposed method < Method C < Method B in the low frequency range; and
e proposed method = Method C < Method B in the high frequency range.

The bode diagram of the open loop transfer function Ps(s) shown in Fig. 5-29(e) indicates that higher
stability was achieved with Method B or the proposed method. The stability margins were almost the
same in Method B and the proposed method.

The results of analyses are summarized as follows:

e reproducibility was higher in Method B and the proposed method;

operationality was better in Method C and the proposed method;

tracking was the same in all methods;

drift was the same in all methods; and

stability was higher in Method B and the proposed method.

The above results show that the proposed method has better performance with respect to all these indices

when a communication delay is negligibly small.

Results with Communication Delay

Analyses were also conducted for the cases with a communication delay to evaluate its influence on the
validity of the proposed method. In Fig. 5-30, a communication delay was assumed to be L. = 1.0 ms.
Although the results are not shown here, cases with a larger delay were also examined to verify the
performance limits of the method. Reproducibility with L. = 1.0 ms had the same tendency as that in
the cases without a communication delay as shown in Fig. 5-30(a). When the communication delay was
larger than 5.0 ms, only a small difference existed among the methods. Fig. 5-30(b) shows that better
operationality was achieved in Method C and the proposed method even with a communication delay.
This tendency did not change even when a larger communication delay existed. Figs. 5-30(c) and (d) are

the bode diagrams of tracking and drift, respectively, in the cases with L, = 1.0 ms. Although the gain
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Fig. 5-29: Performance analysis of signal transmission method (L. = 0.0 ms)
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Fig. 5-30: Performance analysis of signal transmission method (L., = 1.0 ms)
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increased compared with the cases without the communication delay, they were still small enough to
satisfy the ideal conditions in all methods. The gains remained small even with a larger communication
delay. In terms of stability, Fig. 5-30(e) shows a similar tendency to the cases without a communica-
tion delay. The system was stable with Method B or the proposed method, while it was unstable with
Method C. When a communication delay was larger, the stability of the system was deteriorated in all
methods. The difference among the methods decreased with increase in a communication delay and it
finally disappeared.

From the above investigation, the effectiveness of the proposed method was confirmed to be preserved
even with a communication delay, when the delay was relatively small. On the other hand, differences
among the methods decreased except for operationality when a communication delay was large. Even in
this case, the proposed method was not worse than the other methods, better operationality and the same

performance in the other indices were achieved.

5.3.4 Experiment

Experimental Setup

In this section, experiments were conducted with the system shown in Fig. 5-18. The parameters in
the experiments are shown in Table 5-9. In each experiment, an operator manipulated the master robot,
and the robots were operated in a non-contact motion (free motion) first, and then the slave robot was
made into contact with an aluminum object (contact motion).

Experiments were conducted for the following three cases.

e Method B: transmit a packet filled with position, velocity, and force data at the latest sampling

point

e Method C: transmit a packet filled with position, velocity, and force data at multiple sampling

points

e proposed: transmit a packet filled with position data at multiple sampling points and velocity and

force data at the latest sampling point.

Experimental Results

The experimental results are shown in Figs. 5-31 to 5-33: the results with Method B are shown in

Fig. 5-31, those with Method C are shown in Fig. 5-32, and those with the proposed method are shown
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Fig. 5-31: Experimental results: bilateral teleoperation with Method B

in Fig. 5-33. In Method B and the proposed method, position responses of the master and slave devices
well corresponded each other both in the free motion and the contact motion. Stable contact to the object
was also achieved and the force responses during the contact showed the correspondence of force in the
master and the slave. Focusing on the force response in the free motion, however, small oscillation was
confirmed in Method B. Since the level of oscillation was larger than that in the proposed method, the
oscillation was not a noise of the sensor but the real oscillation of the robot. The proposed method was
therefore superior to Method B in terms of operationality. In Method C, stable contact was not achieved,
although the response in the free motion was ideal, large oscillation occurred when the slave robot was
made into contact with the object.

According to the above results, it was confirmed that performance of bilateral teleoperation improved
with the proposed method by transmitting appropriate data considering the influence of characteristics

of each signal.
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Fig. 5-32: Experimental results: bilateral teleoperation with Method C

5.4 Coding and Decoding Scheme for Precise Motion Control Over Net-

work

This section tackles the problems of the limitation of the packet transmission interval from a viewpoint
of processing of transmission signals. Although the signal transmission method proposed in the previous
section is one of the processing schemes, this section proposes a more generally applicable coding and
decoding scheme. The aims of the proposed scheme are: to overcome the trade-off between the data
renewal interval or the bandwidth and the delay in the transmission signal; and to realize transmission and
utilization of wide-band and small-delay signals even under severe limitation of the packet transmission
interval. A method for reducing calculation cost and the transmission packet size while maintaining high

control performance is also proposed.
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Fig. 5-33: Experimental results: bilateral teleoperation with proposed method

5.4.1 Signal Bandwidth Limitation due to Network

Acquisition of wide-band signals and the extremely short sampling period are required for precise mo-
tion control 118/119] The bandwidth of the acquired signals is limited, however, when signals are trans-
mitted through a network. When a signal is sampled, a frequency component higher than the Nyquist
frequency, a half of the sampling rate, cannot be reproduced because of aliasing. This means that acqui-
sition of a signal should be done with the sampling period short enough for the required bandwidth of
the signal. On the other hand, a risk of network congestion may increase due to the performance of com-
munication lines and communication devices when a packet transmission interval is shortened. Since
network congestion causes a large communication delay and significant packet losses, a transmission in-
terval should be set long enough to avoid network congestion. The sampling periods are therefore often

set to different values for packet transmission and measurement or control as described in the previous

sections.
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Fig. 5-34: Procedure of extraction of transmission signal

Fig. 5-34 shows the flow of extraction of transmission signals. Since the signals higher than the
Nyquist frequency generate aliasing noise, it should be removed by using an LPF. The maximum fre-
quency for the measured signals is therefore the lower of the frequency range of the sensor fgens and
the Nyquist frequency due to the measurement sampling period fns(= 1/(275)). When communication
exists and the packet transmission interval 7T is set longer than the measurement sampling period, two
different Nyquist frequencies exist: one is the Nyquist frequency due to measurement fy ¢ and the other
is that due to communication fy.(= 1/(27;)). When the packet transmission interval is set longer than
the control sampling period, the Nyquist frequency due to communication fy. is lower than fyns. An
LPF for anti-aliasing is required before extracting the transmission signals from the measured signals.
The maximum frequency for the transmission signals is then limited to the lower of fx. and fseps. It
means that some measured components become unavailable to be transmitted due to communication
if the frequency range of the sensor is higher than the Nyquist frequency due to communication. The

bandwidth limitation explained above may deteriorate the performance of a system.

5.4.2 Coding and Decoding Scheme for Precise Motion Control over Network

This subsection proposed a coding and decoding scheme to transmit wide-band signals with small
processing delay. The scheme uses an LPF to keep the delay due to processing small, and discrete
Fourier transform (DFT) to transmit the frequency component higher than the Nyquist frequency due to
communication. The proposed method is thus named as “LPF-DFT combined scheme”. The proposed
method focuses on the fact that the delay due to processing is small when the data at the latest sampling
period is transmitted as Method B in the previous section and the delay is generated by transmitting
multiple data and using them from the oldest. In this research, the packet transmission interval is assumed

to be set longer than the measurement sampling period due to limitations on the communication line and
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Y‘

Fig. 5-36: Overview of decoding in the LPF-DFT combined scheme
devices and expressed as follows:
T, = mTs, (5.18)

where m is an integer larger than 1. An overview of the proposed coding and decoding scheme is shown
in Figs. 5-35 and 5-36. Here, X; denotes a signal component lower than the Nyquist frequency of packet
transmission, cgp; denotes frequency spectra, fppr denotes the frequency range for DFT calculation,
and " denotes a received value. The proposed method deals with low and high frequency components in
different manners. In addition to transmission of the low frequency signal, the high frequency component
is transmitted as frequency spectrum and added to the low frequency component on the received side to
widen the bandwidth of the decoded signals. The details of the process are described below.

On the sending side, a signal lower than the Nyquist frequency of packet transmission X; is extracted

by the LPF.

X, = Gy(s)Xa, (5.19)
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where G)(s) denotes an IR type or an analog LPF with a cutoff frequency g; lower than fy.. In addition
to the extraction of X;, DFT calculation is performed to extract the high frequency component excluded

in Xl.

N—1
carlk] = > Xg[n]e CmEn/N) (5.20)
n=0
(k = Kuin, Kmivn+1, -+, Kpax)

Here, cqf; denotes frequency spectra of X4 and N denotes the number of data used for the DFT calcula-
tion. Since a larger N provides a higher frequency resolution, while calculation cost increases and older
data are included, [V is generally set to the number of measurement sampling points in one or two packet

transmission interval. K7y and Ky ax are set as Ky = 0and Kprax = N — 1 in general DFT. In

the proposed LPF-DFT combined scheme, however, K 7y is set as Kyy ~ 2 é\; Ts (=~ fneNTs) and
Ky ax is determined considering min( fsens, fns) and the bandwidth required for control. In addition
to dealing the low and high frequency components in different manners, one of the characteristics of the
LPF-DFT combined scheme is setting K s 4 x at a different value to N — 1. The bandwidth of the signal
is widened, while calculation cost and the size of a transmission packet increase with a larger Kprax.
Thus, K s 4x should be set to the bare minimum value.

In transmission of the signals, a sampled value of X; and a frequency spectra cqy; are transmitted as a
packet every 7.

On the receiving side, the high frequency component X}, is added to the low frequency component
X as shown in Fig. 5-36 to widen the bandwidth of the decoded signal. X, is renewed at every packet
receiving point and it is hold at a constant value at the sampling points between two successive receiving
points. X, is reproduced from cqyt» which is renewed at every packet receiving point, using inverse
discrete Fourier transform (IDFT).

Xiln] = X[0] (5.21)

Kyrax

Xp[n] = cayi K] mRn/N) (5.22)

k=KnmIN

(n = 0,---,N—1)

Here, n is the number of sampling points from the renewal of cg4r;. The sum of X ; and X n is used as a

decoded signal on the receiving side.

X[n] = Xi[n] + Xu[n) (5.23)
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The LPF-DFT combined coding and decoding scheme enables the receiving side system to use signals
with frequency components higher than the Nyquist frequency fy.. Wide-band signal transmission
with small processing delay therefore becomes possible even under the severe limitation of the packet

transmission interval.

