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Chapter 1

Introduction

Chapter 1 describes the background, motivation and chapter organization of this dissertation. Section
1.1 shows the background of this dissertation, which consists of three subsections. Section 1.2 explains
the motivation of this dissertation, then chapter organization is written in Section 1.3. For explaining the

previous two parts, the related studies are introduced.

1.1 Background of This Dissertation

This section firstly shows the research background. Research of networked control systems is showed
first, then related research regarding control of multilateral systems is highlighted. As one of the appli-

cations of multilateral systems, research of telehaptics is explained.

1.1.1 Control through Network

Networked control systems (NCS) are the research field that has been widely studied for years [1,2]. In
NCS, controllers and controlled plants are placed in spatially separated locations and connected through
communication networks. Several reasons can be regarded as the cause of the development of NCS, for
example, the improvement regarding network equipment, progress of computational processing speed.
One of the biggest benefits of NCS is that it can realize remote control operation. An operator does not
have to go further to control a system directly. An operator of the system does not directly have to go to

the operated area; meaning that the range of activity can be expanded.
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CHAPTER 1 INTRODUCTION

Because of the remote operation, delays comes inside the control loop. One particular feature of
NCS is that it contains a time delay element inside the system, which makes the whole control system
unstable and deteriorates control performance. Network delay and packet dropout problem are one of
the important research topics. Time delay compensation itself is a well-researched topic even outside
of NCS as one of the examples is a delay in an actuator and sensor [3]. Connection to remote places
requires transmission time that information arrives at the remote system, which ends up as time delay
element in the control system. Control that contains time delay inside the control loop is a challenging
research for its serious phase delay. A situation where dropout problem occurs is also required to be
considered, especially in wireless connection.

A compensation method for time delay can be divided into two types: whether the model of the delay
time is used in a controller or not. One of the most popular delay compensation methods that use a delay
time model is the Smith predictor [4]. It uses the model to remove the delay element from the poles of
a transfer function, and if the model perfectly matches the delay time, the system becomes stable. Two
degrees of freedom structure was proposed in [5] by extending the structure of the Smith predictor. The
Smith predictor was applied to multivariable systems in [6]. In NCS, the delay time varies because of
the jitter in a communication line, and sometimes information from the remote system is lost because
there might occur packet loss. A jitter buffer approach is a rational method to attenuate the effect of
the variation of a delay time. It enables to linearize the nonlinearity of time-varying delay at the cost of
enlarging the delay time [7]. The buffer size is adapted based on the condition of the delay so that the
delay time can be shortened [8]. A feedback controller to adjust the queuing delay in the jitter buffer and
the interval of receiving packets is determined by implementing a low-pass filter in [9].

The other type of the delay compensation is the way without the use of a delay time model. A
communication disturbance observer (CDOB) was proposed in [10, 11]. The delay is modeled as a
network disturbance, and the effect was compensated by an observer structure. This method has high
stability performance; however, command tracking performance and disturbance rejection performance
are not satisfying. Various methods were proposed to enhance the tracking performance in CDOB. The
Q-filter in CDOB was modified to realize position tracking in the steady state in [12]. Model error
feedback base on Hy/H, control to compensate the plant modeling error was proposed in [13]. A jitter
buffer is used in CDOB to enhance the command tracking performance in [14]. There are other methods
that do not use the delay model. A model-based prediction approach is proposed in [15] to ensure both

closed-loop stability and tracking performance. A random dropout packet is assumed in [16], and the

_2_
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setpoint is dynamically compensated for following the desired objective.

1.1.2 Control of Multilateral Systems

Control of multi-agent systems has been recently attracting attention as a society becoming more broad
and complex. Connectivity between agents and how the connectivity affects the motion of an agent and
the overall motion of a system is a primary interest in the research field. Numbers of applications can be
expected in multi-agent systems: microgrids [17], sensor networks [18], formation control of multiple
spacecrafts [19], etc.

One of the backgrounds why the research field has increased interest is that agents are gaining more
and more mobility thanks to the improvement of network technologies [20]. It has become much easier
to connect distant points and cooperate with agents in remote places. A research field that tries to re-
alize cooperative motion with multiple agents is called decentralized control [21]. There are two main
topics in multi-agent systems: control technique to conduct a transferring motion and control to achieve
consensus. To realize transferring motion with many subsystems, a COG position of a whole system has
to be controlled. On the contrary, the consensus problem is trying to control the formation of an entire
system because consensus problem only focuses on regulating position errors to 0. In this dissertation,
motions mentioned above are named as a COG motion and formation motion, respectively.

Research in [22] realized to achieve cooperative motion by using optimal control. [23] realized stable
flocking motion in fixed topology.

The consensus problem is a well-researched topic for realizing the agreement between systems [24].
The study in [25] shows useful results how the connectivity of the system affects the performance and
the stability of the whole system in the consensus problem through a network, and the detailed proof
is reported in [26]. Passivity based control was introduced in [27] to realize formation stabilization.
Then the stability margin of the system was newly defined in [28]. Event based consensus problem
was studied in [29]. Observer-based consensus control under time delay was proposed in [30]. Average
consensus problems with delayed communications are discussed in [31] to show the condition to reach
an agreement under time-varying delay. Research in [32] showed some notation to consider the center

of gravity which is called centroid in multi-agent systems.
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1.1.3 Haptics through Network

One of the particular application of multi-agent systems through a network is bilateral or multilateral
teleoperation. In bilateral teleoperation, there are two systems: which is a master system and the other is
a slave system. Robot manipulators are used as an actuator to transmit the tactile sensation.

Research of bilateral teleoperation has a long history. Goertz et al. firstly proposed a master-slave
system manipulator who was mechanically connected [33]. As the research progressed, bilateral tele-
operation that electrically connects the systems has emerged. To evaluate how well the impedance of
a contact object is transmitted to the other system, the evaluation index called transparency was pro-
posed in [34]. As for more specific indices, operationality and reproducibility were introduced in [35] to
evaluate both operational force and impedance reproduction performance. Based on the indices, a 4ch
bilateral control scheme is said to have the best transparency in bilateral teleoperation when there is no
delay between the systems.

When assuming the haptic sensation sharing between remote places, communication delay inevitably
occurs between the systems. It is well known that the delay time destabilizes the whole control system
and the tactile sensation transmission performance becomes deteriorated [36]. The main reason for the
problem is that the information flow is bilateral, resulting in including the delay time inside the control
loop.

Numbers of studies that compensates the effect of time delay has been reported [37]. Mainly, there
are two classifications in bilateral teleoperation: whether the method is based on passivity approach or
not. Passivity-based bilateral control is a well-known control technique to stabilize the system. Many re-
searchers have applied wave variable control to bilateral teleoperation systems [38]. Two channel system
that transmits only position or velocity responses was firstly used to realize position synchronization.
The 1 synthesis was introduced in [39] to design both control performance and stability margin. Position
drift problem, which occurs in passivity-based bilateral teleoperation system, is solved [40] to realize
position synchronization. The wave variable method was applied in robust acceleration controlled sys-
tems in [41]. A method to reduce the reflections in wave based teleoperation was proposed in [42]. Time
domain passivity approach (TDPA) was proposed in [43]. A passive observer (PO) and passive controller
(PC) are newly defined. The PO measures energy flow that comes in and goes out of a system, and the
PC dissipates the energy output of a system. This approach is aimed to overcome the conservativeness of

a wave variable bilateral teleoperation system designed in a frequency domain that assumes linearity of a
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system. The method is extended to 2 port systems in [44]. To enhance both stability and transparency of
the wave variable system, 4 channel bilateral controllers are also proposed [45]. Wave-based reflection
is reduced by modifying wave-transformation controllers in [46]. 4 channel TDPA system is proposed in
[47].

There are also numbers of reported works that aim to construct non-passive bilateral teleoperation.
Impedance based control was used in [48]. The Smith predictor-based bilateral teleoperation was also
reported [49] by Hashtrudi-Zaad et al. Sirouspour et al. proposed model predictive control in a bilateral
teleoperation system [50]. Bilateral control through a wireless network has also been studied [51]. CDOB
was applied in bilateral teleoperation [52]. Position symmetric type bilateral teleoperation with time
varying gains was proposed in [53]. Open loop bilateral teleoperation that optionally feedbacks high-
frequency force response was proposed to enhance the stability [54]. A bilateral control system that
considers bandwidth constraint was proposed [55]. A bilateral teleoperation system is expressed in
a state space equation, and controllers are designed to converge the error state in [56]. 3ch bilateral
teleoperation structure was proposed to reduce the operational force in [57].

One of the challenging problem in bilateral control system under communication delay is the contact
motion to the environment. Especially, the contact motion to the hard environment is a complicated
issue. Contact motion to a hard object using force reflecting type bilateral teleoperation was studied
in [58]. There is a trade-off between the operational force performance and the stable contact motion
performance. The concept of frequency domain damping (FDD) was presented by Suzuki et al. [59,
60], stabilizing the control system even in contact with hard environment without additionally enlarging
the operational force. Energy monitor was proposed by Tian ef al. [61] to change the structure of
the control system to perform better position tracking performance and stabilize the contact motion.
Asymmetric position synchronization in bilateral teleoperation was proposed in [62]. The study reported
by Hyodo ef al. [63] proposed position control decoupling method. The concept of modal space in
bilateral teleoperation is implicitly considered, and the paper assumed asymmetric use.

Bilateral teleoperation or multilateral teleoperation can be applied to telerehabilitation systems. [64]
shows some challenges and technical requirement for realizing telerehabilitation. Group synchronization
to conduct cooperative tasks to operate a virtual environment was proposed in [65]. Bilateral control for
thermal rendering was also studied in [66].

Multilateral teleoperation is a research topic which is new compared to bilateral teleoperation. It

is a control technique that shares tactile sensation being more than three points [67]. In multilateral
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teleoperation, there are several situations: multi-master and single-slave case, or single-master and multi-
slave case, or multi-master and multi-slave case. Multilateral teleoperation can be used for realizing
cooperative tasks through a network. Trilateral control whose mobility is different in master and slave
systems is proposed in [68]. Haptic transmission ratio was introduced in [69] to adjust the influence
or operators in multilateral control using 4ch structure. Dominance factor was proposed in [70, 71] to
determine the authority of the operators. Multilateral control for transmitting thermal sensation was
proposed in [72].

The transmission performance depends on the distance between the subsystems in multilateral control.
When subsystems are placed far from each other, controllers interfere and degrade the tactile sensation
transmission performance [36]. Several methods to improve the performance or ensure the stability
of multilateral control under a time delay have been proposed [73]. Adaptive impedance control was
used to compensate the unknown time-varying delay in [74]. Passivity approach is employed in [75] to
ensure the stability of the system. The concept of wave variable is applied to multilateral teleoperation in
[76]. Force reflected type multilateral teleoperation was proposed in [77]. A class of absolute stability in
trilateral teleoperation was studied in [78]. Operational force in multilateral teleoperation was considered
in [79] by removing position controllers. Connectivity of the subsystems in multilateral teleoperation is
considered based on the condition of each communication path was evaluated, and connection topology
was optimized in [80] to reduce the operational force. The desired task is divided and allocated in multi-
master-single-slave multilateral teleoperation in [81] and the stability of the system is guaranteed by
using passivity. The modal transformation matrix that is newly defined in the study reported in [82] is
named a network quarry matrix to decouple the role of controllers. Multilateral control also Multilateral
teleoperation system using state convergence is proposed in [83]. Neural network based multilateral
teleoperation was proposed in [84]. Adaptive robust control was implemented in [85] to realize n master

and n slave systems in multilateral teleoperation.

1.2 Motivation of This Dissertation

Even there are many researches that were previously proposed, there are few research that has a
explicit structure of a control system that defines the modal space in multilateral systems. Modal decom-
position is an effective method to control multi-agent systems. A modal space is a virtual control space

that transforms the real world’s value and generates the reference value for the actuator [86]. The num-
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ber of modes that can be controlled is the same as the number of actuators. Usually, the quarry matrix is
designed to contain one common mode, and the rest of the modes are defined as the differential mode.
There is very few research that explicitly defines the mode in network systems to separately control
each motion. One reason why modal space has not been explicitly defined in a bilateral and multilateral
teleoperation system is that the modal space becomes complicated because of the time delay element.
Based on these backgrounds, the aim of this dissertation is to design the connectivity between systems
to decouple the controllers for each motion. The connectivity stands for the mode that can be defined in

network systems. The definition of COG motion and relative motion is given as follows:

o COG motion: the motion of the center of gravity position of the overall system
e Relative motion: the motion of the relative position between systems

The desired motion which is defined by a designer is created by the connectivity matrix. It is hard to
change how other systems transmit the response to the own system; therefore, in this dissertation, the
response of the own system is going to be transmitted through a network to feedback it to the own
system. This dissertation mostly treats a double integrator system; therefore, COG motion must have
double integrator characteristics even there are delays between systems. In a connected graph, it is able
to divide the motions of multilateral systems into two. In this dissertation, the two motions are defined
as a COG motion and relative motion. The relative motion is defined as the relative motion between the
systems, and the corresponding COG motion that is orthogonal to the defined relative motion becomes
the motion of an overall system.

In some situations, the delay times in every link can be viewed as the same value; however, in order
not to lose the generality of the propsoed method, this dissertation assuems every delay time as a different
value.

One of the aspects of this dissertation is to extend the utility of the modal transformation. The mode,
or motion, is defined in network systems in this dissertation, and each motion is separately controlled
by controllers assigned to each motion. The interesting point of this dissertation is that the connectivity
shows how to send or receive the information from the other systems by looking at the connectivity
matrix. The design methodology of the connectivity is presented. It will realize to separately control
each motion by using the delay in the network or a delay time model.

One of the main advantages of the proposed method is that it realizes to enhance the transient re-

sponse. Although the interference effect does not appear in the steady state since it has high-pass filter
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characteristics, it is very difficult to separately realize both control goals in conventional methods, which
limits the bandwidth that can realize the control goals. In order to uniquely assign controllers to each
control goal, the motions must be firstly defined. Since the proposed method in this dissertation mainly
focuses on the definition and decoupling of motions in network systems, controller interference does not
structurally occur. Even though the stability margin is limited compared to the conventional methods,

control goals can be realized in wide bandwidth because the proposal is free of controller interference.

1.3 Chapter Organization of This Dissertation

Fig. 1-1 shows the chapter organization of this dissertation. Chapter 2 proposes the method to design
the connectivity of the relative motion so that the COG motion gains the characteristics of a double
integrator in multi-agent systems through a network. Since position tracking control is the same in multi-
agent systems and bilateral/multilateral teleoperation, in this chapter, the proposed method is applied in
multi-agent systems. This dissertation shows it can be realized by designing the connectivity of the
relative motion to set the determinant of a graph Laplacian that contains delay elements as 0 [87].

In Chapter 3, the design method of the COG motion in order not to affect the relative motion in
bilateral control is proposed. It can be realized by using a buffer to a control input for COG motion [88].
Also, controllers are designed so that an operator can operate the system with small operational force in
a low-frequency area. Both the performance and stability is analyzed.

In Chapter 4, this dissertation discusses the integrated design method of both connectivities for bilat-
eral/multilateral control. Each motion can be decoupled by mapping the response in the work space to a
virtual space [82,89]. The space transformation matrix is newly proposed, and it is designed to contain
the delay element between the systems.

In Chapter 5, bilateral control using a flexible manipulator is conducted. This is one of the applications
of the proposed method described in Chapter 4. By modeling the manipulator using the wave equation,
the system can be viewed as an equivalent time delay system. The transformation matrix is applied to
realize the motion decoupling [90].

Chapter 6 proposes the relative motion topology design method in multilateral control. When the
number of system for tactile sensation communication increases, the connectivity matrix becomes com-
plex. In this situation, the method proposes to design the topology for the relative motion, which is much

simple compared to the method shown in Chapter 4. This dissertation reveals that the eigenvector of the
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maximum eigenvalue of an adjacency matrix expresses the equivalent amount of information that each
system contains [88]. The value is defined as Influence Value (IV) in this dissertation. It is based on an
index which is called centrality in graph theory. Centrality is an index that quantitatively measures the
importance of each node in a network. This dissertation uses eigenvector centrality to quantify the influ-
ence that each system has in an overall system. Page Rank [91] which was established by Google Inc.
is also based on eigenvector centrality. IV is used to design the topology to regain the tactile sensation
transmission performance.

In Chapter 7, this dissertation proposes the method to present thermal and tactile sensations using
multilateral control simultaneously. In remote communication, it can achieve more realistic feeling when
not only tactile sensation but also thermal sensation can be transmitted. However, the response speed of
the Peltier device that is used as an actuator for thermal sensation presentation is slow compared to robot
manipulators. Therefore, in order to compensate the difference, the additional buffer is used to correct
the timing of the presentation.

Finally, Chapter 8 concludes this dissertation.
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Chapter 2

Connectivity Design of Relative Motion in
Multilateral Systems

In this chapter, the connectivity design method of the relative motion in multilateral systems is pro-
posed. The following sections explain the connectivity of multi-agents by using the determinant of a
graph Laplacian. Each agent is assumed to have a double integrator characteristics by the utilization of
the disturbance observer in this dissertation. The aim is to regain the double integrator characteristics in

network systems.

2.1 Introduction of Chapter 2

In Section 2.1, mathematical expression of the connectivity and the dynamics of a system is explained.
The condition to regain the double integrator characteristics in the COG motion is to design the deter-
minant of the graph Laplacian in network systems as 0 [87]. Section 2.2 shows the connectivity design
when the number of the system is two, which is the most simple case in multilateral systems. The con-
nectivity proposed in Section 2.2 becomes the fundamental unit to realize the purpose. Then, the design
method is extended to a multilateral system with various topologies in Section 2.3. Section 2.4 shows

the numerical results whether the double integrator characteristics is regained in the proposed method.