5.4.3 Expected Advantage of LPF-DFT Combined Scheme

The advantages of the LPF-DFT combined scheme over the conventionally proposed methods are
discussed in this subsection. As a method for shortening the interval of the transmission data, the up-
sampling technique or a method of transmitting the values at multiple control sampling points between
two successive packet transmission points as a packet [114] can be applied. Those method and the LPF-
DFT combined scheme are similar in the point that the value of the transmission signal is renewed more
than once in one packet transmission interval. The advantage of the LPF-DFT combined scheme over
the upsampling is that the bandwidth of the transmission signal can be widened only by the LPF-DFT
combined scheme. The difference between these schemes is the value to be inserted between packet
transmission points: upsampling inserts zero and the LPF-DFT combined scheme inserts a value derived
from frequency spectrum of a high frequency component. The above-mentioned advantage comes from
transmission of a high frequency component using DFT. The advantages of the LPF-DFT combined
scheme over the latter method are that the delay due to processing and utilization of the data in the trans-
mission packet is decreased and the data in the transmission packet is efficiently extracted by reflecting
the bandwidth of the measured signals and importance for a control performance. The former point is
achieved by separating handling of low and high frequency components. The latter point is achieved
by extracting the signals as frequency spectra. Expansion to the data compression can be expected by
determining the bandwidth or weighting of the frequency spectra with consideration of the difference
in magnitude of the influence on control performance depending on the frequency of the signals. When
considering the use of the frequency spectra for data compression, a discrete cosine transform (DCT)
is widely used in the fields of audio and visual. A DCT-based method has also been proposed for ap-
plication to haptic data compression for haptic communication [19%, The LPF-DFT combined scheme
is similar to this method in terms of transmitting signals by using frequency spectra, but with two main

differences as follows:

(1) process low and high frequency signal components in different manners: extract low frequency
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signals using an LPF instead of DFT; and
(i) perform DFT calculation only for a limited frequency range.

The first point has two aspects; one is the use of the LPF and the other is separation of the handling
of the signal into two. The use of the LPF may impose both the adverse and preferable influences. A
continuous or IIR type LPF gives weight to the latest data, while DFT imposes a constant delay depending
on a window size. Because of the difference in delay, the decoded signal will not correspond perfectly
to the original signal when an LPF is used, but the decoded signal performs as if the delay is smaller.
It may impose the preferable influence on the performance of acceleration control. The separation of
the handling in the LPF-DFT combined scheme enables systems to transmit low and high frequency
components using different means or rates. This means that the latency, the communication path, or cost
of the communication can be designed independently for the low and high frequency components when
taking their influence on the performance into consideration.

The second point is important for the implementation of the method on hard real-time systems. In-
crease in calculation cost due to DFT is generally concerned in implementation of methods with DFT
calculation. The increase is small in the LPF-DFT combined scheme, however, since the number of data
processed in one calculation period is relatively small and DFT and IDFT calculations are performed
only for the frequency range of Kyrn/T < fprr < Kpyax/T. The performance requirement for
the calculation device is lower in the LPF-DFT combined scheme and it can be implemented on hard

real-time systems with no adverse impacts.

5.4.4 Performance Analysis

In this subsection, frequency analyses were conducted to clarify the characteristics of the proposed
LPF-DFT combined coding and decoding scheme and its influence on motion control. As mentioned in
the previous subsection, the decoded signal may not correspond to the original signal perfectly with the
LPF-DFT combined scheme due to the difference in phase delay characteristics between the LPF and
DFT. On the other hand, the delay in the low frequency component may be smaller with the LPF-DFT
combined scheme than that with the DFT-based scheme. This subsection first verifies the influence on the
decoded signal. The influence of characteristics of the coding schemes on motion control performance
is also verified by taking up the bilateral teleoperation system as an example of a motion control system

severely influenced by the bandwidth limitation.
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Modeling

The network path N (s) was assumed to include not only the communication delay but also processes
for signal transmission such as filtering and DFT calculation. It can therefore be regarded as a signal
transmission path. The following three cases were considered as signal transmission in this section and

the model of each signal transmission path is derived in this subsection.
e transmit only low frequency signals (LPF-based scheme)
e transmit frequency spectra extracted by DFT (DFT-based scheme)

e transmit LPF value and frequency spectra of high frequency component (LPF-DFT combined

scheme)

In the LPF-based scheme, an LPF with cutoff frequency lower than the Nyquist frequency of packet
transmission is applied and the filtered value is held for the packet transmission interval. The signal

transmission path can be modeled as shown in Fig. 5-37(a) and the equation below:

NLPF(S) = Gl(s)STC(S)HTC(S)efLCS, (5.24)
where
g
GZ(S) = 5x gl' (5.25)

Here, S(s) denotes a sampler, H (s) denotes a zero-order-holder, the subscripts of S(s) and H(s) denote
the sampling period and holding period, respectively, and L. denotes communication delay.

DFT and IDFT calculation conducted in the DFT-based scheme and LPF-DFT combined scheme
generates constant delay depending on the window size and limits the frequency range of the signal to
that of frequency spectra used for decoding. The value is renewed at every measurement sampling point.
The signal transmission path using DFT for the limited frequency range can be modeled as shown in

Fig. 5-37(b) and the equation below:
Nprr(s) = Gprr(s)Sr, (s)Hr, (s)e™ ", (5.26)

where
—Tes .
GDFT(S) _ € (fmm < f < fma:p) (5.27)
0 (f<fminuf>fma:c>-
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Fig. 5-37: Models of signal transmission path

fmin 18 usually set to zero in the DFT-based scheme.
The process of the LPF-DFT combined scheme contains both LPF process and DFT process. It can

thus be expressed as shown in Fig. 5-37(c) and the following equation.
Nrprprr(s) = {Gi(s)St.(s)Hr.(s) + Gprr(s)St, (s) Hr, (s) }e ™" (5.28)

Here, fymin is determined by K7y and fiqq is determined by Kjsax in (5.20) in the LPF-DFT com-

bined scheme.
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Table 5-10: Control parameters in analysis and experiments on coding schemes

Control sampling period T 0.2 ms
Signal transmission sampling period T, 5.0 ms
Communication delay L. | 00and 5.0 ms
Position feedback gain K, 3600.0 1/s?
Velocity feedback gain K, 120.0 1/s
Force feedback gain Ky 1.0 m/Ns?
Analysis

Spring coefficient of operator K 400.0 N/m
Damping coefficient of operator Dy, 40.0 Ns/m
Spring coefficient of environment K. 10000.0  N/m
Damping coefficient of environment D, 10.0 Ns/m
Cutoff frequency of LPF g 600 rad/s
Experiment

Cutoff frequency of DOB Ydis 1800 rad/s
Cutoff frequency of RFOB 9dis 1800 rad/s
Number of data used in DFT calculation | N 25

Analysis of signal transmission path

Firstly, the characteristics of the signal transmission path with the LPF-based scheme, the DFT-based
scheme, or the LPF-DFT combined scheme themselves were analyzed and compared. The sampling
periods and the cutoff frequency of the LPF were set to the values shown in Table 5-10. The communi-
cation delay was assumed to be negligible (L. = 0.0 ms) in this analysis to verify only the difference
due to signal transmission processes. fiin and finq, Were set as fr,;, = 0 rad/s and fi,q, = 5000 rad/s
in the DFT-based scheme, and set as f;,,;, = ¢; rad/s and f,,4, = 5000 rad/s in the LPF-DFT combined
scheme.

The bode diagrams of Nypr(s), Nprr(s), and Npprprr(s) are shown in Fig. 5-38. Comparing
the LPF-based scheme and the DFT-based scheme, the gain decreased from around 100 rad/s in the LPF-
based scheme, while the gain was maintained at 0 dB up to the set frequency fy,q, in the DFT-based
scheme. It means that high frequency signals are eliminated in the LPF-based scheme, while wide-band
signals can be transmitted with the DFT-based scheme. In terms of phase delay, the delay is larger
in the DFT-based scheme compared with the LPF-based scheme. The characteristics of the LPF-DFT
combined scheme were the same as those of the LPF-based scheme in the frequency range lower than g;

and the same as those of the DFT-based scheme in the frequency range higher than g;: the gain decreased
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Fig. 5-38: Bode diagram of signal transmission path

at a frequency around g; but was maintained at 0 dB up to f,,4, and the phase delay was smaller than
that in the DFT-based scheme in the frequency range lower than g;. It means that the delay is smaller in
the lower frequency range and the gain is maintained up to the set frequency in the LPF-DFT combined
scheme. No adverse characteristics due to the difference in phase delay between the LPF and DFT
were confirmed. The results support the advantages of the LPF-DFT combined scheme mentioned in the
previous subsection and confirm that the LPF-DFT combined scheme has preferable characteristics for

utilization in control.

Influence on Bilateral Teleoperation Performance

The influence of characteristics of the signal transmission path mentioned above on the performance
of motion control was analyzed next. This subsection takes up a bilateral teleoperation system as a
motion control system that requires introduction of a network and is severely influenced by the bandwidth
limitation. Reproduction of wide-band haptic sensation is important in bilateral teleoperation to help an
operator to execute complicated tasks. However, it requires an extremely short sampling period and
wide-band signals. When the rate of packet transmission between the master side and the slave side is
limited, a switching motions or force at the contact moment may not be reproduced since the bandwidth
of the transmitted position and force signals is inadequate.

The analyses were conducted for the system with the four-channel-based controller shown in Fig. 5-
2. A Smith predictor-based delay compensation was applied to the controller. An operator and an

environment were modeled as a spring and damper model expressed in (2.37) and (2.38). This analysis
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Fig. 5-39: Analysis on influence of coding on bilateral teleoperation performance: reproducibility P,

introduces the following four indices described in Section 2.4.3 to evaluate the performance of bilateral
teleoperation: reproducibility, operationality, tracking, and drift. Analyses were conducted for the cases
with a negligible communication delay (L. = 0.0 ms) and those with a constant delay (L. = 5.0 ms)
using the parameters shown in Table 5-10.

Figs. 5-39 to 5-42 show the bode diagrams of the respective indices. Reproducibility shown in Fig. 5-
39(a) dropped from around g; in the LPF-based scheme. It shows that a contact force in a frequency
higher than g; cannot be reproduced. On the other hand, reproducibility was ideal up to f;,4, in the DFT-
based scheme and the LPF-DFT combined scheme. Fig. 5-39(b) shows the same tendency in the case
with a communication delay. The results show that the DFT-based scheme and the LPF-DFT combined
scheme are superior to the LPF-based scheme in terms of reproducibility.

Fig. 5-40 shows the bode diagram of operationality. Although the behavior was almost the same in
all schemes, the enlarged view shows that the value was about 2 dB smaller in the LPF-based scheme
and the LPF-DFT combined scheme than in the DFT-based scheme. It means that a smaller operational
force is required in the LPF-based scheme and the LPF-DFT combined scheme. It may be due to the
smaller phase delay in the low frequency range. Fig. 5-40(b) shows that the tendency was almost the
same even in the case with a communication delay, although the gain increased entirely and fluctuated at
frequencies around 100 rad/s. The difference between the DFT-based scheme and the LPF-based scheme
or that between the DFT-based scheme and the LPF-DFT combined scheme decreased but there was still
1.2 dB difference.

The bode diagram of tracking is shown in Fig. 5-41. Although the gain was small enough to satisfy the
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Fig. 5-41: Analysis on influence of coding on bilateral teleoperation performance: tracking P,

ideal condition in all cases, the gain was smaller in the LPF-based scheme and the LPF-DFT combined
scheme than in the DFT-based scheme when a communication delay was negligible. In the case with a
communication delay, the gain increased and gain peak appeared but the gain still kept small enough to
satisfy the ideal condition in all cases. The difference among the schemes disappeared.

The bode diagrams of the drift shown in Fig. 5-42 are similar to those of tracking. Although the gain
was small enough to satisfy the ideal condition in all cases, the gain in the LPF-based scheme and the
LPF-DFT combined scheme was smaller than that in the DFT-based scheme when a communication
delay was negligible. The difference among the schemes disappeared when L. = 5.0 ms.

The above results show that the LPF-DFT combined scheme has the characteristics the same as the

better of the LPF-based scheme and DFT-based schemes. No deterioration of the performance compared
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Fig. 5-42: Analysis on influence of coding on bilateral teleoperation performance: drift Py

with other schemes or adverse influence due to summation of values with different phase delay was

confirmed.

5.4.5 Experimental Verification

Experimental Setup

Experiments were conducted using a pair of master and slave robots shown in Fig. 5-18 to verify the
effectiveness of the LPF-DFT combined scheme in the real system. As in the cases of experiments in the
previous sections, the force signal was estimated from the output of the encoder using the reaction force
observer (RFOB) and the disturbance observer (DOB) was applied to each robot. In this experiment,
the master and slave robots were controlled using the same computer and the network was virtually
constructed in the computer. The parameters in the experiments are listed in Table 5-10. The same as in

the analysis, experiments were conducted for the following three cases:
e [ PF-based scheme: transmit only low frequency signals;
e DFT-based scheme: transmit frequency spectra extracted by DFT; and
e LPF-DFT combined scheme: transmit LPF value and frequency spectra extracted by DFT.

The settings in each case are listed in Table 5-11. Although it is possible in the LPF-DFT combined
scheme to transmit low and high frequency components separately through different communication

lines, these were transmitted together through the same line in this experiments. Firstly, the signal trans-
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Table 5-11: Settings in experiment on coding schemes

Cutoff frequency | Frequency spectra

g1 [rad/s] Kyin  Kuax
LPF-based scheme 600.0 - -
DFT-based scheme - 0 4
LPF-DFT combined scheme 600.0 1 4

mission performance was verified by using the force signal at a contact moment. Secondly, experiments

on bilateral teleoperation were executed to verify the influence on motion control performance.

Experimental Results on Signal Transmission

In order to verify the performance of signal transmission, the transmitted and decoded signals were
compared with the original signal in Fig. 5-43 and Table 5-12. The same sampled force signal of 0.5 s
around the contact moment was used in all the cases. The original values in the figures of the time
domain response are shifted for a packet transmission interval for easier comparison.

The decoded values tend to follow the original values in all cases. On the other hand, a large impact
force occurring at the contact moment was not decoded in the LPF-based scheme, while the force were
sufficiently decoded in the DFT-based scheme and the LPF-DFT combined scheme. The results in the
frequency domain show that contact force higher than 100 Hz was not decoded in the LPF-based scheme.
In the DFT-based and LPF-DFT combined schemes, the frequency distribution of the decoded signals
corresponded to that of the original almost perfectly even in the frequency range higher than 100 Hz.
These results confirm the effectiveness of the transmission of the frequency spectra extracted by DFT.
These results also show superiority of these schemes over the upsampling technique. Although the
upsampling technique can heighten the sampling rate of the decoded signal as in the DFT-based and
LPF-DFT combined schemes, it cannot widen the bandwidth of the decoded signal. In the DFT-based
and LPF-DFT combined schemes, small deviation of the decoded signal was confirmed at boundaries of
packets. This discontinuity is caused by the boundary condition assumed in DFT and use of coefficients
of the limited frequency range in coding and decoding. DFT assumes the original signal to be repeat
of the extracted signals. This assumption causes discontinuity at the boundaries and large values in
high frequency coefficients. Since the LPF-DFT combined scheme performs DFT and IDFT calculation
only for the limited frequency range and frequency resolution is not high enough, elimination of high

frequency coefficients causes boundary artifact. This boundary noise can be reduced by using discrete
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Fig. 5-43: Experimental results: coding and decoding of contact force

600

cosine transform (DCT) instead of DFT. Since DCT assumes the original signal as an even function,

discontinuity at boundaries decreases and information tends to concentrate in a fewer coefficients in

the low frequency range in DCT than that in DFT. Application of DCT is thus effective for further

improvement of the performance of the LPF-DFT combined scheme.

When comparing the DFT-based and LPF-DFT combined schemes, the error was larger in the LPF-
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Table 5-12: Experimental results: errors in transmitted contact force (Ave.£SD)

time domain [N] | freq. domain [N]
LPF-based scheme 0.62+2.44 3.484+2.90
DFT-based scheme 0.10+0.27 1.254+1.55
LPF-DFT combined scheme 0.28+0.88 1.4242.02
master = master =
slave slave
0
— — 0
g g !
£ £
=) [=]
.2-10 =1
G -5
[=] (=}
o o
207 —
0 0.2 0.4 0.6 10, 1 3
time [s] time [s]

(a) free motion (b) contact motion

Fig. 5-44: Experimental results: overview of motion in bilateral teleoperation

DFT combined scheme, especially in the time domain. This is due to the use of the LPF in the LPF-DFT
combined scheme and difference in phase delay characteristics between LPF and DFT. As mentioned in
Section 5.4.3, the decoded value does not perfectly correspond to the original, while the influence of the
signal delay due to the DFT calculation decreases when the low frequency signal is extracted by the LPF.

The influence of the error on the performance of motion control is verified next.

Experimental Results on Bilateral Teleoperation

For quantitative evaluation of bilateral teleoperation performance, the master robot was moved almost
the same in each case with a pseudo-operator input. An overview of each motion is shown in Fig. 5-44.
The experiments were conducted for the cases with negligible communication delay and the constant
communication delay: L. = 0.0 and 5.0 ms. The results are shown below only for operationality and re-
producibility, for which the significant influence was expected, with L, = 5.0 ms. Other evaluation data
are summarized in Table 5-13. Here, ) F}, is an index for operationality and represents the magnitude
of a total force required for a sequence of an operation. The ratio of the maximum force generated in
the master and the slave |Fy, |maz/|Fs|maz Shows availability of reproduction of an impact force, and is
ideally 1. F't,, and F'y, denote frequency domain values, PSD, of force generated in the master and the

slave. The median of |F't,,/F¥| is an index of reproducibility in the frequency domain.
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Fig. 5-45: Experimental results: operational force in non-contact motion

Fig. 5-45 shows that the operational force in the non-contact motion. It was smaller in the LPF-based
scheme and the LPF-DFT combined scheme than in the DFT-based scheme by 10 %. This tendency
agrees with the results of analysis. The smaller operational force was achieved in the LPF-DFT com-
bined scheme because weight was given to the latest value due to the use of an LPF and a delay in the
signals appears to be attenuated. In the non-contact motion, as shown in Table 5-13(a), position tracking
errors between the master and slave devices were sufficiently small and almost the same in all the cases.
Moreover, the results for the cases with L. = 0.0 ms had a tendency similar to those for the cases with
L. = 5.0 ms as shown in Table 5-13.

In the contact motion, the slave stably came into contact with the object and the position and force
corresponded well between the master and the slave in all the cases. The force responses of the master
and the slave and the frequency distribution of the force are shown in Fig. 5-46. Sample data of 0.5 s
around the contact moment were used for deriving the frequency distribution. Fig. 5-46 shows that the
impact force reproduced in the master was much smaller in the LPF-based scheme compared with that
occurring in the slave. As shown in Table 5-13(b), the ratio of the force generated in the master to
the force generated in the slave is closer to the ideal value of 1 in the DFT-based or LPF-DFT combined
scheme than in the LPF-based scheme. There was only a small difference between the DFT-based scheme
and the LPF-DFT combined scheme in force error in terms of reproduction, although the error in terms
of signal transmission was larger in the LPF-DFT combined scheme. In the frequency distribution,
frequency components higher than 100 Hz were not reproduced in the master in the LPF-based scheme.

On the other hand, they were reproduced properly in the DFT-based or LPF-DFT combined scheme.
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Fig. 5-46: Experimental results: force response in contact motion

This result proves that the bandwidth of the force reproduction was increased by the transmission of the
force spectra extracted by DFT. As shown in Table 5-13(b), a position error in the contact motion was
the almost the same in all the cases. As in the case of the non-contact motion, a tendency of difference
among the schemes was almost the same in the case with L, = 0.0 ms.

The above results show that the LPF-DFT combined scheme can improve reproducibility, especially

the bandwidth of transmission of haptic sensation, while keeping the operational force small. Improve-
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Table 5-13: Experimental results: comparison of coding scheme on bilateral teleoperation performance

(a) non-contact motion

position error | operational force
AVEZSD [mm] > Fy, [Ns]
L.=0.0ms

LPF-based scheme 0.039+0.021 1.73

DFT-based scheme 0.045+0.025 1.93

LPF-DFT combined scheme | 0.042+0.027 1.72

L.=5.0ms

LPF-based scheme 0.092+0.056 2.61

DFT-based scheme 0.113£0.065 2.89

LPF-DFT combined scheme | 0.094+0.057 2.62

(b) contact motion
position error reproducibility
AVEZLSD [mm] ‘Fm|max/|Fs|max medianﬂFfm/Ffs’)
L.=0.0ms
LPF-based scheme 0.0224+0.104 0.476 0.497
DFT-based scheme 0.027+£0.128 0.726 0.743
LPF-DFT combined scheme 0.028+0.110 0.769 0.797
L.=50ms

LPF-based scheme 0.05140.225 0.497 0.483
DFT-based scheme 0.059+0.232 0.725 0.759
LPF-DFT combined scheme 0.060+0.240 0.740 0.743

ment of performance is expected also in other motion control and thus high performance motion control
is expected to be achieved even under the limitation of the packet transmission interval. It was also

confirmed that the scheme is applicable to the hard real time system.