2.2 Preliminary

Some of the fundamental characteristics of a graph Laplacian is introduced in this section.
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CHAPTER 2 CONNECTIVITY DESIGN OF RELATIVE MOTION IN MULTILATERAL SYSTEMS

2.2.1 Graph Laplacian

The definition of a graph is firstly explained. Let G = (V, E, A) be a weighted directed graph of
order n composed of a set nodes V = {1,2,--- ,n}, setonedges £ C V x V, and a weighted adjacency
matrix A = (a;;) that is nonnegative adjacency elements a;;. If there is no time delay between any

subsystems, the elements will be given as

1, if ted
ay = { , if connecte @.1)

0, otherwise

As for the diagonal elements, each element will be the summation of off-diagonal elements of corre-

sponding column:

L D ket Gik, J =
dzg—{ 0. G4 (2.2)

where d;; is the elements of the dimensional matrix D.
The graph Laplacian L}, shows the connectivity between each subsystem, and the definition is

L,=D- A. 2.3)

This dissertation assumes a connected graph. In the connected graph, the number of the smallest
eigenvalue of the graph Laplacian is one, which means there is one COG motion defined by the graph
Laplacian [93].

In the following, some basic property of a graph Laplacian is shown. Since the summation of all row

of L, is 0,
Lycl =0, (2.4)
where 1 = [1 1 --- 1] and ciis the constant value. By modifying (2.4),

LpU1 = )\'Ul

=0-w, 2.5

where v is the right eigenvector of the corresponding eigenvalue. Therefore, the eigenvalue of a graph

Laplacian has 0 and the corresponding eigenvector is 1.
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A real quadratic form of a graph Laplacian is given as

n
a4y Lpan = Z i(Lpq)i

=1
n n
=> @Y Aij(a - q)
=1 =1

1
= 52(%&']’ — q;A5i) (¢ — a5)
,J

= ;Z Aij(ai — ¢)°
i,
> 0, (2.6)
where g, is the arbitrary n x 1 vector. Since the real quadratic form is nonnegative, a graph Laplacian is
positive semi-definite.
Assume Ly, as an x n matrix. When a graph is not a connected graph, L, can be divided into some

block matrices whose block consists of a graph Laplacian. By renumbering the system, the matrix can

be rewritten as

Lyn = , Q.7)

L
O pY L.

where L,; is the 7 X 4 matrix whose graph is connected. By using the property of a block matrix, he

characteristic equation of L, is calculated as

det(sI, — Lyyn) = det(sI, — Lpy) - det(sI, — Lpg) - -+ - det(sI, — Lyy) - det(sI, — L)
w T Yy z
=3 J ICEEV R | [CEP YR RETRES | (CEPYO R | [CEP WL (2.8)
k=1 k=1 k=1 k=1

Since a connected graph contains only one smallest eigenvalue which is 0, the number of the smallest

eigenvalue 0 becomes the number of the connected components.

2.2.2 Dynamics of Multilateral System without Time Delay
The motion equation of a motor is expressed as

Mo = fref _ fdis, (29)
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where M, 175, fref, and fdls stand for the mass of a motor, acceleration response, driving force refer-

ence, disturbance force, respectively. The driving force is given by
ref __ ref
1 = K JI™, (2.10)

where K; and I"f stand for the thrust constant and current reference, respectively. Throughout the
dissertation, robust acceleration control is constructed by using the DOB [92]. By using the DOB, the
motor mass and torque constant can be nominalized. Also, the DOB eliminates disturbance applied to

the motor within the frequency area of a low-pass filter:

7res — Ktnlref - § dis7 2.11)
M, 5+ gdis

where the subscript ,, and gq;s stand for the nominal value and the cut-off frequency of the DOB, respec-

tively. M, shows the nominal mass of a system. When the acceleration reference ™! is set as
M
--ref 0 rref
= —T 2.12
Koo 2.12)

and if the cut-off frequency of the low-pass filter is high enough, the acceleration reference becomes the

acceleration response:
ires = gref, (2.13)

Hereafter, the control input for the motor is obtained as the acceleration reference. The dynamics of the
motor becomes a simple double integrator characteristics when implementing DOB.
Acceleration reference for each system is obtained based on the states of other systems. Control input

for subsystem i is given as

n

ﬂ.i‘ief = — Z[Kpaij(a@j — ZL‘l) + Kdaij (S.CC]' — S:L‘i)], (214)
7j=1

where K, is the proportional gain, and K is the derivative gain. s stands for the Laplace operator. Then
the overall dynamics of a system is defined as

@ = ~K,Lyx — sKqL,. (2.15)

L, shows the connectivity of relative motions. In a directed graph, all of the eigenvalues of L, are real

numbers and are nonnegative values. It is well known that all of the eigenvalues of L, is non-negative
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value, and the smallest eigenvalue becomes 0. Define the order of eigenvalues by 0 = A1, Ag, - Ap.

Then, the poles of the system described in (2.15) is obtained as follows [93]:

|
=3 (Kd)\i + \/(Kd)\i)Q _ 4KpAi> . (2.16)

It indicates there are two eigenvalues for each eigenvalue \; of L. One of the fundamental characteristics
regarding the eigenvalues of the graph Laplacian is that the smallest eigenvalue A is 0.

Let wy be a left eigenvector of Ly, for A;. Then,
wi L, =w! -0. (2.17)
Therefore,

wii = —Kywl Lyx — sKqw! L

=0. (2.18)

It indicates that w?w isinvariant. L, does not affect the motion of wchc, which is described as decoupled

in this dissertation.

2.2.3 Dynamics of Multilateral System under Time Delay

The expression of the adjacency matrix is extended in order to consider communication delay in every
link. Considering the communication delay (CD), (i, j) element aiCjD of the adjacency matrix AP is

defined as follows [80]:

2D _ { e~Ts . if there is a connection from subsystem j to subsystem i with time delay T s

i 0 : thereisno connection
(2.19)

As for the diagonal elements, each element will be the summation of off-diagonal elements of corre-

sponding column:

diCjD _ { summation of the number of incomming path, j =1 (2.20)

0, j#FL
where d;; is the elements of the dimensional matrix. The graph Laplacian with delay elements LSD

shows the connectivity that contains communication delay between subsystems:

L5P = DP — AP, (2.21)
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Control input for subsystem ¢ is given as

n
T; = Z[Kpaij(e_T"jsxj —x;) + Kdaij(e_Tijssa;j — sx;)]. (2.22)
j=1

The state space expression of a multi-agent system through network is expressed as
= —K,LSx — sKqL x. (2.23)

The structure of the graph Laplacian becomes with delay elements different from the previous ones,
where the delay elements appear in the off-diagonal part.

Define the equivalent eigenvalue A“P of LSD as a value that satisfies
n
det(sI — L5P) =[] (s = AF") - (2.24)
i=1
Based on the definition, A°P contains a delay element. Then, the poles of the overall system can be

derived by the same manner as (2.16):

1
=3 <KdA?D + \/ (KaASP)2 — 4KPA§D> . (2.25)

2.3 Connectivity Design of Two Agents
2.3.1 Problem Definition

To make the problem clear and simple, the number of the subsystem is limited to two in this subsection.
At first, the problem is stated, and then it solved by modifying the structure of the graph Laplacian.

The graph Laplacian when there is no time delay is expressed by

Ly = [ _1 _i ] : (2.26)

The subscript 2 indicates the order of the matrix. The eigenvalues are
A=0,2. (2.27)

One simple way to examine whether the eigenvalues contain O or not is to calculate the determinant of a

graph Laplacian.

{ det(Ly) =0, A\ =0 229

det(Lp) £0, A #£0
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--ref dif
Ty 1 T L21 T2
52 + el
S B s
+
Cp dif )
1
L12

Fig. 2-1: Block diagram of two agent system without time delay.

dif

gref 1 T La1 T2
_ €—T218 Cp .
+ 52 + 52
+
Cp — e—T12S
dif
L12

Fig. 2-2: Block diagram of two agent system when there is time delay.

The determinant in the two agent system is
det(Lp2) = 0. (2.29)

It indicates that the relative motion does not affect the COG motion of the system. The block diagram
of a two agent system when there is no time delay is shown in Fig. 2-1. In Fig. 2-1, C, = K, + Kgs.
Position difference between subsystems will be an input generated by the multiplication of the gain (),
dif

and position difference z“"*. The characteristic polynomial of the system is given as

G(s) = 8% (s> +2C}) . (2.30)

When there is delay between agents, the graph Laplacian is expressed by

1 —eTh2s
Ly =] ms : (2.31)
and the eigenvalues and the determinant of L,, are
T T T T
A= (1—e 25 2e) (14 e 2 2b9),
det(LSP) =1 — e~ (T2 T)s £ (2.32)
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jref

52 +Cp 1 Cp I9
—_— - - >

52 s? +2C, s?2 4+ C,

Fig. 2-3: Equivalent transfer function of Fig. 2-1.

i,ref

1 s? + Cp T Cp To
> T12+To; > e~ 215 — >

24 (1—e )Co| |24+ (14520, L s>+ Cp

Fig. 2-4: Equivalent transfer function of Fig. 2-2.

It clearly shows the eigenvalues of the network two-agent system do not have 0. It indicates that the
vibration caused by the equivalent torsional force affects the COG position of the system, where the
same problem was reported in bilateral teleoperation [88]. The block diagram of a network two-agent

system is shown in Fig. 2-2. The characteristic polynomial of the system is given as
Tyo+T Tyo+T
G(s) = (32 + (1 e ”s) Cp) (52 + (1 ye 215) op) . (2.33)

The difference between Figs. 2-1 and 2-2 can be seen when obtaining the transfer functions which is
shown in Figs. 2-3 and 2-4. When there is no time delay, the double integrator characteristics appears
because the eigenvalue of L contains 0, which indicates the COG motion of the system. However, the
characteristics do not appear, and the controller aimed to control the relative motion of the system affects
to the COG motion of the system. Impulse response is compared in Fig. 2-5. Simulation parameters are
listed in Table 2.1. The impulse input was applied to subsystem 1. It clearly shows the overall motion

does not follow the double integrator characteristics when there is a delay.

2.3.2 Modification of Connectivity

In order not to make the relative motion controller affect the COG motion of the system, the connection
between two subsystems needs to be modified. Rewrite the graph Laplacian as

10 0 ez
CD
L = [ 01 ] - [ Tns g } . (2.34)

a;; (¢ # j), which is the off-diagonal element in the graph Laplacian shows the information that comes

from the other subsystem, while d;; shows the information of the local subsystem. What can be changed
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Table 2.1: Simulation parameters for impulse input.

Parameter | Description Value
Tio Delay time from subsystem 2 to 1 100 ms
T5 Delay time from subsystem 1 to 2 300 ms
K, Proportional gain for position control 100
Ky Differential gain for position control 20
04 T 04 T
Agent 1 Agent 2 Agent | Agent 2
03 03
E £
£ 02 £ 02
0.1 0.1
0 0
0 05 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Time [s] Time [s]
(a) When there is no delay. (b) When there is delay.

Fig. 2-5: Comparison of impulse response in two-agent system.

is the information of the local subsystem; therefore, the elements of the dimensional matrix are modified
to make the determinant of the graph Laplacian LSD as 0.
In order to determine the values, let d;; set as diag{«, #}, which is the modified dimensional matrix

D5, then the determinant is calculated by
det(LD) = af — e~ Tzt To)s, (2.35)

« and S are assumed to be 1 or e~ 7125 or ¢~ 1215 or ¢~ (T12+721)s for 3 reason which is explained later.

By calculating det(ﬁg%) ) = 0, pairs of o and 3 are obtained as

’DgD :diag{e_(T12+T21)S, 1}, diag{e‘Tl?S, e_T218},
diag{e 7215 e~ T125)  diag{1, e~ (T12+T21)s} (2.36)
There are four ways to select the pair of « and 3. The lower two pairs in (2.36) are symmetric to the upper

two pairs, so that the lower two pairs is excluded hereafter. The pairs DS = diag{e~(T12+720s 1} and

’DSD = {e 1125 ¢~1215} are named as type 1 and type 2, respectively.
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gref 1 | 1 - C 1 | 2
—»O—» — > o™ 218 2 > @
+ 1 52 + P 52
€_T128 o
+
Cpl €_T12S -

Fig. 2-6: Motion decoupled two agent system (type 1).

The block diagram of type 1 two-agent system is shown in Fig. 2-6. All of the delay elements
are between the subsystems; therefore, this structure does not require any delay time model in local
subsystems. This is the reason why the choice of « and S were limited to four. It enables to derive a
solution which can be realized by transmitting the response through a network. The graph Laplacian of
this structure is given as

ECDl - e~ (T2+T21)s  _ o—Ti2s

p2 - _6*T218 1 (237)

The eigenvalues of this type is
ACPL — 0,1 ¢~ (T2t T20)s, (2.38)

It means that the structure has a decoupled COG position, and when all of the delay times are 0, eigen-
values becomes similar to the case when there is no delay which is shown in (2.27). The characteristic

polynomial of the system G (s) is calculated by
Gl(s) = s? (52 e e—<T12+T21>S)Cp) , (2.39)

when Cp1 = Cp2 = (. (2.39) indicates that having the smallest eigenvalues as 0 in the graph Laplacian
means the same as having two poles at the origin. In other words, the system contains a double integrator
inside.

Since both equivalent eigenvalues A°P! are not negative values, the matrix £S2D L

is positive semi-
definite. The rank of £S2D ! becomes 1 by using the elementary transformation of a matrix which is

shown in the following.

ECDl B e—(T12+T21)S _e—les :| . I: _e—T215 1 :|

p2 - —€_T21 S 1 (2.40)
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ety 1| 21 - C 1 | T2
—»O—» — e~ 218 p2 = O
I 52 +_% 52
6—T128 6—T218
_+_
Cp1 €—T12S

Fig. 2-7: Motion decoupled two agent system (type 2).

1 s+ C, L1 Cp 2

—_— [ 5 T T =6—T21S 5
52 s2 + (1_|_€—( 12+ 21)S)Cp S —|—Cp

|

Fig. 2-8: Equivalent transformation of Fig. 2-6.

The block diagram of type 2 system is shown in Fig. 2-7. The graph Laplacian of this structure is

given as

p2 _e—Tgls e—TQlS

—T1as _ ,—Tias
£CD2 _ [ € € ] ’ (2.41)

where “stands for the model of a value. The eigenvalues A“P? and the characteristic polynomial G2(s)

are

A\CD2 _ 0, e~ Ti2s | o—Tos (2.42)

G?(s) = s? (s + (e 125 + e T219) ) (2.43)

when Cp,1 = Cp2 = Cp. The result also shows the system has the characteristic of a double integrator.

. The eigenvalues A°P? do not become negative

Same characteristics as type 1 can be also said in EI%D 2

value so that LZSQD 2 is also positive semi-definite. The rank of ESQD 2 is also 1 which is explained in the
following.
popr_ | e et e e (2.44)
p2 —€_T218 €_T21S 0 0 :

The equivalent block diagram of Figs. 2-6 and 2-7 when C},1 = Cp,2 = C}, are shown in Figs. 2-8 and
2-9.
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wo| $2 4 e TnsC, 1 C, T2

_— e :e—T213 - I

52 2 + (6_T12S + 6—T21S)Cp g2 + e*T21SCp

Fig. 2-9: Equivalent transformation of Fig. 2-7.

04

T 04 T
Agent 2 Agent 1

T T
Agent 1 Agent 2

03 03

m]

0.2

02

Position [m]
Position

0.1 0.1

0 05 1 15 2 25 3 0 05 1 15 2 25 3

Time [s] Time [s]

(a) Type 1. (b) Type 2.

Fig. 2-10: Impulse response in the proposed structure.

The impulse response is given in Fig. 2-10. The parameters are same as the previous simulation that
is listed in Table 2.1. In this situation, there is no COG controller in both systems. Both structures show
that the double integrator characteristics is regained. In Fig. 2-10(a), agent 1 is moving ahead of agent 2
compared to Fig. 2-10(b). The reason is that the timing of the synchronization is modified so that agent

2 tracks T2 s delayed motion of agent 1.

2.3.3 Controller Parameter Design for Relative and COG Motion

Controllers are placed based on the inspiration of resonant ratio control [94] for the type 1 motion
decoupled system, which is a famous method to suppress vibration of a two mass resonant system. A PD
controller with equivalent torsional is used in the method, and a torsional force feedback gain is newly
inserted to the feedback of torsional force. As for type 2 system, since the structure is often studied
in other reports, the design methodology is omitted. From Figs. 2-8 and 2-9, it is necessary to set the
position controllers for the relative motion the same between two agents. Based on the fact, Fig. 2-6 can
be rewritten into Fig. 2-11.

The controller placement of 1st and 2nd agents is expressed in Fig. 2-12. Controller gains K%,

22



CHAPTER 2 CONNECTIVITY DESIGN OF RELATIVE MOTION IN MULTILATERAL SYSTEMS

(J—Tms

ol

Fig. 2-11: Equivalent transformation of Fig.
2-6 when Cp; = Clo. Fig. 2-12: Controller placement for Fig. 2-11.

K%, and Ky, is for controlling the relative motion, while K},; and Kq; is the controller for the COG

motion. The transfer function of the 1st agent G'1(s) that is from ™9 to 1 is calculated as

n232 +n1s+ ng

Gils) = dys* + d3s® + dos? + dys +dy 245)
ng =1, (2.46)

n1 = Kga, (2.47)

ng = Kpa, (2.48)

dy =1, (2.49)

ds = K™ + Kao, (2.50)

dy = (1 + e~ T2t s g ) K + K58 + K S K, 2.51)

di = K5 Kao + Kpa K3, (2.52)

do = K8 Kpa. (2.53)

The transfer function from 7 to x5 is obtained as

Ga(s) = Ky (2.54)

52 4+ Kgos + Kpg.