5.5 Optimization of Transmission Data for Bilateral Teleoperation Based
on LPF-DFT Combined Scheme

5.5.1 Problems in Application of LPF-DFT Combined Scheme to Bilateral Teleoperation

In order to transmit vivid haptic sensation in bilateral teleoperation and to execute advanced tasks

properly, it is important to acquire wide-band signals and transmit them without delay. As described
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in the previous section, introduction of the LPF-DFT combined scheme to signal transmission between
the master device and the slave device in bilateral teleoperation enables the system to transmit wide-
band signals with small delay even under severe limitation of the packet transmission interval. The
performances such as the bandwidth of force transmission are thus improved. The calculation cost and
the transmission packet size increase in this scheme, however, in comparison with the case in which only
the low frequency component is transmitted. Considering the application to a multi-degree-of-freedom
system and concurrent control of multiple systems, it is essential to reduce the calculation cost and
the transmission packet size. Those in the LPF-DFT combined scheme are determined by Kjs4x in
(5.20). A smaller Kjsax decreases the calculation cost and the packet size, while control performance
deteriorates if K s 4x is too small. There is thus a trade-off between quality of a transmission signal or
control performance and the calculation cost or the packet size. The following subsection is devoted to
propose a method for reducing the calculation cost and the packet size while maintaining high control

performance.

5.5.2 Optimization of Transmission Signal

The signals transmitted in the four-channel-based controller shown in Fig. 5-2 are position, velocity,
and force signals. As mentioned in Section 5.3, the influence of the time interval of data renewal and
that of the delay on bilateral teleoperation performance differ depending on the types of signals. Similar
to that, the required bandwidth may differ depending on the types of signals. This section proposes a
method for optimizing the transmission signal by designing the bandwidth of the transmission signal
independently for each signal, with consideration of the magnitude of the influence of the bandwidth
limitation of the respective signals on control performance. Optimization in this section means reductions

in calculation cost and the packet size without deterioration of performance.

Analysis of Influence of Bandwidth Limitation

Performance analyses were conducted to clarify the influence of bandwidth limitation of each signal
on the bilateral teleoperation performance. Reductions in calculation cost and the packet size are realized
without deterioration of performance by deciding the bandwidth of the transmission signal of each signal
based on the analysis results.

As a means to express bandwidth limitation, an LPF is widely used. The ideal DFT model expressed

in (5.27) is used in this section instead of an LPF, however. When an LPF is used, not only the bandwidth
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but also the phase characteristics of the LPF impose the influence on the analysis result. On the other
hand, what should be clarified in the analysis is the influence of bandwidth limitation due to Ks4 x in the
LPF-DFT combined scheme. The phase characteristics of the signal do not change according to K ;4 x-
The ideal DFT model is therefore used to avoid the influence of the phase characteristics. Equation
(5.27) indicates that the gain is maintained completely, while constant delay exists in the frequencies
lower than fj;,,,;+ and signals higher than fj;,,;+ are completely eliminated. The operator model and the
contact environment model expressed in (2.37) and (2.13) are utilized as the inputs to the master and the
slave, respectively.

The analyses were conducted for the following four cases:
e set bandwidth limitation of all signals high (f, = f, = f; = f1)

e set bandwidth limitation of position signal low and that of the other signals high

(fp=1, fo=Tr=1n

e set bandwidth limitation of velocity signal low and that of the other signals high

(fo= 1, lo=Tr=1n

e set bandwidth limitation of force signal low and that of the other signals high

(fr=Ffo, fo=Ffo=1fn)

Here, fp, fv, and fy are the bandwidth limitations of position, velocity, and force signals, respectively.
The higher value for bandwidth limitation f was set to 2500.0 rad/s and the lower value f; was set to
380.0 rad/s. Here, f; was determined with consideration of the packet transmission interval 7, and f
was determined with consideration of the bandwidth of tactile sensation of human (0 - 400 Hz). The
parameters used in the analysis are shown in Table 5-14.

Analyses were conducted using the following four indices: reproducibility, operationality, tracking,
and drift. Fig. 5-47 shows the bode diagram of each performance index. As shown in Fig. 5-47(a), repro-
ducibility was greatly influenced by the bandwidth limitation of the force signal. When the bandwidth of
the force signal was limited to f;, the gain plunged at the frequency and haptic sensation higher than the
frequency thus could not be reproduced. Although the influence of bandwidth limitation of the velocity
signal was also confirmed in Fig. 5-47(a), the magnitude was much smaller than that for the force signal.
No influence of the limitation of the position signal was confirmed. The above result shows that there

is a difference in the magnitude of the influence depending on types of signals. Fig. 5-47(b) shows that
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Fig. 5-47: Analysis on influence of frequency limitation of each signal

operationality was almost the same in all cases. The influence of bandwidth limitation of any signal
was confirmed to be negligible. Figs. 5-47(c) and (d) show the results of tracking and drift, respectively.
The gain of tracking or drift was sufficiently small in all cases to consider that the ideal condition was
satisfied. However, a deviation of the gain was confirmed in the high frequency range in the case with
the limitation of the force signal. The influence of the limitation of the force signal was the greatest, as in
the case of reproduction, when the magnitude of the influence of the bandwidth limitation of each signal
was compared. The influence was much smaller in the case of the velocity signal and was not confirmed

in the case of the position signal.
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Table 5-14: Control parameters in analysis and experiments on optimization of transmission signal

Control sampling period T, 0.2 ms
Signal transmission sampling period T 8.0 ms
Communication delay L. 1.0 ms
Position feedback gain K, | 3600.0 1/s?
Velocity feedback gain K, 120.0  1/s
Force feedback gain Ky 1.0 m/Ns?
Simulation

Spring coefficient of operator K | 400.0 N/m
Damping coefficient of operator Dy, 40.0 Ns/m
Spring coefficient of environment K. | 10000.0 N/m
Damping coefficient of environment D, 10.0 Ns/m
Experiment

Cutoff frequency of DOB Gdis 1800  rad/s
Cutoff frequency of RFOB Je 1800  rad/s
Number of data used in DFT calculation | N 40

Design of Bandwidth of Transmission Signal

The analysis results show that the influence of the bandwidth limitation of bilateral teleoperation
performance is mainly due to the limitation of the force signal. The influence of the limitation of the
velocity is smaller than that on the force and the influence of the limitation of the position is considered
to be extremely small. Consequently, the most important thing to attain high performance bilateral
teleoperation is transmitting a wide-band force signal. The packet size can be reduced effectively by
determining the bandwidth of a transmission signal independently for each signal on the basis of the
degree of the influence.

The amount of the transmission data is therefore expected to be reduced without deterioration of
control performance by giving priority to extraction and transmission of wide-band components of the
force signal and extracting and transmitting only the low frequency component of the position signal. For
the velocity signal, since its influence is small, the high frequency component is transmitted only when
there is room in calculation and transmission. The force signal usually includes noise and the measurable
bandwidth of the force is limited due to the performance of the sensor. The bandwidth of DFT calculation

and that of the transmission signal for each signal are proposed to be designed as follows:

e position: no DFT calculation performed (transmit only X7);
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e velocity: depending on the allowance of calculation and communication; and

e force: equivalent to or higher than the bandwidth of sensing.

5.5.3 Experiments

Experiments were conducted with the experimental system shown in Fig. 5-18. For the simplicity
reason, the communication between the master and slave devices was virtually constructed in a computer.
Although various data compression schemes can be applied to the coefficients of DFT in the LPF-DFT
combined scheme, the LPF value and coefficients of DFT were transmitted directly without compression
in the experiments. The parameters the same as those in the analysis as shown in Table 5-14 were used.
Experiments were executed for the following four cases and performance was compared with a focus on
tracking performance between the master and slave, an operational force, and reproducibility of a contact

force.

e Case 1: transmit only low frequency signals (LPF-based scheme)

e Case 2: use same and wide bandwidth for all signals (LPF-DFT combined scheme without opti-

mization)

e Case 3: set bandwidth independently for each signal using proposed method (proposed: LPF-DFT

combined scheme with optimization)

e Case 4: use same bandwidth for all signals and same packet size to Case 3 (LPF-DFT combined

scheme without optimization)

Kyrrn, Ky ax, and the number of data in one transmission packet S), in each case are shown in Table 5-
15. The sum of the numbers of position, velocity, and force data in one packet was 3 in Case 1, 15 in
Case 2, and 9 in Case 3 and Case 4. It means that the packet size was reduced by 40 % in the proposed
method (Case 3) compared with Case 2. Although it is general in bilateral teleoperation that an operator
manipulates the master robot, a pseudo operator input was given to the master in the experiments to attain
similar motion in all cases and to compare the performance in each condition. Both a free motion and a
contact motion to an aluminum object were executed under each condition. The outline of each motion
is shown in Fig. 5-48.

Fig. 5-49 shows the force inputted to execute the free motion shown in Fig. 5-48(a). The position

tracking error and the magnitude of the operational force are summarized in Table 5-16. The results
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Table 5-15: Settings in experiments on optimization of transmission signal

Kyax
Sp | g1 [rad/s] | Ky | position velocity force
Case 1 3 380.0 - - - -
Case 2 15 380.0 1 3 3 3
Case 3 (proposed) | 9 380.0 1 - 2 3
Case 4 9 380.0 1 2 2 2
10 master — master =
slave 0 A slave
) £
E E
= 5 c
= 210
8 &
a, a,
0 20—
0 1 4
time [s] time [s]
(a) free motion (b) contact motion

Fig. 5-48: Experimental motion: bilateral teleoperation

Table 5-16: Experimental results: performance comparison in free motion

position error (AVE£SD [mm]) | operational force (3 F;, [N-s])
Case 1 6.30e345.29¢ 3 1.73
Case 2 5.54e734+4.85¢73 1.63
Case 3 6.14e3+4.34¢73 1.56
Case 4 4.43e734+4.16e3 1.60

show that the operational force was almost the same and the position tracking error was very small in all
cases. It was confirmed from the results that implementation of the proposed optimization method did
not deteriorate position tracking performance or operationality. The results also show that the operational
force was also the same even when only low frequency signals were transmitted in Case 1. This result
agrees with the analysis results.

The drift and reproducibility of a contact force were evaluated in the contact motion. Fig. 5-50 shows
force responses in the contact motion and frequency distributions of the forces occurring in the master
and the slave at the contact moment. The frequency distribution was derived from sampled data of 0.5 s

around the contact moment. The average position error, the ratio of the magnitudes of the force generated
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Fig. 5-49: Experimental results: inputted operational force (F,,) in free motion

at the contact moment, and the median of the ratio of the magnitudes of forces in each frequency are
summarized in Table 5-17. Stable contact was achieved in all cases as shown in the force responses in
Fig. 5-50. The position and force agreed well between the master device and the slave device. Especially
in the position error, no prominent difference among the cases was confirmed as shown in Table 5-17. On
the other hand, in the case of the magnitude of the force generated in the master at the moment of contact,
the value was markedly small in Case 1. This is considered to be the result of the bandwidth limitation of
the transmission signal in Case 1. The value of the large impact force generated in the slave at the moment
of contact could not be transmitted to the master side due to the bandwidth limitation. The frequency
distribution shows that a difference between the master and slave devices was large in all frequency
ranges when only low frequency signals were transmitted in Case 1. It means that a considerable portion
of elements was not reproduced in the master device. On the other hand, the frequency distribution in the
master was similar to that of the slave in a wide bandwidth when the LPF-DFT combined scheme was
applied in Case 2. The result almost the same as Case 2 was achieved in Case 3 although the packet size

was reduced. In Case 4, the value of the master deviated from that of the slave in the frequency range
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Table 5-17: Experimental results: performance comparison in contact motion

position error reproducibility
AVEASD [mm] | |Fyulmaz/|Fslmaz  median(|Fym/Fys))
Case 1 | 0.02440.107 0.35 0.38
Case2 | 0.028+0.112 0.79 0.96
Case3 | 0.029£0.123 0.81 0.97
Case4 | 0.036+0.152 0.52 0.57

higher than 1800 rad/s. The evaluation values for reproducibility shown in Table 5-17 also show that the
performance the same as Case 2 and better than Case 4 was achieved in Case 3.

It was confirmed from the results that the proposed optimization method for the transmission signal
could reduce the packet size effectively without deterioration of the performance. The performance the
same as the case with a large transmission packet could be achieved with a small transmission packet.
When there was a limitation of the transmission packet size, reproducibility improved with the proposed

method compared with the case using the same K ;4 x for all signals.

5.6 Summary

This chapter aims at improvement of performance of motion control systems connected or controlled
through a network. The limitation of the packet transmission interval was mainly focused on and the
problems due to the limitation were tackled from viewpoints of sampling periods and handling of trans-
mission signals. As a network motion control system that especially requires high precision motion
control and is greatly affected by performance of a network, a bilateral teleoperation system was selected
as a main target in this chapter.

This chapter firstly proposed the design guideline for sampling periods of a networked motion con-
trol system with reference to the previous researches. Although better performance can generally be
achieved with short sampling periods, there are limitations on each sampling period. The basic idea of
the guideline is that the best performance under limitations on the system can be acquired by designing
sampling periods independently with consideration only of limitations on the corresponding sampling
period. Performance analyses, simulations, and experiments were conducted to verify the influence of
changing input, output, and control sampling periods under the severe limitation of the packet trans-

mission interval concretely. The performance was confirmed to be improved by shortening the sampling
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periods, even if the packet transmission interval was kept long and the cutoff frequency of the disturbance
observer was kept low. Moreover, the cutoff frequency can be heightened by shortening the output and
control sampling periods. The performance was improved further by heightening the cutoff frequency
according to shortening of the sampling periods, even though the performance did not catch up with the
cases with a short packet transmission interval.

Secondly, the signal transmission method for bilateral teleoperation over a network was proposed with
a focus on the quality of signals transmitted between the master device and the slave device. Although
the performance improves by shortening the control sampling period even if the transmission signal is not
renewed in every sampling point, the performance can be improved if the time interval of renewal of the
transmission signal can be shortened. On the other hand, the delay in the transmission signal increases
due to the process of utilization of the transmission signal when the time interval of the renewal is tried
to be shortened. The proposed method focused on the fact that the influence of signal quality on control
performance differs depending on the types of signals. The author proposed to determine which data
should be filled in a transmission packet for the respective signals depending on their characteristics. The
proposed method transmits position data at multiple sampling points, velocity data at the latest sampling
point, and force data at the latest sampling point as a packet at every n control sampling points. The
proposed method was confirmed to be superior in terms of stability, reproducibility, and operationality
when a communication delay was relatively small. Performance of tracking and drift were the same as
those in the conventional methods. Even in the case with a large communication delay, the method has
higher operationality, although differences in the other indices among the methods decrease. The validity
of the proposed method was also verified by the experimental results. Although the proposed method is
designed for a bilateral teleoperation system in this thesis, the idea of the proposed method can also be
applied to other networked motion control systems.

Thirdly, a coding and decoding scheme was proposed to transmit wide-band small-delay signals even
under severe limitation of the packet transmission interval. The bandwidth of a signal transmitted through
a network is generally limited to the Nyquist frequency determined by the packet transmission interval.
Moreover, the delay due to signal transmission methods generally occurs if the bandwidth of the signal is
tried to be widened. The proposed method named “LPF-DFT combined scheme” solves those problems
by separating handling of low and high frequency components. The method uses both a low-pass filter
and discrete Fourier transform for coding and inverse discrete Fourier transform for decoding. It is shown

from the analysis results that the LPF-DFT combined scheme has characteristics the same as those of the
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better of the LPF-based scheme and the DFT-based scheme and no adverse influence of summation of
components with different phase delay exists. Improvement in the bandwidth of transmission signals and
the reproduction of the force while keeping an operational force small were confirmed from the results of
the analyses and experiments conducted on bilateral teleoperation. In order to improve the performance
further, discrete cosine transform (DCT) can be effectively applied to the LPF-DFT combined scheme
as an alternative of DFT. In selection of signal processing technique, correlation of the parameters in the
technique and the frequency is important. In addition to that point, DCT has preferable characteristics for
the LPF-DFT combined scheme that information tends to concentrate in fewer coefficients at the low fre-
quency range. The discontinuity of the decoded signal at boundary due to utilization of coefficients of the
limited frequency range, which was confirmed in the LPF-DFT combined scheme, can thus be reduced
by using DCT instead of DFT. Although low and high frequency components were transmitted through
the same communication line in verification in this chapter, transmitting them separately using different
communication lines may be required in some applications. In this case, time stamp in each transmission
packet is strongly recommended to be included in a transmission packet. Moreover, development of a
method for handling the difference in a delay, a jitter, and an incidence of packet losses between low
and high frequency components is required in order to maintain high quality of the decoded signal even
in the presence of large difference in characteristics of communication lines. The proposed LPF-DFT
combined scheme can also be applied to signal transmission in systems other than bilateral teleoperation.
In terms of signal transmission in bilateral teleoperation, a method for reducing calculation cost and a
transmission packet size while keeping performance high was also proposed, since the calculation cost
and transmission packet size increase in the LPF-DFT combined scheme as compared with the LPF-
based scheme. In this method, the bandwidth of the transmission signal is determined independently for
each signal based on the magnitude of the influence of the bandwidth limitation of the respective signals
on bilateral teleoperation performance. Priority is given to set the bandwidth for transmission of a force
signal equivalent to that of measurement, and only a low-frequency signal is transmitted for a position
signal. The bandwidth for transmission of a velocity signal is then determined depending on allowance
of calculation and communication. The experimental results show that the proposed method reduced the
transmission packet size by 40 % and realized performance the same as that for the case with a large size
packet.

The constraints on the packet transmission, especially the influence of limitation of a packet transmis-

sion interval, can be solved and the performance of the networked motion control can thus be improved
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by designing the sampling periods using the proposed design guideline and applying the proposed signal
transmission method or the proposed coding scheme for packet transmission. Improvement of the per-
formance with the proposed methods is expected to promote introduction of a network to motion control
systems and expand the application fields of motion control. For further improvement, a combination of
the proposed methods with the upsampling technique or other mode-based interpolation techniques may
also be effective in some application. It is important to select a method suitable for each system with

careful consideration on characteristics and requirements of the system.
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Chapter 6

~ Contact Detection for
Environment-Adaptive Motion Control

6.1 Introduction

In recent years, an increasing number of robots have been operated in unstructured environments. The
robots often come into contact with objects both intentionally and unintentionally. Unintentional de-
struction of objects or destabilization of control systems should be avoided upon contact. Stable contact
is also necessary in order to execute tasks that require interaction with objects.

As mentioned above, “contact” is an important subject and thus has been studied in various manners.
For example, modeling of the characteristics of a contact object and that of the contact motion or states

120]  Contact force estimation based on the disturbance observer structure had

have been conducted |
been proposed as a reaction force observer 3°/. As a method for extracting the characteristics of an
object, identification of impedance is widely performed. The recursive least square method is the most
popular scheme for identifying the impedance during operations 12, Introduction of frequency analysis
techniques such as wavelet transform has also been proposed to abstract and classify the characteristics
of contact objects [122][123]

Even with various researches, stable contact operation is still a challenging issue in control. Diffi-
culties in contact motion mainly come from limitations on acquirable information about the contact and
sudden and discontinuous change in situations. As a solution for the difficulties, this research deals with

contact state detection. If the contact state can be detected at the moment of a contact event, it can be

used as a trigger for automation control and for changing gains and control schemes to achieve stable ma-
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nipulation. Notification of contact is important especially in teleoperation because safety and efficiency
of the operation improve if an operator can know whether or not the remote robot has come into contact
with objects. Further, a risk in remote operations can be reduced by detecting contact and making an
initial response upon contact automatically on the slave side when communication delay exists.
Focusing on a method for detecting contact states, there are many researches on contact or collision

detection for computer graphics [124][125)

. “Contact” in this thesis, however, represents the state in which
the body or tip of a robot physically comes into contact with real objects, especially unstructured objects.
For this term, the most popular way is setting a threshold to a force value and use a force signal for
judgment. The threshold is usually set to a non-zero value due to the presence of an error and noise in
the measured force signal. This means that contact cannot be detected when a robot comes into contact
with an object gently or with a small force. As an alternative, an estimated impedance value can be
used for contact detection. The estimated impedance is small or ideally zero in a non-contact state and
a non-zero value differs depending on the material property of a contact object in a contact state. The
contact state can thus be detected by the change in the impedance theoretically. A similar idea was used

for rupture detection [126]

. It is difficult to detect a contact event directly from a change in the estimated
impedance, however. A change in the impedance is slow and small if contact is made slowly or gently,
and it is also difficult to estimate the impedance accurately at the moment of transition from a non-contact
state to a contact state since the applied force is small and difficult to be distinguished from noise. In that
sense, it seems to be difficult to detect a contact event directly from a change in the estimated impedance.
Another method using a sequential hypothesis testing method has also been proposed [127]. This method
is superior in the point that it can recognize changes in the characteristics of an object surface. However,
it requires complicated hypothesis models, and detection performance deteriorates when a robot is moved
not manually but automatically and small vibration occurs. Although each method has each advantage,
it is difficult to detect contact at the moment of a contact event due to sensing noise and error especially
when contact is made gently or with a small force.

In this chapter, a novel real-time contact detection method is proposed to improve the accuracy of
contact detection, especially during operations in force sensorless motion control in unstructured envi-
ronments. The proposed method is based on the idea of active sensing and applies a dither signal to
an input in addition to an ordinary control input. The dither is an intentionally applied small noise or
vibration. This method is based on the phenomenon that the dither influence on the output of the system

attenuates when contact occurs. This chapter also tackles technical issues on application of the method
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on motion control systems. Experiments on contact detection are carried out to verify the validity of the

proposed method.