The pole placement method is used to determine every gain. The desired characteristic equation from

the position command =™ to x is defined as

G(s) = (s +p)'

= s* +4p1s3 + 6p%32 + 4pi{’s + p‘ll. (2.55)
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By comparing the coefficients, the controller gains and the pole of 1st agent is determined as

K8 = Ky, (2.56)
K% = 4\/Kp — Kao, (2.57)
/ 2
Ky = e(To1+Ti2)s (Ka2 _[? Kp2) ’ (2.58)
p2

P = /K. (2.59)

In (2.87), it requires the future value which is shown as e(T2+T21)s It is difficult to obtain the future
value; therefore, e(T121721)s jg approximated as 1 in this dissertation. Even though the controller pa-
rameters were determined based on the gain of the relative motion controller, the role of each controller
is clearly decoupled. Ky mainly determines the stability of the whole system because the delay ele-

Ti2+T21)s

ment e~ is multiplied by the value. In actual cases, for example, where there are jitters in a

communication line, the stability can be assured by the lowering the gain.

2.4 Connectivity Design of Multi-Agent Systems

The design procedure of the graph Laplacian in the multi-agent system is the same as the one when
the number of the agent is two. Two types that are shown in the previous section to decouple COG and

relative motions is the fundamental set to realize motion decoupling in multi-numbered agent systems.

2.4.1 Line-Shaped Multi-Agent Systems

Consider a line graph whose number of subsystems is three. The graph Laplacian is expressed by

1 —e~Th2s 0
LY = | —eTs 2 s | (2.60)
0 —e~T23s 1

The elements that are changeable are the diagonal terms, which expresses an information of the local

subsystems. Let ’DgD set as diag{d, €, (}, then the determinant is calculated by

det(LSD) = de¢ — emPstTi)sg — o= (TatTr)sc, (2.61)
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The set of d, €, and { can be obtained by solving det(ﬁggl? ) = 0. By solving a backward calculation, the

modified dimensional matrix is obtained by

DgD :diag{e*(T12+TQ1)87 1+ e*(T23+T32)S’ 1}7
diag{efT”s, engls + 67T2357 67T328}’
diag{e_T2187 e—les + €—T3gs’ 6—T233}’

diag{1,1 4 ¢~ (TiztTer)s o= (Tea+Ts2)sy, (2.62)

The backward calculation was conducted so that a delay time model is not required in the first and the

last sets shown in (2.62). The determinant of the modified graph Laplacian is calculated as
det(LS3) = 0. (2.63)

It can be seen that even in three-agent systems, the connectivity design to realize motion decoupling has
two ways. Therefore, it can be said that the decoupling of the COG motion and formation motion has
been succeeded.

Characteristics of ES?P are given in the following. At first, the rank of the proposed matrix Cg:? is 2.

It can be derived by using the elementary transformation of a matrix:

e~ (Ti2+T21)s —eThas 0 e~ (Tia+T21)s  _,—Tias
LSZP - —eTas 1 4+ e~ (Tea+Ta2)s  _o—Tozs | _y _e~Tus 1 0
0 —eThss 1 0 —e Tass 1
—e~ s 1 0
- 0 —eTas 1 || (2.64)
0 0 0

The real quadratic form of LS?P is calculated as

a3 L£53q3 = (e 25q1 — @) (7 q1 — q2) + (67 % q2 — g3) (e g2 — q3). (2.65)

When 119 = T3 and Ths = Tjsa, the quadratic form of L',g?]? becomes nonnegative. Therefore, if
Tij =Ty, LZIC,?P becomes positive semi-definite.
Finally, the graph Laplacian to decouple the COG motion and formation motion is inductively given

by

5P =D5P — AP, (2.66)
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e*(T12+T21)57 (1 4 e*(T23+T32)8) ’ (1 4 e*(T34+T43)8)
S (1 + ef(T(nfl)nJrTn(nfl))S) , 1

e—T125’ (6—T218 + e—T23S) , (e—T:szs + €—T348) }’

9

o, (T2 4 e Tinnns) | e Taenns L
(2.67)
diag{ e~ To1s, (e_Tl2S + e—Tszs), (e—T34s +e_T43s)},
{ 1, (1 + 67(T12+T21)S) , (1 + 6*(T23+T32)5) , (1 + e*(T34+T43)s) :

(1 + e_(T(n72)(n71)+T(n71)(n72))8) , e~ Tn—1n+Th(n-1))s }

)

The determinant of the modified graph Laplacian can be also inductively obtained by det(AClgll3 ) =0.
The proof of the determinant of the structure above is 0 is shown in the following by using the mathe-
matical induction. The graph Laplacian using the first and second diagonal elements shown in (2.67) is
defined asﬁg? Land ES? 2, respectively.
Theorem 1: for any n, det(ﬁgr? 1) = 0 holds.

Proof. Whenn = 2, det(ﬁgfl) = 0 holds as it was shown in (2.38). Assume det(ﬁg,?l) = 0. It means

the following equation holds:

det(ﬁg,?l)
e~ (Ti2+T21)s —eThas . 0 0
—eTa1s 14 e (Tea+Ta2)s . 0 0
B 0 e e e Ln-2)(n-1)8 0
0 0 e 1 + 6_(T(nfl)n+Tn(nfl))s _e_T(nfl)ns
0 0 0 —e Inen-ns 1
=0. (2.68)

If the same connectivity design was applied to n + 1 numbered multi-agent system and the determinant

also becomes 0, the connectivity design can be extended to multi-agent systems with any number of
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agents. When the number of the agents is n + 1, the determinant becomes

det(Lppty) =
e*(T12+T21)S
—e~ T2
0
0 0
0 0
0 0

0 0 0 0
0 0 0 0
—e Tn-2(n-1)s 0 0
1+ 6_(T(n71)n+Tn(n71))5 —e Hn-1)ns 0

— e Tan-1)s 1 + e~ Tnmt)y T Tnt1yn)s
0 —e " Tnt1yn® 1

_e_Tn(n+l)S

(2.69)

By using the characteristics of the determinant, the determinant does not change when adding elements

of one row to the elements of another row with the multiplication of constant value. Eq. (2.69) can be

modified as

det(£5P1)

e—(T12+T21)8
—e Tz

o O O

e~ (T12+T21)s

—eTas

0 0 0 0
0 0 0 0
—e Tin-2)(n-1)8 0 0
14 e Tn-ntTam-1)s  _o=Tn-1)ns 0
0 —e -3 1 —e Tam+1)s
0 0 0 1
—eThas . 0 0
1+ e (Tes+T32)s . 0 0
e~ Tin—2)(n-1)s 0
0 e 14 e—(T(n—l)n""Tn(n—n)S —e Tn-1)ns
0 0 —e Inm-1s 1

(2.70)

Q2.71)

(2.72)

(2.73)

The modification from (2.70) to (2.71) is done by adding the n + 1th row to n th row with the multipli-

cation of e~ T(n+)ns_ It showed that if det(ﬁg,? 1Y = 0 holds, det(ﬁpcﬂ?jl) = 0 also holds. Therefore,

det(ﬁgﬂ? 1) = 0 holds for any 7 in this line-shaped multi-agent system.

O

The rank of the proposed matrix with order n becomes n — 1 by using the same procedure when the

order is three. The proposed matrix is also semi-definite when T;; = Tj;. The real quadratic form is

27 —



CHAPTER 2 CONNECTIVITY DESIGN OF RELATIVE MOTION IN MULTILATERAL SYSTEMS

Fig. 2-13: Motion decoupled multi-agent system as a line structure.

-~ Ky =
flfljifl gref -ref

v e i Lit1

Ky | e TimDit - C
Li—2 —‘ 1 Ti_1 — KL
K ) — J— —T-(ifl)s K . .
+ pi-1[=C 52 e + pi [ 52
Kdi—ls KdiS

Fig. 2-14: Controller placement in ¢ — 1th system.
calculated as

a L5Pq =(e7 " g — o) (e g1 — o) + (7> g0 — g3) (e TP g — q3) -

(efT(n_l)nSqn_l _ qn)(ean(n—l)Sqn_l — qn)' (2.74)

The block diagram of the motion decoupled multi-agent system is shown in Fig. 2-13. The connected
structure is very similar to a multi-mass resonant system [94]. Since the connectivity of the proposed
method became similar to that of a multi-mass resonant system, controller design based on vibration
control can be used to the proposed method. Poles of the proposed control structure are designed to be
placed on the real axis.

Controller design method is explained in the following. Fig. 2-14 shows the controller placement of
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1 — 1th system. The transfer function of the ¢+ — 1 th agent is calculated as

n232 +n1s+ng

Gim(s) = dys* + dss® + dos? + dis + dy 275)
ng =1, (2.76)
ny = Kai, (2.77)
no = Ky, (2.78)
dy =1, (2.79)
ds = Kai—1 + Kai, (2.80)
dy = (14 ¢ T3S K Ky o Koot + Kaio1 Ky (2.81)
dy = Kpi—1Kq; + KpiKqi—1, (2.82)
do = Kpi1 K. (2.83)

The pole placement method is used to determine every gain which is the same as the case with two agent

systems. The desired characteristic equation is defined as
G(s) = (s +pi_1)4
= st Fdp;18° 4+ 6p7_qs? +4Apd s+ iy (2.84)

By comparing the coefficients, the controller gains and the pole of ¢ — 1 th agent is determined as

Kpio1 = Ky (2.85)
Kqi1 =4/ Kpi — Ky; (2.86)
C_ / )2
Kiiq = e(Tii—1+Ti—1,i)s (Kai [? Kpl) (2.87)

pt

pic1 = /Kpi- (2.88)
2.4.2 Tree-Shaped Multi-Agent Systems

The fundamental unit are used to decouple each motion of the tree shaped system. The example is

given in Fig. 2-15. The graph Laplacian with delay elements is expressed by

(1 —eTh2s 0 0 0 0
—e Tz 3 —eT23s 0 —_eI2ss 0
—T32s —T34s —T36s
cD 0 —e 3 —e 0 —e
Lp6 o 0 0 —e Tuss 1 0 0 (2.89)
0 —e 528 0 0 1 0
L 0 0 —e Tess 0 0 1 i
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6_T128 €—T233 6_T34S
e~ 1218 A e Ts2s A o~ Ta3s
€—T528 €_T638
€—T258 €_T365
\j \j

6 ©

Fig. 2-15: Tree shaped multi-agent system.

The obtained sets of the elements are obtained as follows:

DgD _ diag{ e~ (T2tTa1)s 1 4 o= (Tas+Ts2)s | o (Tos+T52)s
1+ e~ (Tsa+Ta3)s 8—(T36+T63)5 1,1,1 )
diag —T128 e~ T21s + e T23s + e_T2°

(2.90)

7T233 Te —Tyss Te ngs T343767T25s’€7T363

Y

1,24 e~ (T12+4+T>21)s .2+ e—(T23+T32)S’e—(T34+T43)87

diag{ _T2ls —Tizs 4 o=Tsas | B_Tszs
diag{

o T - ~Tses T “Tyys —T

528 4 o~ Tsas 4 o= T368 a3s o= Ts25 o—Toss }

e—(Tas+T52)s o—(T36+T63)s }
bl

The values are obtained by using some characteristics of the determinant.
The modification procedure of the determinant is to translate the determinant to the line-shaped struc-
tured systems. The same procedure is used to obtain the motion decoupled connectivity that is to deter-

mine the diagonal elements of the matrix so that the determinant becomes 0.
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det(ﬁggl)

e*<T12+T21)S

_e~T2s 0 0
e~Tos 1 4 e (Tos+Ts)s | o—(Tos+Th2)s —e~Toss 0
0 _ e Ts2s 1+ e*(T34+T43)5 + e*(T36+T63)5 _eTsas
0 0 —eTass 1
0 —eT52s 0 0
0 0 —eToas 0
e~ (Ti2+T21)s —eTas 0
_eTus 1+ e~ (T23+T32)s + e~ (Tas+T52)s _oTess
0 — e Thas 1+ e—(Ts4+Tas)s
0 0 —e~Tuss
0 —e 1528 0
e~ (Ti2+T21)s —eThas 0 0
_e~Tus 1+ e—(Tas+T532)s — e Toss 0
0 — e Tz2s 1+ e~ (Tsa+Taz)s  _ ,—Tsas
0 0 —e Tazs 1
e~ (Ti2+T21)s —eThas 0
—e~Tus 1+ e—(Tes+Ts2)s  _ ,—Toss
0 —eTs2s 1

0

_eToss

o = O

0

67T365

(2.91)

—eI2ss

(2.92)

(2.93)

(2.94)

(2.95)

The controller design method was the same in the line shaped multi-agent system, therefore, the descrip-

tion is omitted.

2.5 Simulation Results of Various Types of Multi-Agent Systems

2.5.1 Simulation Conditions

Simulations are conducted to examine whether COG motion and formation motion are decoupled. The

number of subsystems in the simulations is set as 10. The delay times that are assumed in the simulations

are constant values between 100 ms to 900 ms.

T19 = 100 ms, Ti,i+l =100 + 100(Z — 1) ms

T51 = 100 ms, Ti+1,’i =100+ 100(Z — 1) ms

(i

2,3, -

, 9).
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Table 2.2: Simulation parameters for multilateral systems.

Parameter | Description Value
D Pole for every motion 80 rad/s
K, Proportional gain for every motion 6400
K4 Differential gain for every motion 120
K Torsional feedback gain for every motion 20

0.0006 0.01

0009 ]
00005 -\
/ \ 0008
0007
00004
( 0006

0.0003 £ 0005
( N\ 0.004

Position [m]
Position [m]

00002
- 0003
ﬁ 0002 > 4
/ 0001 - // 7
i 0 i

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time [s] Time [s]

0.0001

Fig. 2-16: Impulse response when the motions are Fig. 2-17: Impulse response when the motions are
not decoupled. decoupled.

The value becomes large as agent number increases. Two control structures were compared in the sim-
ulations: the structures whether the motions are decoupled or not. The designed control parameter was

set as shown in Table 2.2.

2.5.2 Simulation Results

At first, the impulse input was applied to subsystem 1 in both methods. In this situation, there is no
controller for the COG motion. The results are shown in Figs. 2-16 and 2-17. These results mostly
show the effectiveness of decoupling the motions. As for the control structure where the motions are
not decoupled since the characteristic polynomial does not have double poles at the origin, the COG
motion stops in the steady state. On the contrary, the response regarding the structure where the motions
are decoupled shows that COG motion is moving at constant speed. This is because the structure has a
characteristics of a double integrator.

At next, step response results are applied to both conventional and proposed methods. The results are
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0.012 0.012

001 e 001 i e e— ——
=
/ v F N~
0.008 : 0008
E E
£ 0006 £ 0006
a a~
0.004 / 0004 |-
0002 0002 }
0 0 ‘
0 50 100 150 200 250 300 0 2 4 6 8 012 416 18 20
Time [s] Time [s]

Fig. 2-18: Step command response when the mo- Fig. 2-19: Step command response when the mo-
tions are not decoupled. tions are decoupled.

shown in Figs. 2-18 and 2-19. The position command for COG position was set as
2™ = 0.01 [m].

Both methods converged to the command value; however, in the conventional method, it took about
300 s for all of the agents to converge to the command while it took only 15 s in the proposed method to
converge. The reason for the slow convergence of the conventional method is the interference between the
controllers. The pulling back motion in the proposed method is to reduce the vibration in the formation
position, which is often seen in vibration control.

Next, sinusoidal wave was applied to each method. The command was
2 = 0.01 sin(0.1¢) [m].

The results are shown in Figs. 2-20 and 2-21, respectively. In the conventional method, there are large
position errors in every agent compared to the command. However, in the proposed method, every agent
well tracks the command of COG motion even the controller gains are the same with the conventional
method.

At next, both step and sinusoidal wave commands were applied to a tree-shaped multi-agent system
whose structure is shown in Fig. 2-22. The results are expressed in Figs. 2-23 and 2-24. Both responses
is very similar to the responses of the proposed tree shaped system that are shown in Figs. 2-19 and 2-21.
It indicates that the COG and formation motion in both line and tree shaped systems are decoupled by

using the proposed connectivity design. Therefore, the validity of the proposed method was confirmed.
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Fig. 2-20: Sinusoidal wave command response in Fig. 2-21: Sinusoidal wave command response in
motion coupled structure. motion decoupled structure.

Fig. 2-22: Tree shaped system used in the simulation.

— 34—



CHAPTER 2 CONNECTIVITY DESIGN OF RELATIVE MOTION IN MULTILATERAL SYSTEMS

0012 001 = S
Y/ N )
\
001 TRy 0006 %

- =N

0.002 /
0.004 0.004 \\\ \ ///

o W
o W
AV

i
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12
Time [s] Time [s]

[m]

Position [m]

Fig. 2-23: Step command response to tree shaped Fig. 2-24: Sinusoidal wave command response to
system (proposed method). tree shaped system (proposed method).
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2.6 Summary of Chapter 2

In this chapter, the connectivity design method for the relative motion in multilateral systems was
proposed. The connectivity was designed to make the determinant of the graph Laplacian as 0 so that the
COG motion in the system has the double integrator characteristics. Firstly, the design was established
in a system whose number of systems is two. It became clear that there are two ways to design the con-
nectivity to realize the desired characteristics in the COG motion. Controller parameter design was done
by using the concept of resonant ratio control, which is one of the famous methods in vibration control.
Then, the connectivity design method was extended to n agent system based on the fundamental connec-
tivity set obtained in the two-agent system. The numerical results showed that the desired characteristics

were regained in the proposed method.
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Chapter 3

Connectivity Design of COG Motion in
Bilateral Teleoperation

In this chapter, The connectivity for controlling the COG motion in bilateral teleoperation is proposed.
Controllers in bilateral teleoperation interfere because of a time delay between the systems [36]. At first,
the interference that is affected by the force controller to the position controller is eliminated by inserting

a buffer to the force response of their own system.