6.2 Problems of Contact Detection

In this section, problems in measurement of a contact force and difficulties in contact detection are
explained through introducing conventional approaches. The contact state in this chapter is defined as a
state in which the body or tip of a robot physically comes into contact with real objects and a reaction
force larger than zero occurs. On the other hand, the non-contact state means a state in which a reaction
force does not occur.

As a method for detecting a contact state, the most popular and easiest way is to set a threshold for the
force and judge the state as a contact state when the force is larger than the threshold. There are mainly
two means to acquire a contact force: implementation of force sensors and estimation from other signals.
Although implementing force sensors is the simplest way and provides accurate values, it is sometimes
difficult to implement the sensor in appropriate places due to limitations of the size, shape, and material
of the tip of a robot. Moreover, the bandwidth of a measured force is limited due to the structure of
the sensor and the noise. As an alternative to force sensors, the reaction force observer (35 has been
proposed as described in Section 2.3.2. It estimates a contact force by using a velocity signal and a
current input reference. The bandwidth of measurement is determined by the cutoff frequency of the
observer. Although the reaction force observer is a very convenient way to acquire a force value without
a force sensor, it requires setting nominal values of the motor coefficient and the mass for the reaction
force estimation to the actual values in the real system. It also requires to identify the amounts of forces
other than the external force, such as Fyy;, Fy, I, and D(x). Since it is usually difficult to set the above-
mentioned parameters exactly to the real values, a force estimation error exists as shown in Fig. 6-1. A
non-zero value is outputted even in a non-contact state, and the error fluctuates with movement. In order
to reduce the estimation error, a constant velocity test and a step velocity test are often executed to identify
a friction model and a mass or inertia 36/, Tt is impossible, however, to eliminate the influence of model
uncertainty perfectly even with the above-mentioned tests, and a certain amount of the estimation error
may remain. This estimation error or noise inhibits accurate contact detection using the force threshold.
Since noise exists in a measured contact force and a non-zero value is outputted even in non-contact

motions, the threshold should be decided by taking these values into consideration. If the threshold is set
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Fig. 6-1: Contact force estimated by reaction force observer

larger, erroneous detection during non-contact motions decreases. On the other hand, a contact state with
a small contact force cannot be judged as contact and a risk of detection failure increases. The detection
performance is therefore limited by the performance of contact force measurement.

As an alternative of using the force threshold, an estimated impedance value can be used for contact
detection. Another method using a sequential hypothesis testing method had also been proposed 127,

Although each method has each advantage, it is difficult to detect contact at the moment of a contact

event due to the sensing noise and error especially when contact is made gently or with a small force.

6.3 Application of Dither for Contact Detection

A real-time force sensorless contact detection method is proposed in order to achieve higher contact
detection performance. The difficulty in accurate contact detection at the moment of a contact event in
the conventional methods is mainly due to lack of information in a non-contact state and small difference
in measured values in non-contact and gentle contact states. Since a force signal is small both in a
non-contact state and a gentle contact state, it is difficult to distinguish the characteristics and detect
transition from non-contact to contact states. The proposed method solves this problem with the idea of
active sensing and application of a dither signal.

The dither signal is an intentionally applied small noise or vibration 28] 1t is widely used to ran-
domize and reduce quantization errors in A/D converters 129/, Adding a dither signal to an input is also
effective for linearizing and suppressing friction 139, In the field of a tactile sensor, the vibration of a

resonator is used to detect the characteristics of an object [131] The tactile sensor is operated in a longi-
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tudinal mode and detects the softness and hardness of an object as changes in the resonance frequency.
The use of vibration is extended to contact detection in the proposed method.

When a dither signal is inputted in addition to a control input, the influence of the dither appears in the
output of the system depending on the frequency and the magnitude of the dither signal. However, this
influence may be absorbed when the system comes into contact with an object. It is therefore possible to
detect contact by monitoring the alteration of the dither influence. The proposed method detects contact

by the following steps:

(1) adding a dither signal to the input of the system;

(2) monitoring the frequency component of the output in the dither frequency by using time-frequency

analysis; and

(3) judging the state as a contact state when the magnitude of the frequency component is lower than

the threshold.

The details of the contact detection processes are described below.

In selection of the dither wave form, priority is given to the correlation between the frequency and
parameters of the dither wave form since the proposed method monitors the frequency component only
in a predetermined frequency. A sinusoidal wave is thus selected as the dither wave form. A dither

current input 797" and a total input current I, are derived as follows:

Tdither— — A, sin (wqt) (6.1)

I, = I/ 4 pdither, (6.2)

Here, I%h¢" denotes a dither current input, A;« denotes an amplitude of the dither, w,; denotes a fre-
quency of the dither, and /, Z;ef denotes a control input. Since the dither influences a motion or a task if the
amplitude of the dither is large, it is important to select the dither frequency and the signal for monitoring
so that the influence of the dither can easily be observed even with a small dither input.

In selection of a signal to be monitored, it is important that the influence of the dither can be distin-
guished from the output due to the motion. For these points, it is preferable to select the signal that rarely
has a non-zero value in a steady state. With consideration of the above points, an acceleration signal is
selected to be used for contact detection.

In order to abstract frequency components of the output, a time-frequency analysis technique such as

short-time Fourier transform (STFT) [!32) is used. In STFT, a Fourier transform is executed in sections
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by using a time-shifted and fixed-size window function. It is thus possible to acquire both time and
frequency information. STFT for a sampled signal is expressed as follows:

Xg[m,w] = Z z[m + njw[n]e 7", (6.3)

n=-00
where z[n] denotes a discrete signal, w[n| denotes a window function, m denotes the number of samples
shifted, w denotes a frequency, and X g[m,w] denotes a frequency component of the frequency w at
sample m. The size of the window function is determined with consideration of the frequency of the
dither. Since Xg[m,w] is a complex number, the power spectral density (PSD) is derived as the gain
and argument is derived as the phase for contact detection. Time and frequency resolutions in STFT are
determined by the size of the window function, and these resolutions are in trade-off relation. Although
a wavelet transform (133 is better in terms of flexibility in the relation between time and frequency
resolutions, STFT is sufficient for the proposed contact detection method, since transform only in the
dither frequency needs to be focused on and correlation between the parameters of the transform and the
frequency is important. In terms of calculation cost, the increase is kept small since the calculation of
(6.3) needs to be performed only for one prescribed w that corresponds to the dither frequency.

Contact judgment is performed using the result of time-frequency analysis as follows:

(X%CS?D [m7wd] < thcfes)

! (6.4)
0 (else),

flageontact =

where X 2§, denotes PSD of acceleration and X{}°° . denotes a threshold for judgment.

6.4 Mechanism of Dither-based Contact Detection

The mechanism of contact detection using the dither is described by modeling a contact object as a
spring and damper model. Determination of the frequency of the dither is also discussed. Systems in
non-contact and contact states can be modeled as the systems shown in Fig. 6-2. A transfer function
from the dither input force to the acceleration output in a non-contact state G¢_.(s) and that in a contact
state G¢(s) are given as follows:

Giols) = - (65)
52
Gels) = Ms2+ Dos+ K.s 6.6)
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(b) contact state

Fig. 6-2: Model of systems in contact state and non-contact state

In order to verify the influence of the dither, bode diagrams of the transfer functions from the dither
to the acceleration, from the dither to the position, and from the dither to the force in the following

conditions are shown in Fig. 6-3.
e non-contact state
e contact with hard object (K, = 10000.0 N/m, D, = 10.0 Ns/m)
e contact with soft object (K. = 2500.0 N/m, D, = 100.0 Ns/m)

A difference between a non-contact state and a contact state was confirmed in the low frequency range:
the gain of acceleration decreased in a contact state compared with that in a non-contact state. The
maximum frequency in which the difference exists depends on the characteristics of a contact object.
This result shows that contact can be detected based on attenuation of the frequency component by
setting a frequency of the dither low enough to allow observation of the difference in any anticipated
environment and monitoring the frequency component of acceleration. As shown in Fig. 6-3(a), however,
the influence of the dither easily appears in the position response when the frequency of the dither is low.
A lower frequency dither also deteriorates the time resolution of abstraction of the frequency component

using the time-frequency analysis. The frequency of the dither should therefore be set as high as possible
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Fig. 6-3: Analysis on influence of dither input
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while satisfying the limit for observation of difference between a non-contact state and a contact state.
Although the proposed method focuses mainly on the gain, a difference due to a contact state appears
not only in the gain but also in the phase as shown in Fig. 6-3. The phase information can therefore be
used in addition to the gain to improve contact detection performance when the limitation of the dither

frequency is severe.

6.5 Reduction in Dither Influence on Motion
6.5.1 Influence of Dither on Motion

The contact detection method using a dither is expected to have higher detection performance com-
pared with conventional methods. The influence of the dither on the motion is small, but exists in this
method, however, since the dither signal is added to an ordinary control input. The influence of the dither
appears especially in the force in a contact state. As shown in Fig. 6-3(a), the influence of the dither on
the position response can be kept small by selecting the frequency of the dither appropriately. On the
other hand, the influence of the dither necessarily appears in the force in a contact state when the dither is
selected to allow observation of a difference in the acceleration between non-contact and contact states.
Since the sum of the command value and the dither is applied to the object, the measured force includes
the force due to the dither. Use of the value to control may amplify the dither influence or affect the
control performance. In the case of teleoperation, force sensation including the influence of the dither
is transmitted to an operator and the operator feels small vibration. It may deteriorate operationality of
teleoperation. It is therefore desirable to eliminate the influence of the dither on the force value in a
contact state. Here, the influence of the dither appears on the force value only in a contact state, and it is
negligible in a non-contact state even when the reaction force observer is used to acquire a force value,
since small acceleration instead of force proportional to the dither input occurs in a non-contact state.
The problem to be solved in this section is thus limited to reduction of the dither influence in a force
value in a contact state.

This section considers the following two cases and proposes a countermeasure for each case.

e climination of the dither element in a control signal is desired although application of the dither to

an object is acceptable

e application of the dither on an object itself is ideally avoided

- 187 -



CHAPTER 6 CONTACT DETECTION FOR ENVIRONMENT-ADAPTIVE MOTION CONTROL

The situations can be classified into the cases by considering required tasks of a subject system. As an
advantage of application of the dither to an object, it is possible to acquire characteristics of an object.
Since a response to the dither differs depending on the characteristics of an object as shown in Fig. 6-3,
the contact object can be discriminated by the difference in the response. Even if the dither is very small,
application of the dither to an object is not preferable in some cases, however, such as in the cases when
the object is extremely fragile or characteristics of the object change by application of force.

The former case requires separation of the dither element from the measured force while applying
the force including the dither to an object. A method for eliminating the dither element by using a high-
order observer had been proposed for a system using the dither for friction suppression [134] This method
eliminates the dither element in the measured force by modeling the influence of the dither as a second
order system. Although the method successfully eliminates the dither element, extremely high-precision
measurement is indispensable and an applicable system or bandwidth is limited since it requires a second
order derivative of the force signal for calculation. This section proposes a method using the ratio of an
ordinary control input and a dither input, which is simpler and can easily be adapted to any system.