3.1 Introduction of Chapter 3

The contents of this chapter are given as follows. The effect of the interference is firstly discussed in
Section 3.1. In Section 3.2, the connectivity design of the COG motion is described. It can be realized by
using the delay element to the force input of each local system. The conceptual figure is shown in Fig.
3-1. Since the method requires the model, the effect of the modeling error and the compensation method
is described in Section 3.3. Section 3.4 shows the experiment results to verify the effect of the proposed

method. Finally, Section 3.5 concludes this chapter.
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Real S
Delay time T’ - : pace
Agtion force T Reaction forge Delay time 7|
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System\l\ System 2 System 1 :  System 2
""""""""""""""""" ""k\ i
Difference in input timing ’ Same input timing
(a) Conventional method. (b) Proposed method.

Fig. 3-1: Conceptual figure of comparison between conventional and proposed method.

3.2 Problem Definition
3.2.1 Control Goals

As mentioned in Chapter 1, bilateral control realizes tactile sensation transmission between two sub-

systems by fulfilling two control goals. The control goals of a bilateral control system are defined as

f1i+ f2=0, 3.1)

Ir1 — Ty = 0, (3.2)

where x and f stand for the position and force response, respectively. The subscript ; represents the value
of ith subsystem. Position and force responses are separately controlled to realize the control goals. As
for the local subsystems, the DOB [95] is used to realize robust acceleration control. In this dissertation,

external force f is estimated by using the RFOB [96].

3.2.2 Bilateral Control without Time Delay

In order to separately control the values, the work space responses are transmitted to another space
which is called a modal space. The matrix to transform the coordinates are called the quarry matrix [86],

and it is defined as

11
sz[_l 1]. (3.3)
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]-e[5)
fc _ fl
[fd:|_Q2|:f2:|7 (3.5)

where subscript . and 4 stand for the value of the common and differential modes, respectively. The
subscript of @ (in this case, 2) indicates the order of the quarry matrix. The coordinate transformation
realizes to transform the motion of two subsystems to view as one rigid motion that describes the center
of gravity motion of the overall system, and the relative motion that describes the inner motion of the

overall system. By modifying the control goals in the modal space, (3.1) and (3.2) are rewritten as

fe=0, (3.6)
x4 = 0. 3.7)

Controllers for realizing each control goals are placed at each modes. The acceleration references for

each modes are given as

x

et = Cp(fm — fo), (3.8)

it = O (agd — 2y), (3.9)

where C; and C}, stand for the force and position controllers, respectively. As seen in (3.6) and (3.7),

md

d
femd =

= 0. In this dissertation, a proportional controller is used as Cf, and a proportional and
differential controller is used as C},. The acceleration reference for each subsystem in the work space can
be calculated by multiplying the acceleration reference in the mode space with the inverse transformation

matrix Q' that is given as

-ref sref
|: il}ef :| Q2 |: iref :|
2 d
1 [ Ce(f1+ f2) + Cp(w1 — x2) }
Ce(fi+ f2) + Cp(— 1?1+332)

=l E el o]

1 1
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L; and L, indicates the connectivity of the force response and position response, respectively. The

determinants of L¢ and L, are calculated as

det(L¢) = 0, (3.11)
det(L,) = 0. (3.12)

As for L, the determinant becomes 0 when there is no delay between the systems because it is a standard
graph Laplacian. It means the position controller does not affect the COG motion. Here, the determinant
of Ly is also 0. It shows the double integrator characteristics is maintained in the COG motion because
the force controller is a proportional controller. It indicates that COG motion is actuated only by the
force controller, and the relative motion is controlled by the response of position difference between

subsystems.

3.2.3 Bilateral Control under Time Delay

In this chapter, the delay time between system 1 and system 2 is assumed to be symmetric as 7. When
there is delay between the systems, the acceleration reference for each system is modified as

[ et ] _ ! { Ce(fr +e T f2) + Cpar — e Toa) ]
gref | 7 9 Cf(eiTSfl + f2) + Cp(—eiTs.ﬁl + 372)

L2
_ 1 1 e~ Ts fi 1 1 —e T T
i E | 8 B P S A

The block diagram of the conventional bilateral teleoperation is given in Fig. 3-2. Here, the determinant

of each connectivity matrix is calculated as

det(LEP) =1 — 275 £, (3.14)

det(LJP) =1—e "% £ 0. (3.15)

The determinant of LfCD must become 0; otherwise, the controller for COG motion affects the relative
motion.

In order to analyze the performance of each controller, modal space analysis is an effective method.
The conceptual figure that describes the information flow that is sent to each system are shown in Fig.3-3.
From this figure, it is obvious that four states are controlled in the conventional bilateral teleoperation
system, which are the states of system 1 and 2 of the present time and that of 7" second previous state,

respectively. The same fact can be found in (3.13). The states that are controlled are the same four
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Fig. 3-2: Block diagram of the conventional bilateral teleoperation.

states that are noted above. What is different from the bilateral control system without time delay is that

delayed information that is sent from the other system can be regarded as same as the present information

because the transmission time is small enough to be neglected.

In this section, four state values are transformed into a modal state values as defined as follows:

fcom,p
fait p
fcom,d
faiea |

Zcom,p
Tdif,p
Lcom,d
Tdif,d |

1

1
e—Ts

e—Ts

1

1
e—Ts

e—Ts

S
[ b (3.16)

T
x2

|\
E

(3.17)

where subscript o, and g;¢ stand for the common mode and differential mode, while subscript ;, and 4
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Fig. 3-3: Relationship among four states.

denote the present value or delayed value respectively. The relationship between each state is

Teomd = € chom,p
. — ¢ Ts, .
xdlf,d - € xdlf,p 3 18
_ —Ts . ( )
Zcomd = € Zcom,p
. — o Ts, .
Tdifd = € Tdif,p

The acceleration references for each modal state values can be calculated by using (3.13). At first,

acceleration references for the delayed states is derived by multiplying diag{e=7*, e~7*} to both side,

efTs‘;L'.lief 1C efTs 672Ts fl
_ . = — —Urg _ _
e Tsxgef 92 e 2T's e Ts f2

1 efTs _672Ts 21
- §Cp { _e—2Ts  ,—Ts } [ o ] . (3.19)

which is obtained as

Since the acceleration references for each state were obtained, acceleration references for each modal
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state value can be calculated, which are shown as (3.20) and (3.21):

1 1 1
..ref
xf:im,p = *icffcom,p - §Cpxcom,p - §Cffcom,d + icpxcom,d
1 —Ts 1 —Ts
= _5(1 +e )Cffcom,p - 5(1 —€ )Cpxcom,pa (3.20)
ref 1 1 1 1
Tairp = —5CpTaitp — 5Ctfaitp — 5Cp2ait,d + 50t faitd
’ 2 2 2 2
1 —Ts 1 —Ts
= —5(1 +e ) Cpzair,p — 5(1 — e 7)Ct fait p- (3.21)

Egs. (3.20) and (3.21) are obtained by adding and subtracting the first and second rows of (3.13) and
(3.19).

As shown in all equations, it is obvious that every modes are interfering each other, meaning that
the role of each controller is not decoupled in each mode. This is the reason why tactile sensation

transmission performance is degraded in a bilateral control system under communication delay.

3.3 Connectivity Design of COG Motion

It is important to robustly control the relative motion in bilateral control because high stiffness con-
troller in the relative motion can transmit precise impedance of a contact object. In order to separately
control the relative motion from COG motion, the connectivity of the COG motion that does not inter-
fere with relative motion is proposed in this section. What can be changed is the information of the local
subsystem; therefore, the elements of the dimensional matrix are modified to make the determinant of
the connectivity matrix of COG motion as 0.

The design procedure is the same as the one proposed in the previous chapter. In order not to make the
COG motion controller affect the relative motion of the system, the connection between two subsystems
needs to be modified. In this chapter, the connectivity matrix Ly is designed. In order to determine the
diagonal elements of d;; of the COG motion connectivity matrix, let d;; set as diag{«, §}, which is the

modified dimensional matrix DS, then the determinant is calculated by
det(LSP) = af — e 72T, (3.22)
By calculating det(£5P) = 0, pairs of a and /3 are obtained as

DSP = diag{e 2% 1}, diag{1, e 27%}, diag{e 7 e T*}. (3.23)
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Fig. 3-4: Block diagram of the proposed method.

There are three ways to select the pair of « and 5. The first two pairs in (3.23) are already proposed in
[63]. In this section, the last set is used hereafter.

The acceleration reference of the proposed method is given as

iﬁef _ 7} Cf(e_Tsf1 + 6_Tsf2) + Cp(xl — e_TsLL’Q)
jref Cr(e T fy + e T3 fy) + Cp(—e_Tle + x9)

Lo
eTs T fi 1 1 e[ n
e—Ts e—Ts ] |: fa :| B 5013 |: —eTs 1 :| |: o :| . (3.24)

The block diagram of the proposed method is shown in Fig. 3-4.

1C’

The block diagrams of the differential and common modal space are shown in Figs. 3-5 and 3-6
respectively. When 7 is the same as T, the interference in the position differential mode becomes 0. It
means the force differential mode does not interfere with the position differential mode, realizing ideal
position tracking even there exists a time delay between the systems. Realization of simultaneity also

eliminates the interference from the position differential mode to the force common mode, achieving a
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Fig. 3-5: Block diagram of the COG motion considering the modeling error.
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Fig. 3-6: Block diagram of the relative motion considering the modeling error.

decoupled bilateral control system under a communication delay.

However, it is well known that the delay time in network control systems varies because of jitter
problem or packet loss. A situation that there exists a modeling error between the estimated delay time T
and the actual delay time might also occur. The difference between the values results in the interferences
between the modes. The effect of the modeling error is analyzed in the following section, and the

compensation method using a phase compensator is also expressed.

3.4 Analysis and Compensation of Modeling Error

3.4.1 Performance Analysis

Performance analysis considering the effect of the modeling error of a delay time is firstly conducted.

The relationship of the four values that are sent between the systems is expressed in a fundamental matrix
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Table 3.1: Control parameters for Bode plot.

Parameter | Description Value
T Actual delay time 100 ms
K, Proportional gain for position control | 400.0
K4 Differential gain for position control 40.0
Ct Proportional gain for force control 1.0
as shown as
fl} 1[F11 Fm][@]
= , 3.25
[ Tl Faen | F21 Fa2 fo (3.25)
Fi = *(282 + Cp)2 — 6_2T8Pp20p2
Fo =-— (e_T5(232 +Cp) + e_2TSPpCp>
Fyy =-Fp ) (3.26)

Fyo — <672T5 _ 672Ts> Pfo
Fiw = e T5P:C (232 +(1+ e*TSPp)cp> .

A fundamental matrix is usually used in two-port network systems to express the relationship between
four values. The Bode diagrams for each element when a delay time model becomes different from the
actual delay time are shown in Fig. 3-7. Control parameters that are used for the Bode plot are shown
in Table 3.1. The delay time model is changed from 60 ms to 140 ms. Fj; stands for the operational
force performance in free motion. Since F1o and Fb5; indicate whether the system can realize the control
goals, the frequency response should be flat at 0 dB. When T is equal to 7, the frequency response in
55, which indicates the interference of the position control and the force control, becomes —oo dB.
From the figure, it can be seen that the control performance of the system becomes worse in front
of modeling error. The performance behavior becomes different according to the magnitude correlation
between the modeled delay time and the actual delay time. As the delay time becomes larger, the low
frequency component in £ and F»; becomes worse, which means operational force becomes large, and
position tracking performance gets degraded. When the model delay time is set larger than the actual
delay time, the gain of F'1, F'2, and F5; around 20 Hz, which is a human operation frequency area,
becomes large. Therefore, the model delay time should be the same or smaller than the actual delay time.
In order to consider the worse case, the compensation is conducted in a situation where the actual delay

time is larger than the delay time model.
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Fig. 3-7: Parameters of F' matrix without any compensation.

3.4.2 Modeling Error Compensation

In this subsection, the control design of the phase compensator for the modeling error compensation is
explained. Since the biggest merit of the proposed method is that the system realizes high position track-
ing performance in spite of a communication delay between the systems, the modeling error compensator

is designed to regain the position tracking performance. As for the comparison, frequency domain damp-
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fi
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Ze

Fig. 3-8: Block diagram of the proposed method with compensation.

Table 3.2: Parameters for the compensators.

Parameter | Description Value
o Gain of P (phase-lag compensator) 0.1
gt Cut-off frequency of P 18.84 rad/s
ap Gain of P, (phase-lead compensator) 2.5
9p Cut-off frequency of P, 50 rad/s
Kom Gain of FDD 160
Jh Cut-off frequency of HPF in FDD 25 rad/s

ing (FDD) [60] is used as the conventional method in the paper. Phase compensators are inserted to both

position and force control. The merit of using the compensators is it can change the character of each

controller separately. A situation where 20 ms error exists, concretely speaking, T is set as 100 ms while

T is 120 ms, is assumed from now. This is a worse case because the actual delay time is larger than the

delay time model.
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Fig. 3-9: The differential mode in the proposed method with compensation.
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Fig. 3-10: Gain diagram of the coefficient of the force differential mode.

Acceleration references for the proposed connectivity using phase compensators are shown as
—Ts —T's 1 _,—Ts
e e f1 1 e I
e—Ts e—Ts ] |: f2 :| 2PPCP |: —€_T5 1 :| |: To :| ) (327)

where I, and Pt stand for the phase-lead compensator in position control and the phase-lag compensator

2, .ref 1
s
[ 9 ref } :—§Pf0f

in force control, respectively. Block diagrams of the whole control structure of the proposed method, and

the differential modal space of the proposed connectivity is shown in Figs. 3-8 and 3-9.
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Fig. 3-11: Nyquist plot of the differential modal space.
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Fig. 3-12: Closed loop Bode diagram for the differential modal space.

At first, P is designed to attenuate the mode space interference. Since P is serially connected to C¥,
it is easy to say these terms determine the equivalent mass of the system [88]. In order not to enlarge the
operational force in low-frequency area that human operates where the cut-off frequency is defined as 3
Hz in this paper, the gain and cut-off frequency of Pk is determined as shown in Table 3.2. The effect of

Pr is shown in Fig. 3-10. The gain of the force differential mode coming inside the position differential
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Fig. 3-13: Operationality and reproducibility.

mode is attenuated by the use of F;.

At next, the parameters of P, are designed so as to have same phase margin in the open loop transfer
function of the differential modal space. Nyquist plot of the transfer function of the differential mode in
each method is shown in Fig. 3-11. The phase margin value of the phase-lead compensator method is
24.1 rad, while FDD method has 26.2 rad margin. The parameters of each method are shown in Table
3.2. The difference of each method appears in the closed-loop characteristics of the differential mode,
which is shown in Fig. 3-12. It is easy to say that the bandwidth that simultaneity property is achieved is
wider in the proposed method than in the conventional method.

The operationality and reproducibility are compared between the three methods which are shown in
Fig. 3-13. The impedance of an environment is assumed as Z, = 100000 + 100s. The results show that
the proposed method has better performance in operational force in all frequency and the reproducibility

has the same performance within 10 rad/s.

3.5 Experiments
In this section, some experiments are conducted to verify the validity of the proposed method.

3.5.1 Experimental Setup

Three motions, that are free motion and contact motion operated by an input motor, and free and
contact motion operated by human are compared between the conventional method and the proposed
method. System 1 is assumed as the master system, and system 2 is assumed as the slave system. In

the first motion, both 1 Hz and 2 Hz input was applied to the system. As for the first two motions, two
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Environment 155

System 1 Input Motor

Fig. 3-14: Experimental setup.

situations where 7' = 7' = 100 ms and 7' = 120 ms #+ T are assumed. An aluminum block is chosen as
the environment for contact motion. Experimental parameters are the one shown in Tables 3.1 and 3.2,

and the experimental setup is shown in Fig. 3-14.

3.5.2 Free Motion Results

Fig. 3-15 shows the free motion results when the actual delay time is the same as the modeled delay
time. The tracking errors are the almost the same between the two methods. However, the phase delay is
larger in FDD method, which is because of the position tracking bandwidth, as shown in Fig. 3-12. The
amplitude of the sinusoidal wave is larger in the proposed method because the operational force is smaller
than the conventional method. Fig. 3-16 shows the results when the actual delay time is different from
the modeled delay time. The tracking error in both inputs is smaller in the proposed method compared
to the amplitude that the system was operated. From the experiments, it can be said that the proposed

method is superior to the conventional method in operational force and position tracking perspective.

3.5.3 Contact Motion Results

At next, contact motion is compared in Fig. 3-17. In both situations, a settling time of position and
force errors was shorter in the proposed method than the conventional method. This is mainly because
the operational force is small and position tracking performance is better in the proposed method. The

faster the errors converge, the better it is for the tactile sensation transmission point of view.
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Fig. 3-15: Free motion results when 7' = 100 ms.

While the position error convergence is fast in the proposed method compared to the conventional
method, the overshoot in the transient response became large. This is due to the small operational force.

As shown in Fig. 3-13(a), the operational force is smaller than that of the conventional method, which

makes the position error large during the transient response.

3.5.4 Experimental Results with Jitter

At last, the results that the system was operated by human are shown in Figs. 3-18, and 3-19. This
case considered the jitter effect, where T randomly varied between 120 and 130 ms. Both methods

could realize stable contact motion while the proposed method had smaller position error compared to

the conventional method.
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Fig. 3-16: Free motion results when 7' = 120 ms.