The latter case requires stopping application of the dither in a contact state. It means that a method
different from the former case needs to be implemented. This section proposes a method in which
the dither is applied in limited situations and application of the dither is avoided in a contact state while
keeping high detection performance. The details of the respective methods are described in the following

subsections.

6.5.2 Elimination of Dither Element from Measured Contact Force

Firstly, a method for separation and elimination of the dither element from a measured force is pro-
posed in this subsection for the cases in which application of the force including the dither on an object is
acceptable. The method is based on the fact that both the control input and the dither input are calculated
in a controller and known values. When the dither is applied for contact detection, an input to an actuator
is represented as (6.2). The force commensurate with the total input current is applied to an object in
a contact state. Assuming that the system is an ideal system without friction and non-linear elements
and the frequency of the control input and that of the dither inputs are relatively low compared with the
resonant frequency, the contact force can be considered as the sum of the force due to the control input

and the force due to the dither input. Thus in theory, the dither element in the measured force can be
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separated using the ratio between the total input and the dither input.

Iref
a A
Fc = TFext (67)
a
Idither .
Fd = aI Fext (68)
a

Here, F. denotes force due to the control input and F; denotes force due to the dither input. Then F,
instead of F.,; is used for control. Although this is very simple, the value tends to diverge due to non-
ideal elements in real systems when I, is small. On the other hand, the influence of the dither appears on
a force value only in a contact state as mentioned above. I, has a certain amount in this situation. The
above calculation should therefore be performed only when I, is larger than the predetermined threshold.

F, is derived as follow:

17%F feat calc
a_ frer I >1

Fc AIa (| a| atllwes) (69)
Fext (’Ia‘ S Jeale )’

athres

calc

where I77;° _ denotes a threshold for calculation of the ratio between the total input and the dither input.

a

6.5.3 Stop Application of Dither in Contact State

In this subsection, a method in which application of the dither is stopped in a contact state while
keeping high detection performance is proposed. The purpose of application of the dither is detection of
contact at the moment of a contact event. Since it is difficult to observe transition from a non-contact
state to a contact state in the conventional methods, the dither is applied to acquire adequate information
for detection even in a non-contact state. The contact event can be detected if the dither is applied in the
non-contact state. In other words, it is possible to detect a contact state by applying the dither only in the
non-contact state and not applying it in a contact state if transition from a contact state to a non-contact
state can be detected without using the dither. The author therefore proposes to detect a contact event
by the following steps: apply the dither in a non-contact state; stop applying the dither and continue
monitoring of a sign of transition to a non-contact state with another method after the contact event is
detected; and then resume application of the dither when the sign of end of the contact is detected. A
contact state has already started just at the time when the force changes from zero, but the force decreases
from a certain value before a state changes from a contact state to a non-contact state and finally becomes

zero when a non-contact state is obtained as shown in Fig. 6-4.

- 189 -



CHAPTER 6 CONTACT DETECTION FOR ENVIRONMENT-ADAPTIVE MOTION CONTROL

A

non :  contact non
contact : contact

force

» time

end of
contact

start of
contact

Fig. 6-4: Change of contact force in transition of contact state

A sign of transition to a non-contact state can be detected using the following two criteria.

Fertin) < Foreld (6.10)
Fettln] < Fe®ln —1], (6.11)
where F'“*[n] denotes a measured force at t = nTy and F*// denotes a threshold for detection of the
transition. Ft(ﬁ‘;éf is set to the lower of the predetermined value Ft‘;lﬁ‘;];f ® and a force value just after

contact is detected. When Ft‘zwf b is set large, the sign of the transition tends to be detected even during

continuous contact, and a risk of resuming application of the dither in a contact state increases. On the

Fonoffb

hres 1S set small

other hand, a risk of deterioration in contact detection performance increases when
since mis-detection of the transition occurs due to the measurement error or friction. The dither is not
resumed properly in this case. Although the threshold should be designed considering the magnitude of
negative effects of applying the dither to the object, it is generally set by giving priority to resume the
dither properly and maintaining high detection performance. In addition, an average value is used for
judgment when a large noise exists in the measured force. Satisfaction of both criteria is used as a sign
of transition to a non-contact state. The procedures of determination of ON or OFF of the dither are
summarized in Fig. 6-5. The detection of the sign of transition to a non-contact state mentioned above
is utilized only to judge whether or not the dither should be applied and not used for contact detection.

The final judgment of a contact state is executed based on (6.4) by using the frequency component of the

acceleration in the dither frequency.
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Fig. 6-5: Procedure to determine application of dither

6.6 Experiments
6.6.1 Experimental Setup

Experiments on contact detection were conducted to verify the validity and applicability of the pro-
posed method. The master-slave teleoperation system shown in Fig. 5-18 was used. A four-channel-
based controller with the disturbance observer shown in Fig. 2-12 was implemented on the system. A
pseudo operator input was given to the master robot to execute non-contact and contact motions. The
dither was applied only to the slave robot since contact occurs on the slave side. Two types of objects,
metal and rubber, were used in experiments. The frequency of the dither was determined according to
Section 6.3 and a preliminary experiment. The threshold of PSD of the acceleration for contact detection
was determined from the value observed when the robots were not moved in a preliminary experiment.
In order to verify accuracy of contact detection, the object was placed at X = 0.0 mm. Firstly, contact

detection performance of the proposed dither-base contact detection method was verified and compared
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Table 6-1: Parameters in analysis and experiments on contact detection

Control sampling period T 0.2 ms
Position feedback gain K, |1600.0 1/s?
Velocity feedback gain K, 80.0 1/s
Force feedback gain Ky 1.0 m/Ns?
Cutoff frequency of DOB Gdis 2000.0 rad/s
Cutoff frequency of RFOB Je 2000.0 rad/s
Frequency of dither fa 10.0 Hz
Amplitude of dither Aja 1 mA
Window size of STFT N 1000
STFT calculation interval TsTrr 5.0 ms
Force threshold (low) Ffﬁ}f’es 0.8 N
Force threshold (high) Ejgh 1 25 N
Threshold of PSD of acceleration | X[ 1.0e~6

=20
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o

£ 10

:
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Fig. 6-6: Pseudo-operational command in experiments

with the force threshold-based method. Secondly, the influence of the dither on the motion was verified
to confirm the effectiveness of the methods proposed in Section 6.5. Table 6-1 shows the parameters

used in the experiments.

6.6.2 Experiment on Contact Detection Performance

First, contact detection performance of the proposed dither-base contact detection method was veri-
fied. In addition to the proposed method, contact detection using the threshold of the force value was also
executed as a comparative method. Two types of threshold, relatively high and relatively low, were used
in the method. The contact detection performance of the proposed method was compared with the force
threshold based method in this subsection. The pseudo-operational input in the experiment is shown in

Fig. 6-6.
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The experimental results with a metal object and a rubber object are shown in Figs. 6-7 and 6-8,
respectively. Each figure shows the position responses of the master and slave robots, the reaction force in
the slave measured using the reaction force observer, the PSD of the acceleration in the dither frequency,
and the results of contact detection. The threshold for each signal is also shown in the figure. The slave
was in a contact state when its position exceeded X = 0.0 mm.

As shown in Fig. 6-7(c), the PSD of the frequency component of the acceleration in the dither fre-
quency decreased when the slave was in a contact state. As a result, contact could be detected accurately
by monitoring the PSD, as shown in Fig. 6-7(d), even when a contact force was small. Focusing on
the conventional method, the method with the higher force threshold could not detect contact around
t = 4 to 6 s. Even though the slave did not contact with the object around ¢ = 10 s, misdetection due
to the force at start-up occurred in the method with the lower force threshold. These detection errors
were not confirmed in the proposed method. As a problem in the proposed method, contact states could
not be detected at the start and end of contact. This phenomenon is due to the window size required for
adequate resolution of STFT to abstract the frequency component in the dither frequency. The timing
of detection was almost the same, however, as in the cases with the high force threshold. The influence
of the window size may also be reduced by using phase information for judgment or adopting a more
advanced time-frequency analysis technique. Fig. 6-8 shows the results with the rubber object. Although
the decrease in the PSD was smaller in Fig. 6-8(c) compared with that in Fig. 6-7(c), similar detection
performance was achieved even with the rubber object, which is softer than the metal. The results also
show that erroneous detection in a non-contact state often occurred due to deviation in the measured force
when the force threshold was set low. The erroneous detection was prevented in the proposed method.
The above results show that higher contact detection performance can be achieved with no significant

adverse influence in the proposed method.

6.6.3 Experiments on Dither Influence Reduction

In this subsection, the influence of the dither on a motion is verified. Then, effectiveness of the
methods for reduction of the dither influence is verified by comparing magnitudes of the influence of the

dither and detection performance. Experiments were conducted for the following three cases:
e Case 1: dither-based contact detection only;

e Case 2: dither-based contact detection with elimination of the dither influence on measured force
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Fig. 6-7: Experimental results: contact detection with metal object
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Fig. 6-9: Overview of experimental results

(Section 6.5.2); and

e Case 3: dither-based contact detection with application of the dither in limited situation (Sec-

tion 6.5.3).

Case 2 is for the cases in which application of the dither to an object is acceptable but elimination of the
dither elements in a control signal is desired. Case 3 is for the cases in which application of the dither on
an object itself is preferable to be avoided.

An overview of the position and force responses of the master and slave robots are shown in Fig. 6-
9. The tracking between the master and slave robots was confirmed and the influence of the dither on
position was smaller than 5 pym in all cases. Fig. 6-10 compares the force reproduced in the master
robot when the slave robot came into contact with the rubber object. It shows that the influence of the
dither existed in Case 1. It may disturb the operator to execute tasks and deteriorate operationality. The
magnitude of the dither element appearing in Case 1 was about 0.1 N although the magnitude of the
dither was 0.03 N. It shows a negative effect on the control that the dither was amplified in the control
loop. The element was successfully eliminated with each of the proposed method in Case 2 and Case 3.
The difference between Case 2 and Case 3 was the timing of application of the dither. As shown in
Fig. 6-11, the dither was always applied in Case 2, while application of the dither was properly stopped
when the slave came into contact with the object and properly resumed when the slave went away from
the object in Case 3.