From the experiments, it is confirmed that the operational force and position tracking performance of

the proposed method were superior to the conventional method.
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Fig. 3-17: Contact motion results.
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3.6 Summary of Chapter 3

In this chapter, force response in bilateral teleoperation was modified to change the connectivity of
the COG motion. Firstly, this chapter described the problem in bilateral teleoperation. It was revealed
that the number of the mode defined to control was exceeding the number of the controllable mode.
In order to eliminate the interference, the connectivity for the COG motion was designed so that the
COG motion does not affect to relative motion. It was realized by inserting the artificial buffer to the
force response of their own system. Consequently, the force controller does not affect the motion of the
relative motion when there is no modeling error. The effect of the modeling error was analyzed using the
fundamental matrix, the effect of the error was attenuated by using phase compensation controllers to
both position and force controllers. Finally, experimental results showed that the proposed method could

realize synchronized motion.
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Chapter 4

Integrated Design of COG/Relative Motion
in Bilateral/Multilateral Teleoperation

This chapter proposes the integrated design of connectivity for both COG and relative motions in
bilateral and multilateral teleoperation systems. It will be the extension of Chapter 2 and 3. The concept
of modal transformation is extended in network systems in this chapter. The modal space is defined
along the delay time between the systems. It shows that the modal transformation matrix and the inverse

transformation matrix illustrates how to route the information to other systems.

4.1 Introduction of Chapter 4

The contents of this chapter are given as follows. In Section 4.2, connectivity design for bilateral
teleoperation is proposed. The performance of the proposed method is analyzed in Section 4.3. Then, the
number of the agents are extended to realize the motion decoupled control in multilateral teleoperation
in Section 4.4. The topology is assumed to be fully connected in this section. Experiments are conducted

to show the validity of the proposed method. Section 4.5 concludes the chapter.
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4.2 Integrated Connectivity Design for Bilateral Teleoperation
4.2.1 Bilateral Teleoperation Based on Modal Transformation

In the previous chapter, bilateral control using the modal transformation matrix was introduced. By

inserting a selection matrix .S, (3.10) can be rewritten as

& = —Q; ' (C;S;Qf + C,8,Qx)

= -CrQ5 ' SiQf — C,Q;5 ' S,Qx, 4.1
where
1 0 0 0
s=[10]s=]00]. ”

As it is obvious, the determinant of each connectivity matrix becomes 0 because the determinant of S
and S, is 0. It means that if it is possible to derive the modal transformation matrix for network control
systems, then the motion defined by the transformation matrix will be decoupled. Then, the problem
becomes how the define the modal transformation matrix in the network systems.

In Chapter 2, it was revealed that there are two ways to design the connectivity. From the design,
the COG motion was able to regain the double integrator characteristics. In order to realize complete
motion decoupling in network systems when the number of the system is two, at least the relative motion
must be decoupled from the COG motion. Therefore, one of the solutions that will be obtained will have
(2.37).

By solving the corresponding common mode vector for the relative motion connectivity matrices
proposed in Chapter 2, it is able to derive the coordinate transformation matrix that completely decouples

. . . . T
both motions. By using the fundamental characteristics that are shown in Chapter 2, a vector w?Dl

that is orthogonal to the relative motions can be derived. By solving the left eigenvectors of [,S%D L

w7 = [ 1 eTes ], 4.3)
wP = [ e Tns 1], (4.4)

cp1T cp1T
1 2

The left eigenvector w is orthogonal to the left eigenvector w because of the fundamental

characteristics of a matrix.

Therefore, the obtained modal transformation matrix is given as

1 e~ Thzs
C
QP =1 ns 45)
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Based on the obtained modal transformation matrix, the acceleration reference is obtained as

5] e ][4
i,gef det(QCDl) f e To1s e—(le-‘rTzl)S f2
—(Th2+Th2)s —Ti2s
- det(.C,l)CDl) p [ ‘ ieTms) _61 ] [ 2 } . (4.6)
The determinant of both connectivity matrix becomes 0; therefore, it can be said that the modal transfor-
mation matrix for COG and relative motion decoupling was derived. The same procedure can be used

to obtain the solution for type 2. In this case, the modal transformation matrix that the relative motion

connectivity matrix is expressed as (2.41) is obtained. Solving the left eigenvectors of [,SQD 2 gives
w?DgT _ [ e—Tos  o—Tizs ] 7 (4.7)
wsP? = [ —1 1], (4.8)
and the modal transformation matrix is obtained as
—T515 —Thas
CD2 € €
— 4,
Q { oy } (4.9)
The acceleration reference is obtained as
:'L'.lief _ 1 Cr e~ Tizs  p=Ti2s fi
j}g?f det(QCDZ) e~ Ta1s  p—Tois f2
1 €—T21s 76—T125 x1
B ) w1

It is obvious that both matrices have 0 as the determinant. It shows that if 775 = T5;, the connectivity
matrix for the force response is the same as the one in Chapter 3.

This subsection obtained for the modal transformation matrix that satisfies the connectivity that was
proposed in Chapter 2. The inverse determinant includes requiring future value of position and force
response, which is impossible to obtain. Therefore, in this dissertation, the delay element in the deter-
minant of the proposed modal transformation is implemented as 1 for the simplicity. Final acceleration
references for each system using QP! are derived as

A P | R e I E ]

5 2 e 1215 ¢ fo 2 —e 421 1 T9
(4.11)
The equation indicates that the relative motion is controlled in system 2 which is the same result in

Chapter 2. As for the COG motion, it is controlled in system 1. The references generated at each system
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Fig. 4-1: Block diagram of the proposed bilateral teleoperation using QePL,

is transmitted to the other system to realize the 4ch structure. The important point is that it is required to
control each motion at each system. The corresponding block diagram is shown in Fig. 4-1. Z, stands
for an impedance of an environment. The figure shows that the control system does not require the model
of a delay time, while the control structure is asymmetric.

The other acceleration references using Q°P? are calculated as
‘,i,lief B 10 6_T125 €_T12S fl 10 e—Tgls —6_T12S x1 (4 12)
pref | = 2 f e~ To1s e—Tgls f2 9 P _eTis €—T12S To | '

and the block diagram is shown in Fig. 4-2. The structure requires to control both motions at each

system. It can also be seen by the fact that the block diagram shown in Fig. 2-7 cannot be modified
to the similar structure of Fig. 2-11. Both diagram shows the relative motion connectivity for both
bilateral teleoperation systems. The relative motion controller is separately placed in Fig. 2-7, meaning
that controllers are required at each system. The bilateral teleoperation using QeD? requires delay time

model, however, the structure is symmetric.
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Fig. 4-2: Block diagram of the proposed bilateral teleoperation using Q°P2.

4.2.2 Controller Design in Modal Space

This subsection shows the controller design method based on modal transformation. At first, the
values in motor space are transformed to the modal space by the defined transformation matrices.

The acceleration reference in the modal space using the modal transformation Q°P? is obtained as

1
i:ﬁf - —5

det(QPHCrS fin — ;det(QCDi)Cp(I — S)xpm, (4.13)

where the subscript ,,, stands for the value of the modal space. Assume the impedance of human as Zj,.

Then the impedance matrix Z will be transformed as
Zy = QP Z QTP (4.14)

in the modal space where QSDi_l = det(Q°P) - QCDi_l. The block diagrams of the modal space is
given in Figs. 4-3 and 4-4. In Fig. 4-3, the cut-off frequency of RFOB is also expressed. Zi; and Z,
are the elements of Z,,.

It is obvious that each mode is decoupled, consequently, the role of the controllers are uniquely deter-

mined. The controller gains and the cut-off frequency of RFOB is determined to fulfill the stability of
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Fig. 4-3: Block diagram of the proposed COG mode.
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Fig. 4-4: Block diagram of the proposed relative mode.

each controller.

4.3 Performance Analysis
4.3.1 Overall Characteristic of the Control Structures

At first, overall characteristic of both control systems when cut-off frequencies of a disturbance ob-
server and a reaction force observer are large enough to be regarded as infinite are expressed. In order to
analyze the performance of bilateral teleoperation, a notation based on the fundamental matrix is often

used. The fundamental matrix for the conventional bilateral teleoperation is calculated as
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Table 4.1: Control parameters for Q°P!.

Parameter | Description Value
Tho, Toy Delay time 75 ms
K, Proportional gain for position control 100.0
Ky Differential gain for position control 20.0
Ct Proportional gain for force control 0.5
Jdis Cut-off frequency of DOB 1200.0 rad/s
Jreac Cut-off frequency of RFOB 1200.0 rad/s
Table 4.2: Control parameters for Q°P2.
Parameter | Description Value
Tio, Toy Delay time 75 ms
K, Proportional gain for position control 81.0
Kq Differential gain for position control 18.0
Ct Proportional gain for force control 0.3
Jdis Cut-off frequency of DOB 250.0 rad/s
Greac Cut-off frequency of RFOB 250.0 rad/s

|

f1:|:|:Fll F12][$2]
x1 Fo1 Fy P

(2% 4+ Cp)? — (mes(Z’p2

)

i1 =-
H 2eT15Cy(s2 + Cp)
252 + (1 + e~ Trees)
Fo=-Fn=—-——F—"7F—> £
2e~1215(s2 + Cy)
(1-— 6_Tr“8)Cf
F

T 2 Ters(s2 + Cp)

(4.15)

(4.16)

where T}y stands for the round trip delay time. It is obvious that position and force controllers are inter-

fering with each other, and this is because the role of each controller is not decoupled. The fundamental

matrices for the proposed methods are given as

[ 252 1
I = _e*TmSCf _6*T218 R
e~ Tizs 0
i 252
" e (Tia=Tu)s
= e_T21SCf
! 0

4.17)

(4.18)

Each element of the fundamental matrix is compared in Fig. 4-5. As for the comparison, bilateral tele-

operation without compensation and 3ch bilateral teleoperation are also plotted [57]. Control parameters
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Fig. 4-5: Parameters of F' matrix.

of both methods are tuned so that the representative pole of every method are almost placed in the same

place. 3ch bilateral control is famous for its small operational force performance; however, it is also
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known that stable contact to a hard environment is difficult in the control structure. In order to realize
stable contact motion, force gain was set low, consequently enlarging the operational force. The validity
of the introduced methods are shown especially in Fig.4-5 (a). Both methods have smaller operational
force compared with the rest of the methods. The reason for type 2 ( Q°P?) pilateral teleoperation having
little larger operational force is due to stability improvement by lowering the force gain.

Transfer functions when contacting an environment show the characteristics of each proposed method.
The transfer functions of the control structure based on @°P! when operating from system 1 and 2 are

respectively shown as

Cr
— 4.19
L= e—TmSZeCffl’ (4.19)
e~ rttSCf
= — A5 4.20
2 252 4 ZeCfo ( )

The biggest merit of the control system is that there is no delay element in the denominator when op-
erating from the system 2. It indicates that the stability of the contact motion is not affected by the
delay element, which can realize wide-band tactile transmission performance. When contacting to a soft
object, the operator should operate system 1, while the operator is suitable to operate system 2 when
contacting to a hard object. On the other hand, the transfer functions of the control structure based on

O°P2 gre given as

e_TglsCf
= 4.21
=g e—T12SZeCff1’ (4.21)
€_T12SC{‘
9 fa. 4.22)

~ 252 + e T2 7, Cy
The denominators in both transfer functions are similar to each other, which means that even stability of
the contact motion is affected by the delay element, the control performance is almost the same regardless
of the system to operate. The control structure is suitable for a situation where there is a possibility that
a human operates from both systems.

Performance characteristics of bilateral teleoperation can be analyzed through operationality and re-

producibility, which is defined as

Fii+ FioZ,
=7 423
hi P+ FonZ, ! (+23)
Fiq Fis
= + Z. |« 4.24
<F21 + FooZe  For + FaoZ, 6) ! 29
= (P + P Z¢)x, (4.25)
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where P, and P, stand for operationality and reproducibility, respectively. The Bode diagrams for

both indices are given in Figs. 4-6 and 4-7. The parameters are set as , 715 = 0.05 s, To; = 0.1 s,

Cp = 100 + 20s, Cf = 0.5, Z, = 10000 + 10s, respectively. The proposed methods are compared with

the conventional method and 3ch bilateral control [57]. The results show the proposed methods have the

best performance in both operationality and reproducibility. It indicates that the performance is same as

bilateral control without time delay.
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4.3.2 Effect of Modeling Error

Bilateral teleoperation with @°P? requires a delay time model in each system. Pole-zero placement
in case of modeling error in delay time is shown in Fig. 4-8. Actual delay time was set as 75 ms. The
results show that the bigger delay time model is, the more unstable the system will become. Therefore, if
the delay time varies, the model of the delay time should be set at the smaller value. Effect of modeling

error in operational force performance is shown in Fig. 4-9.

4.4 Integrated Connectivity Design for Fully Connected Multilateral Tele-

operation

This section explains the proposed method for mode decoupled multilateral teleoperation. In multi-
lateral teleoperation, the topology is assumed to be fully connected; therefore, in the following, fully

connected link is assumed. The topology is shown in Fig. 4-10.
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Fig. 4-10: Topology between the systems and its delay time.

The acceleration reference in the conventional multilateral teleoperation is written as

et 1| Celf1+ e 128 fy 4 e7 1138 f3) + Cp (271 — e 112509 — e~ T1387;)
el | == < | Crle ™5 f1 + fo + e T35 f3) + Op(—e 2152 + 229 — e~ T23573)
i Crle Ty + T fo + fu) + Cp(—e 1%y — e~ 02505 + 2y)
1 1 e—TIQS €_T138 fl 7
=— ng e~ Tos 1 e Tass fa
6—T315 €—T325 1 f3
1 2 —e~Tizs _e=Tiss 1 T gy
—=Cp | —e Tas 2 —eTss zo | . (4.26)
3 —e Tas = Tsas 2 T3

It shows that the determinant of each connectivity matrix is not 0, meaning that the controller interference
occurs.

In the following, system 2 and 3 are assumed as a master system while the slave system is defined
as system 1. All of the communication paths are required to be used to construct motion decoupled
multilateral teleoperation.

As the previous parts show, there are two ways to realize motion decoupled teleoperation systems. The
first type divides the role of the system to control each motion, while the second type requires to control

each motion at both systems. Therefore, the same thing can be said in multilateral teleoperation: when
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making each system control one motion, the structure becomes asymmetric and it becomes symmetric if

every system tries to control every motion in each system. Based on this fact, the first proposed motion

decoupling matrix Q:?Dl is defined in the following:
1 e—T125 €_T13S
ngDl — | _eTus 2 —eTass | 4.27)
—_e~Iz1s  _p—Ts2s 2

Control goals in the first proposed multilateral teleoperation system are modified into

fr+e 2 fy e T80 fy = 0, (4.28)
76_T215‘/La1 + 2352 — e_TQSS:L'g — 0’ (4.29)
e Toisg, _ T, | 9gs — 0. (4.30)

As for the second matrix, it is given as

6*(T12+T13)8 e*(T21+T23)8 e*(T31+T32)8

o5P? = —1 9 1 . 4.31)
~1 -1 9

Control goals for the second proposed system are given as

e—(T12+T13)Sf1 + e—(T21+T23)8f2 + e—(T31+T32)Sf3 =0, (4.32)
—x1 4+ 229 — 23 =0, (4.33)
—x1 — To + 223 = 0. (4.34)

However, as it was obvious in bilateral teleoperation, the stability margin in the symmetric type structure
when contacting to a hard object is limited compared to the asymmetric structure, the explanation of
QP2 is omitted.

In the following, how to generate the matrix is explained. Most important part in designing the mode
is the definition of the COG motion [89]. External force is used to control the COG motion and the
previous section showed that it is required to gather all of the force responses to one system to generate
the acceleration reference for controlling the COG mode. Therefore, the COG mode in the proposed

multilateral teleoperation is determined as
fo=[1 e s s ] (4.35)

It indicates that a force controller is placed at the slave system.
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As for the relative modes, the two modes are determined based on the following theorem.
Theorem 2: In 3rd order motion decoupled multilateral teleoperation, a subsystem cannot have more

than two controllers.

Proof. Consider the inverse transformation of the matrix. A coefficient of acceleration reference for the

COG mode in subsystem 1 is given as

detQ3(g22933 — ¢23932), (4.36)

where g;; stands for the element in 7 th row and j th column of Q3. The element cannot be summarized
by a delay element not to put a delay element as a coefficient of the slave system’s force; therefore, either
(22433 Or g23q32 cannot include a delay element. If a position controller is placed in subsystem 1 along
with the force controller, at least one of the four elements g22, g23, ¢32, and ¢33 will have a delay element.
Thereupon, all of the combinations of the differential modes can be summarized by a delay element. It

indicates that (4.36) will be summarized by a delay element. 0

Based on Theorem 2, the position controllers must be placed in subsystems 2 and 3. Accordingly, the

relative motions in the proposed multilateral teleoperation are defined as

T4, :[ —eTais 9 _p—Tb3s ] (4.37)

xg, = [ —eTsis  _o—Tss 9 ] , (4.38)
where x4, stands for the relative motion matrix.

det(Q5™") =

1 (4 _ e—(T12+T21)S + 26_(T23+T32)S + 26—(T13+T31)8 + e—(T12+T23+T31)8 + e—(T13+T32+T21)8)
3

(4.39)

4 — e~ (Te3+T32)s  _9p—Tias _ o—(Tiz+T52)s 9¢—T3s _ o= (T12+T23)s

1

Q?’CDI—1 _ _— 2€7T21s + 67(T23+T31)5 2+ e—(T13+T31)s 67T238 o e*(ngJrTgl)s
det(Q3 ) 2e~Ts1s e~ (Ts2+T21)s _eTs2s e~ (Ts1+T12)s 2+ e~ (Ti2+T21)s
(4.40)

The determinant and the inverse matrix of (4.27) are calculated as (4.39) and (4.40). It is required

to implement the inverse of the determinant to fully realize the motion decoupling; however, it is quite
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Fig. 4-11: Example of sending the acceleration reference from system 1 to system 3.

difficult to implement it because of the complexity of the term. Therefore, all of the delay times in (4.39)

are modified into one so that the nominal inverse network quarry matrix is given as
-1 -1
Q5P = det(Q5PY) - Q§P T, (4.41)

where the subscript ,, is the nominal value.

Acceleration references for each system are calculated by
1 1
gref — —Cf QCDl Sf Qngf + Cp QCDI QCDI ) (442)

As same as the case in bilateral teleoperation, controllers are designed in the modal space. The accel-

eration reference in the modal space is given as

1
iyl = —gdet(Qng)Cfofm - det( PO, Spaim, (4.43)

3

Since the acceleration reference is the extension from the proposed bilateral teleoperation, the block
diagram of the modal space becomes the same as the one shown in the previous section. Controller gains
are determined based on the Nyquist plots of the mode spaces.

An example to send acceleration reference that is generated at one system to another system is shown
in the following. Assume the case when sending the acceleration reference of the force controller gen-

erated at system 1 to system 3. q31 in QCDI which is 27515 4 ¢~ (Ts2+721)s shows how to send the
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value, and Fig. 4-11 shows the flow of sending the reference. There exist two paths to send the response,
one that directly sends from system 3 to system1 and the other one that goes through system 2 to send
to system 1. It means that it does not require a delay time model to send back the acceleration reference.
The same thing can be said to every case except generating the acceleration reference of the own system.
ql_ll, q2_21, and q3_31 in ng 1! indicate how to send the reference generated at the own system. All of the
three elements includes a round trip delay time between the other systems. It can be implemented only
when a delay time model is used in each system. It does not require any delay time model when send-
ing the position and force responses to calculate the reference values. Therefore, the proposed method
requires only the round trip delay time as a delay time model when implementing.

Since the modal spaces are decoupled, the response of the relative motion mode does not affect to the

COG mode. The relationship between force and position values are given as

[ 1w $3]T=F[331 f2 f3]T

i Cis? e~ Tizs 1]
( e—(T1§,+T31)S e Tnis  o—Tais
—(T124+T21)s 4 9p—Tiss
F=|°¢ e 0 0o |- (4.44)

e—(T13+T31)s 4 9e—Thss
4 — e—(Te3+Th2)s

L e—(Ti3+T51)s 4 9¢—Thss i
As shown in (4.44), the proposed method is free from the interference because Fbo, Fo3, Fiao, and F33,
which show the interference term, is 0. As for the fully connected topology, this method can be extended

to n number multilateral teleoperation.

4.5 Experiments
4.5.1 Experimental Setup for Bilateral Teleoperation

The following section experimentally analyzes the two structures in bilateral teleoperation. The ex-
perimental parameters are the same values as shown in Tables 4.1 and 4.2. Input motor was used for
applying an external force, and all of the systems was a one-DOF system. The experimental setup is the
same that is shown in Chapter 3. In order to have the same condition with the theoretical analysis, 712
and T, are the same, meaning that the system with Q“P? becomes pure symmetric structure. There-

QCDZ

fore, operation from system 2 using is not conducted. Free motion, contact motion to a high stiff

environment (aluminum block) are compared respectively between the bilateral teleoperation without
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compensation and the two structures. Experimental parameters for the bilateral teleoperation without
compensation are same as bilateral teleoperation using Q"' In the following, the system using Q*P*

is listed as type 1, and the system using Q°P? s named as type 2.

4.5.2 Experimental Results of Bilateral Teleoperation

At first, free motion results where same sinusoidal 0.5 Hz force was applied are shown in Fig. 4-12.
The results show that both methods have smaller operational force than the one without compensation.
Fig. 4-12(c) and (d) demonstrates that type 1 can be operated from both systems in the free motion.
The results of Fig. 4-12(b) show that the amplitude of the position response is smaller compared to
Fig. 4-12(c) and (d) and the position error is large. These are because the force gain is small and the
bandwidth that robust acceleration control is realized is limited due to the stability problem in the contact
motion. Bilateral teleoperation using @°P? requires to have low cut-off frequency in DOB to achieve

stable contact.
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Fig. 4-12: Free motion results.

(d) type 1 (operation from system 2).
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Fig. 4-13: Contact motion results w/o compensation.

At next, experimental results for the contact motion are compared. The aluminum block was placed
next to the system 1 so that the block was pushed without any reaching movement. The experimental
results are shown in Figs. 4-13, 4-14, and 4-15. The result of type 1 operating from the system 2 has the
best performance. When operating from the system 1, the contact motion becomes unstable. Since force
gain is smaller in type 2 compared to other methods, the error convergence is relatively slow, though

peak error was smaller compared to the system without compensation.
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Fig. 4-14: Contact motion results of type 1.
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Fig. 4-15: Contact motion results of type 2.
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Fig. 4-16: Free motion results in case of modeling error.

The effect of modeling error was also experimentally analyzed. The reason for the operational force
becoming smaller when delay time model is larger than the actual delay time is because of the stability
issue. As for the contact motion, stable contact was realized when delay time model is smaller than the

actual delay time. The result matches the analytical results of pole placement.
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Fig. 4-17: Contact motion results in case of modeling error.
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Table 4.3: Experimental parameters for multilateral teleoperation.

Parameter | Description Value
K, Proportional gain for position control 9.0
Ky Differential gain for position control 6.0
cgemY Proportional gain for force control (conv. method) 0.6
Ct Proportional gain for force control 0.2
Gdis Cut-off frequency of DOB 1500.0 rad/s
Greac Cut-off frequency of RFOB 1500.0 rad/s

4.5.3 Experimental Setup for Multilateral Teleoperation

Experimental parameters used in the experiments are shown in Table 4.3. Superscript “°™" indicates
the value of the conventional method. The values of parameters without any superscript represents same
controller gain was used in every method. The force gain in the conventional method is 3 times larger
than the proposed methods to imitate the role of the inverse quarry matrix.

As for the condition of the delay times, two situations are considered. In case 1, it is assumed that all

of the delay time is the same as
T = 50 ms, (4.45)
and case 2 is the one that all of the delay time are different as shown as

T12 =20 ms, T21 = 60 ms, T31 =70 ms, (446)

T13 =30 ms, T23 = 60 ms, T32 = 50 ms. (4.47)

4.5.4 Experimental Results for Multilateral Teleoperation in Case 1

At first, free motion results are shown in Figs. 4-18 and 4-19. 1 Hz sinusoidal wave was the input to the
systems. Since same input was applied, force response was not shown in the results. In the conventional
method, the amplitude of the position response is smaller than the proposed methods, and the position
errors are large. This is due to the interference of the controllers, generating additional velocity constraint
in the force control loop. Slight position errors in the proposed methods are due to the limitation of the

position controller gains due to the modification of the determinants.
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Fig. 4-18: Free motion results of the conventional method in case 1.
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Fig. 4-19: Free motion results of the proposed multilateral teleoperation in case 1.
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Fig. 4-20: Contact motion results of the conventional method in case 1.
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Fig. 4-21: Contact motion results of the proposed multilateral teleoperation in case 1.

Contact motion results are shown in Figs. 4-20 and 4-21. Input was based on Sigmoid function to
imitate the input of human, and after 4 s, 0.5 Hz sinusoidal wave input was additionally applied. In
the contact motion, the cut-off frequencies of a disturbance observer and a reaction force observer were
reduced to 150 rad/s for stable contact motion. In the conventional method, the error convergence in
the position response is slow compared to the asymmetric multilateral teleoperation. The position error
during push and pull motion was also large. As for the symmetric type multilateral teleoperation, both
convergence speed and the position error during the push and pull motion was the largest. The is due to

the limitation of the cut-off frequencies of the observers. The results of the proposed method showed the

better performance than the conventional method.
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Fig. 4-22: Free motion results of the conventional method in case 2.
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Fig. 4-23: Free motion results of the proposed multilateral teleoperation in case 2.

4.5.5 Experimental Results for Multilateral Teleoperation in Case 2

In case 2, the delay time of every communication link was randomly selected. At first, the free motion
results are shown in Figs. 4-22 and 4-23. The overall results are almost the same between case 1 and
case2. The difference in the position response between Figs. 4-22(a) and 4-22(b) is because the delay
time is no longer symmetric. However, in the proposed methods, the results shows that the performance

is not affected by the difference between the delay times.
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Fig. 4-24: Contact motion results of the conventional method in case 2.
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Fig. 4-25: Contact motion results of the proposed multilateral teleoperation in case 2.

The contact motion results are shown in Figs. 4-24 and 4-25. The position and force results in the

proposed method showed that it could transmit precise haptic sensation to remote places.
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4.6 Summary of Chapter 4

In this chapter, the integrated design method of both connectivities for bilateral/multilateral teleoper-
ation was proposed. As same as the design in Chapter 2, the dissertation showed that there are two ways
to realize motion decoupling in bilateral teleoperation. The modal transformation matrix of the proposed
method was obtained based on the necessary condition in Chapter 2. And one of the connectivity matrix
for force response that was derived from the proposed modal transformation matrix became the same
as the matrix proposed in Chapter 3 when the delay time between the uplink and the downlink is the
same. The interesting characteristics of the proposed method is that the modal transformation matrix
determines the route to realize motion decoupling. In bilateral teleoperation, the structure without the
use of delay model was proposed. The design method was then extended to multilateral teleoperation.
If the topology of a system is fully connected, the method can be extended to n numbered multilateral
teleoperation. The determinant of the connectivity matrix for both motions became 0 in the proposed
method. It indicates that the double integrator characteristics in COG motion is realized. The perfor-
mance analysis showed that the proposed method has complete transmissibility even in the presence of

time delay.
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Chapter 5

Bilateral Control Using Resonant System

This chapter describes bilateral control using flexible manipulators. For example, the mechanical
structure contains some flexibility because of the safety. Even in this situation, it is required to transmit

precise haptic sensation.

5.1 Introduction of Chapter 5

The contents of this chapter are given as follows. In Section 5.2, the flexible system is modeled by
using the wave equation, and control goals in this chapter are described. Section 5.3 describes control of
resonant systems based on wave equation. Vibration caused by the flexibility is compensated by rejecting
areflected wave inside the system.In this case, the system can be viewed as an equivalent input time delay
system. Therefore, in Section 5.4, integrated connectivity design to eliminate the controller interference
caused by the delay element is proposed. The connectivity design method proposed in Chapter 4 was
applied. Section 5.5 shows the experimental results to verify the validity of the proposed method. Finally,

this chapter is concluded in Section 5.6.
5.2 System Modeling and Control Goals in Bilateral Control

5.2.1 System Modeling

The following subsection describes the modeling of master and slave systems. The master and slave

systems used in this Chapter are shown in Fig. 5-1. In Fig. 5-1, 6, 7, L, and (¢, ) stand for the angle,
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Rigid manipulator

0(t, L)
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Rotary motor 0(t, z)
Rotary motor 6, = 0(t,0)
(a) Master system. (b) Slave system.

Fig. 5-1: Model for master and slave systems.

torque, length of the load in the slave system, and the distributed angle, respectively. The master system
is assumed as a rigid body system, while the slave system is assumed as a mechanically resonant system.
The modeling of the master system is explained in the following. Since the DOB is used as explained

in Chapter 2, the motion equation of the master system can be described as

1.
0, = Sﬁeief . (5.1
The dynamics becomes the same even the system is a rotating body. The cut-off frequency of the DOB
is set high enough so that it eliminates the effect of the disturbance.

While the master system is a rigid body, the slave system is assumed to have a flexible structure in
this section. In order to consider high-order vibration, the system is modeled by using the wave equation
which is one of the distributed parameter models. An equation of bending vibration such as a Euler-
Bernoulli beam usually becomes the model for flexible manipulators. Modeling of a flexible system
by the wave equation assumes there is no bending moment, and it only considers the propagation of
shear force. The wave-based disturbance observer [97] compensates the modeling error caused by the
neglected term, and the next section explains the structure. Additionally, the deflection at each position
on the flexible arm is converted to the angle for the simplicity. The wave equation is represented as

,0%0(s, x)

2
s°0(s,z) =c¢ IR

(5.2)

where ¢ = \/k'G/p stands for the propagation velocity of the wave, and the coefficient k" determines

the term, the shear modulus of rigidity G and the line density p. The boundary conditions for the slave
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system are given as

9(8, 0) = 92
1 gref
~ ?92 , (5.3)
00(s, L) 1
Tor  R© >4

where k = k'G stands for the elastic coefficient. Eq. (5.3) indicates that the rotary motor is located at
the boundary = = 0. Since the motor in the slave system also uses the DOB, the motor is robust against
the motion of the flexible arm. Eq. (5.4) indicates that the external force generated by the environment
acts on the boundary z = L.

By using the wave equation and boundary conditions, the transfer function from the motor angle to

the tip angle can be obtained as

0(s,L) = G(s)02 + H(s)Te, (5.5)

2¢ Tws
G(s) = 1o =oms i et (5.6)
H(s) 1 1—eTws 5
s T sypRl+ e 2Tws’ (5.7)

where T, stand for the propagation time of the wave, which is represented as

L
T, = = (5.8)

c

As shown in (5.5), the transfer function contains time-delay elements. Block diagram of the transfer
function is shown in Fig. 5-2. In Fig. 5-2, there is a feedback loop that includes the time delay element.
The term represents a reflected wave. When a system is modeled by the wave equation, vibration is
induced by the reflected wave. Therefore, the reflected wave is needed to be compensated to suppress

the vibrations caused by mechanical resonances in the slave system.

5.2.2 Control Goals

Control objective in this section is to transmit haptic sensation between the systems which contain
mechanical resonance in the slave system. It means it is important to control the tip of each system

because the law of action and reaction is required to be realized at the position. Therefore, the control
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Fig. 5-2: Block diagram of slave system modeled as wave equation.

goals will be expressed as

6y —0(s, L) =0, (5.9)

T1 + 7. = 0. (5.10)

The bilateral teleoperation structure will be constructed in order to realize the control goals.

5.3 Control of Resonant System based on Wave Equation

At first, the reflected wave rejection is described to suppress the vibration [98]. Secondly, the distur-
bance rejection method based on a wave-based disturbance observer is explained.

As described previously, the reason for a flexible system to vibrate is the reflected wave that goes
back to the motor side. Therefore, if the slave system is free from the reflected wave, there will be no

vibration. Reflected wave 6,4 is defined as
g = O — e Tw5h(s, L). (5.11)

The reflected wave rejection can estimate the reflected wave by using the nominal value of propagation
time and can compensate the actual reflected wave. The block diagram of the reflected wave rejection

is shown in Fig. 5-3. In Fig. 5-3, ¢;, 0.4, and 9;; P stand for the cut-off frequency, estimated reflected
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Fig. 5-3: Block diagram of reflected wave rejection.

wave, and compensation value for the reflected wave, respectively. The nominal value of the propagation

velocity is set as

Tum = 5=/ (5.12)
2&)1

where w; is the identified first-order resonant frequency. The transfer function when the reflected wave

rejection is implemented is calculated as

1 .
(s, L) :—26771“’“505Ef
S

- lm(l — e 2Tunsy (5.13)

From (5.13), the system does not induce vibration because there is no time delay element in the denomi-
nator.
The vibrations are suppressed by the reflected wave rejection; however, the effect of disturbance still

exists. Therefore, a wave-based disturbance observer (WDOB) is used to eliminate the effect of the
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Fig. 5-4: Block diagram of wave-based disturbance observer.

disturbance. The disturbance including the effect of the external torque is defined as

fi = S [pe7 T, — (L e o), )] 5149

where é;}}s stands for the estimated disturbance. Block diagram of the disturbance compensation by the
WDOB is shown in Fig. 5-4. In Fig. 5-4, the disturbance is estimated by the WDOB because of (5.14).
Then, the estimated disturbance multiplied by the inverse system of the slave system with the reflected
wave rejection is fedback to the acceleration reference. The inverse system of the slave system with
the reflected wave rejection s?et7wn* is approximated as s> because it is hard to implement the future
value. Finally, the estimated disturbance eliminates the actual disturbance acting on the tip of the flexible
system. If the cut-off frequencies of the reflected wave rejection and WDOB are high enough, the transfer

function from the acceleration reference to the tip position is represented as
1 —Twnspref
0(s,L) = 2¢ wnSHRe. (5.15)

Eq. (5.15) shows that the resonant system with the reflected wave rejection and the WDOB represents
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the double integrator and a time delay. Therefore, the slave system can be regarded as an equivalent time
delay system.

Besides, the disturbance estimated by WDOB includes the external torque from an environment.
Hence, under the assumption that modeling error is not so much, the WDOB can also calculate the
external torque from an environment. From the definitionwith °* ~ 0, the environmental torque can be
estimated as

8y/PnFn Agis
Te = [ e s

nkn Ag;
- ;Tp 9. (5.16)

The above estimation (5.16) is used to constructing torque control in the bilateral control system. The

relationship between 7, and 7» will be obtained as
Te = 6_7—’11”137—27 (517)

where 73 is the equivalent external torque viewed from a motor point of view.

5.4 Bilateral Control of Equivalent Time-Delay System

Bilateral control using rigid/flexible systems is constructed in this subsection. By using the method
explained in the previous subsection, the resonant system became a double integrator with a time delay
element. It is important to decouple the role of each controller when constructing bilateral control.
However, it is known that there will be interference in the case of the delay between the systems [36].
The paper explains a control design procedure to realize controller decoupling when there is a delay
element in the slave system by considering modal transformation considering the delay element. Control
goals will be modified according to the transformation matrix.

The equivalent delay element exists between the motor of the slave system and the tip of the flexible
arm as shown in (5.15). As for the master system, there is no the delay element because it is rigid. The
delay element can be expressed as a transformation matrix by transforming the coordinate from motor

space to tip space. The matrix D! can be defined as

. 10
D= [ 0 o Tuns } . (5.18)
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Fig. 5-5: Block diagram of the proposed bilateral control system.