Contact detection performance is verified in Figs. 6-12 and 6-13. Contact was detected accurately in

all cases both with the metal object and the rubber object. The detection errors at the start and the end of
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Fig. 6-11: Experimental results: application dither during operation

contact were due to the window size of STFT as mentioned in the previous subsection. Deterioration of
the performance was not confirmed with the proposed methods for reduction of the dither influence. The
above results show that the methods can eliminate the dither influence on the motion properly without

deterioration of contact detection performance.
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6.7 Summary

This chapter aims at improvement of adaptability of robots to unstructured environments. Since recog-
nition of the state is the fundamental issue for stable operation, a method for detecting contact during
operations in unstructured environments was proposed based on the idea of active sensing. The pro-
posed method realizes force sensorless detection by applying a dither and monitoring the decrease in
the frequency component of the acceleration in the dither frequency by using STFT. The experimental
results show that contact detection performance was improved with the proposed method compared with
the cases using the force threshold. This chapter also tackled the technical issues of application of the
dither-based contact detection method. Since the dither signal is added to an ordinary control input, the
influence of the dither on the motion is small but exists in the method. This chapter considered the follow-
ing two cases and proposed a method for reducing the influence of the dither on the control performance
or the motion for each case: application of the dither on the object is acceptable; and it is preferable to
be avoided. A method for separating the dither element from a measured force using the ratio of inputs
while applying the force including the dither to an object was proposed for the former case. A method
of applying the dither in the limited situation and avoiding application of the dither in a contact state
was proposed for the latter case. Reduction of the dither influence on the motion without deterioration
of detection performance was confirmed with the proposed methods in the experiments. Improvement
in accuracy of force estimation using the reaction force observer and that in the performance of motion

control are also expected with the method.
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Conclusions

The primary objective of this thesis is promotion of utilization of robots for aiding human beings in a
true sense in a wider variety of fields. By setting improvements in accuracy and applicability of robust
motion control based on acceleration control as a technical goal, this thesis developed sensing and control
technologies to achieve this goal. There are various constrains in implementation of motion control. This
thesis mainly focused on the factors limiting the performance of robust motion control and proposed the
methods for achieving higher performance even under the constraints. The issues to be dealt with in this

thesis were classified into the following two main parts.
e development of fundamental technologies for improvement of robust motion control performance

e development of applied and advanced technologies for expanding application of robotic technol-

ogy to more complicated and sophisticated tasks

The existing motion control techniques were explained in Chapter 2 as the basis of the topics in this
research. Robust acceleration control is a key control technique for motion control since position and
force can be dealt with in a unified manner using acceleration and higher robustness can be attained
regardless of a desired motion by acceleration control. The disturbance observer is an effective tool to
realize acceleration control. In the development of fundamental technologies, the performance limit of
the disturbance observer was focused on. The author took up the sampling period and noise in sensing

as main factors limiting the performance and proposed the following methods:
(a) multirate sampling method for acceleration control (Chapter 3); and
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(b) velocity measurement method for acceleration control and its combined use with the multirate

sampling method (Chapter 4).

Then in the development of applied and advanced technologies, issues in the system connected and
controlled through a network and those in mechanical contact with environments were focused on. The

following methods were then proposed for each topic:

(c) design guideline of sampling periods and processing methods of transmission signals to overcome

the limitation of the packet transmission interval (Chapter 5); and
(d) dither-based contact detection method for force sensorless motion control (Chapter 6).

In development of method (a) described in Chapter 3, higher significance of the output sampling
period than the input sampling period was shown by focusing on the relationship between the sampling
periods and the performance of acceleration control. From this viewpoint, a novel multirate sampling
method with a shorter output sampling was proposed for wide-band acceleration control-based on the
idea completely different from conventional methods. The disturbance observer was redesigned for the
system with a new definition of the disturbance torque. The proposed multirate sampling method shortens
the delay in acceleration information and widens the bandwidth of acceleration control. Improvements in
stability and control performance were confirmed in the stability analysis, simulations, and experiments.
The performance close to that with the short sampling period for the input and output was achieved by
applying the proposed multirate sampling method with the proposed disturbance observer.

In development of method (b) described in Chapter 4, the synchronous-measurement method (S method)
was focused on as a velocity measurement method effective for acceleration control. An instantaneous
speed observer for the method was proposed to further improve performance of S method. A method for
combined use of the measurement method and the multirate sampling method was also provided. The
proposed observer solves the problems of destabilization and performance limit due to the existence of
sampling points without measurement in S method. Thus utilization of the proposed observer greatly
widened the bandwidth of acceleration control and dramatically improved the performance compared
with that obtained by applying only S method. Since the velocity measurement resolution is high even
with the short sampling period in the proposed velocity measurement method, which is a combination
of S method and the proposed instantaneous observer, the performance improved further by using the

measurement method together with the multirate sampling method proposed in Chapter 3 (method (a)).
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It was confirmed from the experimental results that robust motion control with higher performance could
be attained by the combined use of the methods.

The target of method (c) described in Chapter 5 was motion control systems connected and controlled
through a network. The limitation of the packet transmission interval was mainly focused on as a factor
limiting the performance of the networked motion control system. The problems of the limitation of the
interval was regarded as the problem relating to the sampling period and that relating to the transmission
signal. The methods for attaining higher performance even under the limitation were proposed from the
both viewpoints. From a viewpoint of the sampling period, a design guideline of sampling periods in
a networked control system was proposed. The basic idea in the guideline is that the best performance
under limitations on a system can be achieved by designing the sampling periods independently with
consideration only of limitations on the respective sampling periods. Performance improvement with
the proposed guideline was confirmed even in the case where the packet transmission interval could not
be shortened and the cutoff frequency of the disturbance observer was kept low. Moreover, the cutoff
frequency could be heightened by shortening the output and control sampling periods with the proposed
guideline. The bandwidth of robust motion control was thus heightened and the performance was further
improved. From a viewpoint of the transmission signal, a signal transmission method for bilateral tele-
operation and a coding scheme for transmission signals were proposed. The former method, the signal
transmission method, focused on the fact that the influence of signal quality on control performance dif-
fers depending on kinds of the signal. The proposed signal transmission method determines data to be
filled in the transmission packet independently for each signal with consideration of the influence of sig-
nal quality of the respective signals on control performance. The performance improvement in terms of
stability, reproducibility, and operationality was confirmed by the performance analysis and experiment.
The latter method, a coding scheme named LPF-DFT combined scheme, is a more common method,
which is applicable not only to bilateral teleoperation. The proposed LPF-DFT combined scheme re-
alizes wide-band signal transmission with a small processing delay by dealing with the low frequency
component and the high frequency component in different manners: use a low-pass filter for the low
frequency component and use discrete Fourier transform for the high frequency component. The above-
mentioned characteristics were confirmed in the analysis and experiments. Improvement in reproduction
of the force while keeping an operational force small was confirmed from the results of the analysis and

experiments conducted on bilateral teleoperation.
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The method (d) described in Chapter 6 focused on difficulty in mechanical contact with environments.
Interaction with environments is indispensable in advanced motion control. In order to provide additional
information to promote stable application, a contact detection method was proposed especially for force
sensorless motion control in unstructured environments. Based on the idea of active sensing, the pro-
posed method applies a dither signal, an intentionally applied small noise or vibration, to an input and
detects contact by monitoring the decrease in the frequency component of the acceleration in the dither
frequency. Methods of reducing the influence of the dither on the motion were also proposed. Improve-
ment in contact detection performance compared with the force threshold-based method was confirmed
in the experiments. The influence of the dither on the motion was confirmed to be negligibly small.
Improvement in the accuracy of force estimation in the reaction force observer and improvement in the
performance of motion control can be expected with the method.

The possibility and future perspective of the research are discussed below. Improvement in computing
power is significant in recent years thanks to development of devices such as FPGA, DSP, and computers.
The time period required for acquisition of an encoder signal or for calculation in the control seems to
become shorter and shorter. It may thus become possible to set the output and control sampling periods
extremely short in the near future. On the other hand, it is difficult to shorten the input sampling period
according to shortening of the output and control sampling periods since the input sampling period highly
depends on the frequency of PWM or the performance of components of an analog circuit in a motor
driver. In the single-rate control, it should be selected whether setting all sampling periods long accord-
ing to the limitation of the input sampling period or setting the sampling periods short with understanding
that the input such as current cannot catch up with. But it is not an effective usage of resources. The
proposed multirate sampling period can promote an effective use and maximize the advantages of short-
ening the output and control sampling periods. The proposed method is thus expected to play a larger role
in future applications. Moreover, it is important to select an appropriate velocity measurement method
carefully especially when the output sampling period is set extremely short. It is difficult in a fixed-time
method (M method) to make the best use of the short sampling period due to noise, since the veloc-
ity resolution deteriorates by shortening the sampling period. The fixed-position method (T method),
M/T method, and the synchronous measurement method (S method) are good candidates in this case.
Considering the use of a high resolution encoder, S method is especially preferable in terms of the mea-
surable speed range and the velocity resolution. The combined use of the multirate sampling method

and velocity measurement based on S method can be treated as a basic and standard design. The design
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of sampling periods and reduction in sensing noise described above are the issues most systems have
in common. Thus these are important for raising the level of basic performance of any motion control.
Furthermore, the interesting aspect of the multirate sampling method is that it may expand the capability
of controllers with its time-variant characteristics. Most of the controllers used for motion control are
linear time-invariant. The multirate sampling method enables the system to be periodic time-variant and
thus expands the possible characteristics of controllers. Since the proposed multirate sampling method
is based on a viewpoint different from conventional multirate sampling methods with a focus on a dif-
ferent requirement or limitation, combined use of the conventional and the proposed multirate sampling
methods is also expected to be effective in a complex and large scale system with various components
and limitations. One of examples of the system is networked control systems. In networked control sys-
tems, a time interval of acquisition of remote signals is generally strictly limited. The characteristics of a
networked control system is similar to those of the target systems in the conventional multirate sampling
method, in which the output signal cannot be acquired in the short sampling period. Although various
attempts have been made in designing appropriate sampling periods and extracting and processing trans-
mission signals to solve this problem in this thesis, combined use of a multirate sampling method with
interpolation seems to be an effective candidate in some applications. It is important to select a method
suitable for the system considering the limitations and requirements in the respective systems. In future
applications, fusion or collaboration with visual information or audio information may be required. The
ideas of the methods proposed for networked control systems in this thesis are expected to be effective in
transmission of and collaboration with these information. Especially, the coding scheme may be appli-
cable to transmission of other information although the approach is different from general approaches in
these fields. Focusing on the contact motion, high contact detection performance in the proposed method
enables the system to provide additional information to a controller or an operator for using as a trigger
to switch the tasks, for promoting efficient and safe operation, or for helping automatic adaptation with
various environments. It must be an effective tool to execute more complicated tasks more reliably.
Even with the proposals made in this thesis, there are still a lot of issues to be solved for expanding
application of robotic technology. For example, this thesis does not show how to assure the safety
not to harm human beings or other surrounding objects, or the ways for upper level decision making.
Even just in motor control, this thesis dealt with only a part of limitations and further development and
improvement are required. The achievement of this research may thus be just a small step to make robotic

technology truly effective to support human lives but the author believes that it is an indispensable step
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for further development.
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