The transformation matrix from the modal space to the work space is given as

Q™ :;“ _1 ] (5.19)
Therefore, the coordinate transformation from the modal space to the tip space is calculated as
T-'=D'Q! (5.20)
5| s s | (s.21)
The transformation matrix from the tip space to the modal space is inversely calculated as

1 e_TwnS 1
T= 7| ot |- (5.22)

However, it is difficult to implement the future value e*7«*. Therefore, the value is expressed as 1 in this
section. Based on the matrix, the control goals are modified as follows to decouples two controllers:

e~ Twndr 4 7, =0, (5.23)

e Twnsgy — (s, L) = 0. (5.24)

A position and force controllers are placed in the modal space for the regulation. Acceleration reference

for the common mode is expressed as

gret = Cp(romd — 1), (5.25)

C
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while acceleration reference for the differential mode is expressed as
0t = L (05 — 6,). (5.26)

Since the control goals for the bilateral control are (5.23) and (5.24) in this paper, both commands will
be 0. The block diagram of the proposed bilateral control system is shown in Fig. 5-5.

Final acceleration references for each motor will be given as

gref 1 1
[ % } = —idet(L)C’fT_lSTT - §det(L)CpT_1(I - S)T6

éref
e
1 eiTwns 1 1 1 €7T“’“S -1 91
- §Cf |: e—QTwnS e_Twn's :| |: Te :| N icp |: _e_QTwns e_TwnS :| |: 0(87-[/) :| ' (5.27)
The determinant of both connectivity matrix shown in (5.27) is 0, the motions are decoupled and both

controllers are able to control each desired motion. Since (5.27) is the acceleration reference for the tip

space, the acceleration reference for the motor is calculated by

éref 1 . 1 .
é%ef = —§det(L)Q STt — §det(L)Q (I — S)TH
2
1 e*TwnS e*TwnS ] ]_ efT’wns _efT’LUnS 91
- icf |: e Twns  o=Twys ] |: Te :| - §CP |: —e Twns  g=Tuwps :| |: e(va) :| . (5.28)
5.5 Experiments

In order to verify the effectiveness of the proposed method, the experiments of bilateral control are
performed. The experimental setup is shown in Fig. 5-6. Fig. 5-6(a) shows the master system which is
composed of a rigid link and a direct drive rotary motor with encoder. An operator operates the master
system. On the other hand, the slave system has a flexible mechanism as shown in Fig. 5-6(b). A position
sensitive detector (PSD) and a laser diode measure the tip angle. Experimental parameters are shown in
Table 5.1.

Fig. 5-7 shows the experimental results without the reflected wave rejection and the transformation
D~!. The angle response in Fig. 5-7 indicates that the response of tip angle is oscillating because of
the mechanical resonance. Because of the vibration, the force responses shown in Fig. 5-7 also has an
oscillatory response, which makes difficult to operate and recognize the reaction torque from the slave
system.

On the other hand, Fig. 5-8 shows the experimental results of the proposed method. From the angle

response shown in Fig. 5-8, it can be seen that the vibration is well suppressed by the reflected wave
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Table 5.1: Experimental parameters for bilateral control.

Parameter | Description Value
T Sampling time 0.5 ms
Jin and Jo, | Motor inertia 2.8x10° kgm2

w1 First-order resonant frequency 37.7 rad/s
Tun Nominal propagation time 41.7 ms
K, Proportional gain for position control 196
Kq Differential gain for position control 625
Ct Proportional gain for force control 25

Ir Cut-off frequency of RFOB 70 rad/s
Jw Cut-off frequency of WDOB 45 rad/s
Jdis Cut-off frequency of DOB 500 rad/s

Enviroment
(Sponge) F

Direct Drive
Rotary Motor

& Flexible
Arm

(a) Master system.

Fig. 5-6: Experimental setup.

(b) Slave system.

rejection and the appropriate coordinate transformation D~!. The torque response in Fig. 5-8 shows

that the law of action-reaction is realized in the contact motion. When the direction of the movement

changes, the large operational torque is observed because of frictional torque. It is required to identify

the friction more precisely for decreasing the operational torque.

The validity of the proposed method is confirmed by these experimental results.
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Fig. 5-8: Experimental result of the proposed method.
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5.6 Summary of Chapter 5

In this chapter, the design methodology to construct bilateral control using a flexible manipulator
was proposed. The flexible system was modeled by using the wave equation. Then, reflected wave
rejection and wave-based disturbance observer was implemented to eliminate the vibration and load side
disturbance, respectively. Consequently, the system that contains mechanical vibration can be viewed
as an equivalent time delay system. The integrated connectivity design matrix proposed in Chapter 4
was applied to decouple controllers for COG/relative motions. It revealed that the connectivity design
method is also valid in input delay systems. The experimental results show that precise tactile sensation

transmission was realized in the proposed method.
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Chapter 6

Relative Motion Topology Design in
Multilateral Teleoperation

This chapter describes topology design method for relative motion in multilateral teleoperation. It
is known that the change in the topology makes the system to perform differently in decentralized sys-
tems. Therefore, the best topology considering the delay time in a communication link is required to be

realized.

6.1 Introduction of Chapter 6

The contents of this chapter are given as follows. In Section 6.2, the value is firstly defined. In
Section 6.3, the topology is designed by removing the unnecessary links. The design flow for realizing
the designed topology is proposed in Section 6.4. Section 6.5 shows the experimental results to verify

the validity of the proposed method. Finally, this chapter is concluded in Section 6.6.

6.2 Definition of Topological Influence Value

This section firstly defines the influence value (IV). It is an index that represents the relative amount
of information which each system contains [99]. When a system receives more information, it indicates
that the system transmits more information. Therefore, a communication link that directs from a system
with more IV to a system with less IV includes more information than a link from a system with less IV

to a system with more IV. It can be said that the index shows the amount of the influence that a system
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(a) Topology 1. (b) Topology 2.

Fig. 6-1: Examples of topology when there are three systems.

has in the overall system. Thus, the amount of the information that goes through each communication
link can be quantified by considering the amount of information that each system includes. Similar index
is used in [100].

This index is actually calculated by using an adjacency matrix. The eigenvector of the maximum
eigenvalue regarding the adjacency matrix is regarded as the index of how much information each sub-
system contains. The maximum eigenvalue of the adjacency matrix expresses overall strength of system
connection. If the maximum eigenvalue is a large value, it indicates the connection of the overall system
is strong. The maximum eigenvalue of the adjacency matrix is calculated, and then its eigenvectors are
nominalized so that the sum of the vector elements is one.

An example using the topology shown in Fig. 6-1(b) is briefly described. When ignoring the commu-

nication delay, the adjacency matrix becomes
010
A=1|1 0 1]. 6.1)
110

When the effect of the delay is included, the matrix can be rewritten as

0 e Tz 0
AP = | et g T | (6.2)
e~ T31 o= Ts2 0
The Laplace operator in (2.19) is removed to obtain the index. Eq. (6.2) contains the delay time and it

can be viewed as an scaling factor depending on the delay. When there is no time delay in Fig. 6-1(b)

(which means T15 = T = Tos = T30 = 137 = 0 s), the adjacency matrix becomes the same as the
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normal adjacency matrix:

ACD _ -0 0 670

= A. (6.3)

6.2.1 Calculation of Influence Value

It is able to obtain the amount of the influence that each system has by the use of the adjacency matrix
that contains the delay. The eigenvectors of the maximum eigenvalue is defined as I'V' that quantitatively
represents the strength of a connection. Assume the delay times in each link shown in Fig. 6-1(a) are
Tio = T51 = 0.058, Tog = T3y = 0.15 s, T3 = T31 = 0.1 s. The following equations compares the

maximum eigenvalue and the influence value for Fig. 6-1(a) when not considering and considering the

delay:
Amax = 2.00, IV = [0333)0333, 0333]T’ (6.4)
ACD — 181, TVCP =10.339,0.333,0.328). (6.5)

where Ay ax and I'V stand for the maximum eigenvalue of the adjacency matrix and the influence value
of a system, and ¢ th row of I'V expresses the influence value of ¢ th system I'V;. All of the IV becomes
the same when the delay is ignored that is expressed in (6.4). On the other hand, as it is shown in (6.5),
1 VFD is the the largest when taking the delay into account. The total delay time it takes to transmit
the information of system 1 is the smallest in the three. It indicates that the system whose connection
link has smaller delay time will have strong influence in the overall system when the topology is fully
connected. It means the index reflects not only the number of connection links but also the delay in each
link.

At next, four examples of the topologies are shown in Fig. 6-2. The delay time in each link is
Tio =15 = 03s, Tog = T39 =025, Tyy = Ty3 = 0.15s, Ty = Tyy = 0.05s, T13 = I3 =

0.1s, Toy = Tys = 0.2 s. The maximum eigenvalue )\ggx and the influence value IV CP are shown
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E—C)
T3

(a) Topology A. (b) Topology B.

@ 1o ;/2) @ 15
- T \&
i T
32
Ty
T3
J A
T3
(c) Topology C. (d) Topology D.
Fig. 6-2: Examples of topology when there are four systems.
from (6.6) to (6.9), respectively.
Ao, = 1.91, TV, =[0.312,0.228,0.210,0.250] 7, (6.6)
Ao, = 0.84, TVEP = [0.277,0.243,0.237, 0.243] 7 6.7)
Ao = 1.71, TVEP = [0.251,0.236, 0.248, 0.265] ", (6.8)
Ao, = 1.69, TV{SP = [0.252,0.231,0.246,0.269] . (6.9)

In Fig. 6-2(a), system 1 has the largest influence and the influence of system 3 is the smallest.
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/\max )\max /\max s N )\max /\max

Fig. 6-3: Relation among IVs of each system and maximum eigenvalue under communication delay.

Removing the link which heads from system 3 to 1 in Fig. 6-2(a) is shown in Fig. 6-2(c). Comparing
Fig. 6-2(a) and 6-2(c), the dispersion of the IV in each system shown in Fig. 6-2(c) is smaller than that
of the IV shown in Fig. 6-2(a). This means that in order to equalize the IV, it is effective to remove the
link which is headed from a system which has the least IV to a system which has the most IV. Comparing
the value )\SBX of Fig. 6-2(a) and 6-2(c) shows removing a link also decreases the maximum eigenvalue
of the adjacency matrix. It indicates taking a communication link away weakens the overall strength of

the connectivity as a whole system.

The IV has a relationship between each other. Since the IV is the eigenvectors of the maximum
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eigenvalue, its relationship can be written in the following equation:

(A= 2P NIveP =o. (6.10)

max

The example of the relationship in Fig. 6-2(a) is shown as follows:

B —T1o —T13 =T 7
cp¢ cp¢é cp€
1V, A\CD +1Vy A\CD +1Vy A\CD
max max max
—T2 —Tha4
1 VlCD e)\CD +1 V4CD i\CD
v - e w | 611
vVeP + IV, P
A S
=Ty —T}y3
cpf cDp€
A \CD + 1V, \CD
L max max i

The IV of a system can be calculated by adding the IVs of the receiving systems and then divide it by
the maximum aigenvalue.

Fig. 6-3 shows the the relationship between IVs that is mathematically expressed in (6.11). The IV
of one system is affected by other IVs of the systems that is directly connected. For example, the IVs of
system 1 and 4 affect the IV of system 2 because there is a connection that is towards system 2; however,
the value is not affected by system 3 because there is no direct connection.

To verify the fact that the IV represents the strength of the connection links, the proof is shown in
order to clarify that it stands for the relative influence to other systems. This proof is based on the paper

from Uchimura et al. [100].
CD

max?

Let D be a diagonal matrix with the eigenvalues of AP /) V be a matrix that has the corre-

sponding eigenvectors in the column, and V,,, = (", -, v}

rEn

A = AL One element of D is 1, and all other elements are less than 1. Also define V =V /O v

) be the eigenvector corresponding to

max:*

The relationship between V;, and IV CP is shown as IVCP = V,,/ S o = V.

Transforming A°P /ASD by the eigenvalue decomposition gives AP /AP — VDV 1. Hence,

max max

the following equation is obtained:

\CD

max

k
1
( ACD> = VDtV (6.12)
Since only one element is 1 and all other less than 1, the following equation follows:

lim D* = diag(0,--- ,1,---,0). (6.13)

k—o0
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Apparently, VDFV 1 = V D*V 1, and since all elements on the ith row of V! are equal to 1, as for

the arbitrary vector X = (21, ,2,)T such that Y1 | x; = 1, the equation in the following stands:

‘A/'71X: (*7 ’1’... 7*)T7
lim D*V1X =(0,---,1,---,0)7T,
k—oo
lim VDFV-IX =V, = IVCD,

k—00

k
1
—oo max

This equation indicates that the value converges to the same value in the steady state. This signifies that
the value converges regardless of any input. Moreover, as mentioned previously, the index of one system
is affected by other systems; therefore, it can be interpreted as the relative influence of one system to

other systems.

6.3 Topology Selection Based on Influence Value

This subsection proposes the method of obtaining the desired topology in multilateral control by using
the I'V. The desired topology changes depending on the delay time in each link. At first, the relationship

that each system has to fulfill is described.

6.3.1 Desired Relationship for Master and Slave Systems

As it is analyzed in Chapter 4, relative motion controllers which are position controllers deteriorate
the transparency in multilateral teleoperation. One of the reason of it is because existing methods con-
nected all systems for transmitting force and position responses. The report in [101] shows removing the
connection for controlling the relative motion can enhance the performance of the overall system. The
report gives strong evidence of the necessity of selecting the relative motion topology for regaining the
tactile sensation transmission performance. However, at the same time, one of the important points in
multilateral control is to translate the information from the slave system to the master systems. In multi-
lateral teleoperation, operators want to perceive the impedance of the contact object at the slave system.
Therefore, both the force and position responses of the slave system need to be transmitted precisely.
The transmission ability regarding the position response of the slave system can be enhanced by making

the influence the strongest of all the systems, and the index that shows the relative influence between
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the systems is the influence value. In order to make the slave system to have the most influence of all
the systems, the IV of the slave system must be the largest. Therefore, connection links are selected to

achieve the following inequality:

IVEP > TVP (i=1,2,--- ,n— 1) with the largest A\ (6.15)

max?

where [ VSCD is the IV of the slave system, and [ V]S,P is the IV of the ith master system. The inequality
realizes for the slave system to have the largest influence in the system. Since removing communication
links regarding force information precludes the realization of the law of action and reaction in every
system, only the topology regarding the relative motion is removed based on the IV. As mentioned above,

)\CD

max 18 large, the overall system transmits more information to others. Therefore, the least number

when
of link is needed to be removed to achieve the goal (6.15). This is a constraint satisfaction problem.

When a link from the slave system to a master system is disconnected, the master system cannot re-
ceive the response of the slave system directly. Moreover, VSCD becomes small when a link from a
master system to the slave system is removed because it equivalently reduces the amount of the infor-
mation that the system receives. Therefore, the connection link to remove is the one between the master
systems.

When there are several slave systems, the best performance is obtained by switching the topology

depending on which environmental information the operators want to perceive at the moment.

6.3.2 Removing the Links

The following subsection describes the procedure of removing the unnecessary links for achieving the
goal.

To begin with, IV P is calculated from the adjacency matrix. Then, whether T VSCD is larger than any
other / V]E}P is checked. If not, one of the link between the master systems is removed. Based on the fact
noted in the previous section, removing the link from the master system that has the smallest IV to the
master system that has the largest I'V is the effective way of averaging the IV of each system. Therefore,
the link from the master system with the smallest IV that is expressed as M"" to the master system with
the largest IV which is expressed as M"™%* is removed. Disconnecting the link changes the adjacency
matrix; therefore, the IV is calculated again based on the renewed adjacency matrix. The process repeats
until the desired relation between the slave and the masters regarding the IV which is shown in (6.15) is

achieved. Fig. 6-4 describes the flow chart of the process.
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Start
(Topology is fully connected)

k

CD Remove the connection

which is from M " to M ™

Calculate ACD, ASEX, v

no

Finish

Fig. 6-4: Flow chart for realizing the designed topology.

The best way to derive the designed topology is to fully search all topology. Whether the flow chart
does not give the optimized topology; however, it at least gives one of the topology that is near the
optimal because of the characteristics. The flow chart is aimed to use in real time systems in future
whose calculation cost is small compared to other methods.

When the number of a system becomes large, there is a situation where the IV of the slave system
becomes the same as the IV of master systems. According to [79], links between master systems should
be removed even if all of the IV is the same. Therefore, the IV in the slave system should be the largest
in the overall system. This is the reason why (6.15) does not have an equal sign. Therefore, by using the
flow chart, it is able to derive the topology that satisfies (6.15).

The following shows an example of selecting the best topology for relative motion. Assume that there
are 4 agents in a system and the delay times in each link are 119 = 15 = 0.04d s, T3 = T3y =

0.15 S, T34 = T43 =0.12 S, T14 = T41 =0.16 S, T13 = T31 = 0.04 S, T24 = T42 = 0.24 s. The initial
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Master 1 Slave Master 1 Slave
@ T5 . @ @ 1o =@
'y 'y T | | T
32 32
Ty Tyo Ty
T3
T14 A A \i Y
47 =3) (4F 23
T43 T43
Master 4 Master 3 Master 4 Master 3
(a) Initial topology. (b) Designed topoloty.
Fig. 6-5: Connection link selection to fit the goal relation.
condition is described in Fig. 6-5(a). In the condition, the IV is calculated as follows:
IVEPY — 10.258,0.246,0.270,0.243]" . (6.16)

System 2 is assumed to be the slave system in the example, and Vé@D is not the largest. M™%® M™"
is system 1 and 4, respectively. Therefore, the link from system 4 to system 1 is disconnected. Being the

adjacency matrix updated, the value changes into

D2nd

IVEP™™ = 10.21,0.262,0.27,0.258] " . (6.17)

1 VSCD is still not the largest, and M™% M™" are system 3 and 1, respectively. Removing the connec-

tion from system 3 to 1, the renewed IV based on the updated adjacency matrix is calculated as
VeI 10,990, 0.282,0.222,0.276]” . (6.18)

1 VSCD is the largest; therefore, the goal relationship is achieved.
Based on the topology design, the control goals for the trajectory tracking is changed which is ex-
plained in the following. Since the COG mode equation does not change, only the relative motion mode

equations change. The control goals of each system regarding the relative motion in the conventional
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method are
Td, = 31‘1 — X2 — T3 — T4 0
Tgy = 3T2—T3—x4—21 = 0 (6.19)
Tdy = 31‘3 — T4 — X1 — Xy = 0 ’
Tq, = 3T4—x1—22—23 = 0

As for the proposed method, since some connections are removed, the control goals also changes. It is

given as
Td, = 21‘1 — X2 — I3 = 0
Tdy, = Br2—a3—x4—21 = 0 (6.20)
Tdy = 2{12‘3 — Ty — T2 = 0 ’
Tg, = 3T4—x1—22—23 = 0

System 1 receives position responses from system 2 and 3; however, the system does not receive the
response from system 4 because the connection is removed so that the desired topology in the relative
motion is realized.

The control goals of the multilateral teleoperation shows that all master and slave systems actuates in
the same direction. When a different operator in a different place try to operate each system differently,
the motion of the master systems interferes. The main focus of the proposed method is to enhance
the transmission ability of the tactile sensation from the slave system; therefore, it cannot reduce the
interference when operators tried to actuate the system in the opposite direction. There are other reports
which solve the problem of the interference by introducing identity ratio to separate the motion of master
systems [102]; therefore, the interference of the master systems can be suppressed by using the method.

Final acceleration reference in this example is obtained as

i,lief 1 e—Tizs  o—Tizs ,—Tuas fi
iéef _ e T21s 1 e~ Tazs  p—Taas fa
.fgef = — Ut e*Tgls €7T328 1 €7T34S f3
.’iief €—T415 e—T425 6_T435 1 f4

2 —e~Tes _p~Tiss 0 T

—e T 3 _eTess  _p—Tas To

—C, e P I (6.21)
—eTus _p=Tazs _ —Tuzs 3 x4

- 108 —



CHAPTER 6 RELATIVE MOTION TOPOLOGY DESIGN IN MULTILATERAL TELEOPERATION

6.4 Performance Analysis

The performance of the proposed multilateral teleoperation is analyzed by using the fundamental

matrix. The fundamental matrix in multilateral teleoperation is expressed as

f1 1 Fi1 Fip Fis x1
T2 | =5 Fy1 Fyy  Fog f2 |- (6.22)
x3 den | By Fa Py f3

In an ideal condition where there is no delay between any system, the fundamental matrix should be as

follows:
0 -1 -1
Fgu=11 0 0 . (6.23)
1 0 0

Each element of the matrix can be obtained by using the acceleration reference of the system.For the

simplicity, the delay time of the upstream and downstream are assumed to be the same as

Tio =T =T (6.24)
Toz =T32 =15 (6.25)
Tz =131 =T3. (6.26)

As for the conventional method, the elements are calculated as

1
Fll — _5 (52 + 2Cp)3 o (6—2T18 + 6—2T28 + 6—2T38> Cp2(32 4 2Cp) o 26—(T1+T2+T3)SCP3
f

(6.27)
Fia = —Ct(s* 4+ 3C,) <€_Tls(82 +2C;,) + e_(T2+T3)SCp> (6.28)
Fi3 = —Ci(s* +3C,) <6_T25(82 +2C;,) + e_(T1+T2)SCp> (6.29)
Fy = (s> 4+ 3C,) (e—Tls(s2 +2Cp) + e‘(T2+T3)SCp) (6.30)
Foz = =Cp { (1= e721)(% 4 2Gy) + (27Tt o) (=2Ts _ =20 ¢ | (6.31)
Fg = (e—mm)s _ e—Tzs) Cr(s® + 3C,) (6.32)
By = (524 3Cy) (¢77°(s2 4 2Gy) + e~ (4705 ) (6.33)
Fiy — <67<T1+T3)s _ e—Tzs) Ci(s® + 3C,) (6.34)
Fis = —Cf {(1 - 6—2T33)(S2 + QCp) _ (6—(T1+T2+T3)S — e 2Ts _ 6—2T28> Cp} (6.35)

Faen = (7 +2Cp)" + (e721° + e7273°) Cp(s° 4+ 2C) + ¢ 72° (ze—<T1+T3>s - e—TZS) Cp? (6.36)
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Table 6.1: Controller parameters.

Parameter | Description Value
K, Proportional gain (position controller) | 900
Ky Differential gain (position controller) 60
Ct Proportional gain (force controller) 1
As for the proposed method, the elements are obtain as
1
Fy = _7(32 + 2Cp)2(82 + Cp) _ (€—2T15 + €—2T25) Cp2($2 + 2Cp) _ e—(T1+T2+T3)st3

Ct

F12 = —€_T180f(82 + Cp)(82 + 5Cp)

Fi5 = —C§ 67T3s(82 + 2Cp)2 + e*(T1+T2)scp(S2 + 3Cp) _ 67(2T2+T3)scp2}

Fy = (BiTIS(S2 + 2Cp)2

Fog = —Ct 4 (1 — e 211%)(s2 + 2C,)% + e 12¢ (ef(TlJrT*"’)s — e*TQS) C’p}

Fys = —C% {€—T2S(52 + 3Cp) _ 6—(T1+T3)5(82 + QCp) _ 6—(T2+2T3)scp}

Fy1 = e 139(s2 4 20,)2 + e~ MF30 (52 20,

F32 = (6_(T1+T3)S — €_T28> Cf(82 + 3Cp)

Fs3 = —C} {(1 _ €—2T35)(82 + 2Cp) _ (e—(T1+T2+T3)s — e 2Tis _ 6—2Tgs> Cp}

Fuen = (82 4+ 2Cp)% + ¢ 2150, (s + 2C,) + ¢ T2 (e—<T1+T3>$ = e_T25> ok

(6.37)
(6.38)
(6.39)
(6.40)
(6.41)
(6.42)
(6.43)
(6.44)
(6.45)
(6.46)

It is important to analyze the relation between master and slave systems regarding the force and position

responses because it directly shows the tactile sensation transmission performance. Putting it another

way, the important point is how much the transfer function from the slave system to the master systems is

close to 1. Therefore, the following part analyzes the transfer functions from the slave position response

to the master position response and the slave force response to the master force response. To begin with,

the transfer function of the force response of the slave system to the force response of the master system,

which is the element F7is, is compared. In order to correspond the relationship between the IV and the

transfer function, the dissertation compares the pole placement of the transfer function. Table 6.1 shows

the parameters for each controller. Fig. 6-6 shows the conventional and proposed pole-zero placement

of F1 near the origin. Comparing the damping ratio ¢ of the dominant pole, it is smaller in the proposed

method, meaning that it less causes vibration. That is proved by the fact that the biggest angle from the

real axis becomes small in the proposed method.

-110 -



CHAPTER 6 RELATIVE MOTION TOPOLOGY DESIGN IN MULTILATERAL TELEOPERATION

200 ‘ 200
150 1 150
100 1 100
o
2 50F <) 2] 50F
s} 1
< % <
2 ® >
g 0 g 0
£ sof ® £ sof
o
-100f 1 -100f
-150} 1 -150}
-200 ‘ -200
-10 -5 0 5 -10 - 5
Real Axis Real Axis
(a) Conventional method. (b) Proposed method.

Fig. 6-6: Pole-zero assignment of parameter 5.
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(a) Conventional method. (b) Proposed method.

Fig. 6-7: Pole-zero placement of parameter Fb;.

At next, the transfer function from the position response of the slave system to the position response
of the master system is compared. The delay time was approximated by using a pade approximation of
10th order in the analysis. Fig. 6-7 shows the conventional and proposed pole placement of F5; near the
origin. The dominant damping ratio ¢ is small in the proposed method which is Similar to the results of
the F1o. Both transfer functions showed that proposed method shows better vibration suppression ability
than the conventional method.

The operationality P, and reproductivity P is also analyzed. Assuming the impedance of the envi-

ronment as Zs and system 3 is not touched, the transfer function from the force input to the position
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Fig. 6-8: Bode diagram of the Operationality and Reproducibility.

response of system 1 is as follows:

= Fiy +F12F21*F11F222 .
- e 1 - FnZy )7

= (Py+ P Zs)x1. (6.47)

The Bode diagram of each parameter is shown in Fig. 6-8. The amplitude of the operationality is
smaller in the proposed method, which means that operator can manipulate the motor with less force in
non-contact motion. On the other hand, the resonance of the reproductivity in the low frequency of the

conventional method is attenuated in the proposed method which is around 30 to 150 rad/s.

6.5 Experiments

In order to confirm the validity of the proposed method, experiments are conducted. The experimental
setup is shown in Fig. 6-9. Controller parameters are the same as Table 6.1. Both of the cut-off frequen-
cies of DOB and RFOB are set as 1000 rad/s. An input motor is used to analyze the performance of the

methods quantitatively. As for the conventional method, the topology that is fully connected is used. At
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Fig. 6-9: Experimental setup.

first, the situation where there are three systems is assumed. The delay time are given as

T12 = T21 =0.05 S, (6.48)
T23 = ng =0.15 S, (649)
T13 = T31 =0.1s. (650)

The initial topology (conventional method) is shown in Fig. 6-1(a), and the designed topology (proposed
method) is shown in Fig. 6-1(b).

At first, free motion was compared between the conventional and proposed method. The same sinu-
soidal was used as an input to the input motor. The result is shown in Fig. 6-10. The input motor was
attached to system 3. The amplitude of the position response is larger in the proposed method compared
to the conventional method. This indicates the operational force is smaller in the proposed method.

At next, contact motion was compared. A step input was applied to the input motor, and a soft ball
was selected as a contact object. Fg,, is a force error at the operating system, while z¢,,; indicates a
position error of the system 1 and 2 and z¢;,o stands for the error of the system 1 and 3. Experimental
results of the conventional topology are shown in Figs. 6-11 and 6-13. It has oscillation in the force
response and the convergence of the position response is slow. On the other hand, by using the proposed
system shown in Figs. 6-12 and 6-14, the force response less oscillates, and the convergence speed of

the position response is fast meaning that systems have less interference in the proposed method.
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Fig. 6-10: Comparison of free motion results (upper result: conventional method, lower result: proposed
method).
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Fig. 6-11: Conventional method pushing system 1. Fig. 6-12: Proposed method pushing system 1.

Both position and force responses from Figs. 6-11 to 6-14 show the same outcomes. The following
part compares the convergence speed by approximating force error at the operating system as fo;, =

Ae Bt and the position error between system 1 and 2 as Te¢rp = Ae Bt respectively. At first, the force
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Fig. 6-13: Conventional method pushing system 3.  Fig. 6-14: Proposed method pushing system 3.

error is analyzed.
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Both the amplitude A and time constant B are improved by comparing the conventional method and the

proposed method. As for the position errors, they were obtained as
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The amplitude of the error is larger in the proposed method than that of the conventional method; how-
ever, the time constant of the proposed method is smaller than that of the conventional method.

To verify the topology in the proposed method is the best, the following results show when different
communication links are removed. Firstly evaluates the topology shown in Fig. 6-15(a). One additional
connection link is disconnected from the proposed method, which is from system 1 to 3.

Figs. 6-16 and 6-17 show the results of pushing each master system in topology 1. Comparing the
experimental result of pushing system 1 with the conventional and proposed method, the convergence
speed in the force error was fast compared with the conventional method and was almost the same with
the proposed method; however, the oscillation regarding the position response was the largest in the three.

The same explanation can be made to the result when pushing system 3. The position response oscillation
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(a) Comparison topology 1. (b) Comparison topology 2.

Fig. 6-15: Topologies for comparison.
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Fig. 6-16: Comparison topology 1 when pushing Fig. 6-17: Comparison topology 1 when pushing
system 1. system 3.

is caused by removing too much connection links. This results support the fact that the number of links
to remove should be minimum.
At next, the experimental results of topology 2 are shown in Figs. 6-18 and 6-19. Topology 2 is shown

in Fig. 6-15(b). The IV for this topology in each system is calculated as
IVSD oo = [0.462,0.312,0.226]" . (6.53)

This topology is designed so that the slave system contains the least IV. The IV of the slave system is the
second largest in the conventional topology and is the largest in the designed topology.
Fig. 6-18 shows the result when pushing system 1. The position response error was almost zero

because the IV of system 1 was the largest. The IV represents the amount of the influence to other systems
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Fig. 6-18: Comparison topology 2 pushing system Fig. 6-19: Comparison topology 2 pushing system
1. 3.

Table 6.2: Experimental parameters using four agents.

Parameter | Description Value
Ty Sampling time 0.5 ms
M, Nominal motor mass 0.23 kg
K, Proportional gain for position control 1200
Ky Differential gain for position control 34.6
Ct Proportional gain for force control 0.7
Jdis Cut-off frequency of DOB 500 rad/s
Jreac Cut-off frequency of RFOB 500 rad/s

as it is previously mentioned. Every system mostly followed the position response of the system 1 than
system 2 that is the slave system; therefore, although the position error during in the transient response
was the smallest, the convergence speed of the force error was slower than that of the conventional
method. Fig. 6-19 shows the result of pushing system 3. The oscillation did not converge, and the stable
result could not be obtained.

In the following, experimental results when there are four agents are compared between the conven-
tional method and the proposed method. Experimental parameters are shown in Table 6.2. Both free
motion and contact motion were compared between the conventional and proposed method. Contact
motion is expressed as the gray zone in the experimental results, while free motion is described before
the gray area. Fig. 6-5(a) shows the conventional system connection and Fig. 6-5(b) shows the proposed

system connection. Figs. 6-20 and 6-21 show the experimental results where the master systems were
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Fig. 6-20: Conventional multilateral teleoperation using four systems.

operated by a human.

At first, the experimental result of free motion is compared. When almost same force is applied, the
amount of the movement in the proposed method is larger than that of the conventional method. It means
that the proposed method have operational force compared to the conventional method.

At next, the experimental result of contact motion is compared by using ferr. ferr in Fig.6-20 and
6-21 show the force error during contact motion from the operating system. The smaller the value is,
the more the law of action and reaction is realized. The value is evaluated by the root mean square error
(RMSE). While the RMSE of the conventional method was 3.98 N, the RMSE of the proposed method
was 2.16 N. The results show that the force error during the contact motion reduced to 54%. It indicates
that the operator can perceive the tactile sensation of the contact object (a soft ball) more precisely. In
this experiment, system 4 was set to be the most distant system from the slave system. The experimental
result demonstrates that the proposed method can transmit precise tactile sensation to a master system
that is located further from the slave system since the force error was reduced to 47 % in system 4.

The links are disconnected to enhance the transmission ability of sharing tactile sensation in the slave
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Fig. 6-21: Proposed multilateral teleoperation using four systems.

system. The experimental results show that the proposed method reduced the operational force and re-
gained the reproductivity of the environment. Therefore, the results show that there are no disadvantages
caused by removing the appropriate links based on the chart shown in Fig. 6-4.

The results indicate that the proposed system whose topology for the relative motion mode is designed
have good tactile sensation transmission performance because the proposed system offers more vivid

response than the conventional method.
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6.6 Summary of Chapter 6

In this chapter, the topology for the relative motion was designed in multilateral teleoperation. The
index that quantifies the equivalent amount of information that each system contains was proposed. It
was defined as information value in this chapter, and it can be calculated by obtaining the eigenvectors of
the maximum eigenvalue of the adjacency matrix that contains a delay element. The most important part
in tactile sensation transmission is to transmit precise impedance of a contact object to master systems.
Therefore, the topology of the relative motion was designed so that the information value of the slave
system becomes the largest among all systems. The design flow to design the topology was proposed,
and the experimental results showed that the convergence of position and force response were faster

compared to the multilateral teleoperation system whose topology is not modified.

-120 -



Chapter 7

Simultaneous Presentation of Thermal and
Tactile Sensations Using Multilateral

Teleoperation

This chapter proposes a multilateral teleoperation system that simultaneously presents tactile and ther-
mal sensations. For more realistic communication with remote places, it is important to transmit not only
tactile sensation but also thermal sensation so that the operator could obtain more information about the

remote system.

7.1 Introduction of Chapter 7

The contents of this chapter are given as follows. In Section 7.1, the Peltier device is modeled by using
a thermal network method, and then, the disturbance observer was applied to realize robust heat flow
control. Section 7.2 describes the design methodology to realize simultaneous presentation of tactile and
thermal sensations. Since the response speed of each actuator is different, an artificial buffer is inserted
to correct the timing of the presentation. The experimental results are shown in Section 7.3 to verify the

validity of the proposed method. Section 7.4 concludes this chapter.
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Fig. 7-1: Peltier device with disturbance observer.

7.2 Modeling and Robust Heat Flow Control of Peltier Device
7.2.1 Modeling of Peltier Device

In this section, the Peltier device is used as an actuator for presenting thermal sensation. As for the
tactile sensation presentation, a robot manipulator is used. Since robust acceleration control using the
DOB is already explained in Chapter 2, in the following, the DOB is applied to the Peltier device to
construct the robust heat flow control system.

Firstly, the following part models the Peltier device. The Peltier device is actuated by applying DC

current to generate heat transfer as
L
q=-—-aoll+ §RPI ) (7.1)

where I, o, T', R, stand for applied current, Seebeck coefficient, the temperature of the Peltier device,
and the electrical resistance inside the Peltier device, respectively. The Peltier device absorbs heat when
forward current is applied; therefore, there is a minus sign in (7.1). The second term in (7.1) represents
the Joule heat.

The modeling of the Peltier device is done using the thermal network method [103]. By using the
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Fig. 7-2: Robust heat flow control of a thermal system.

method, the temperature difference of the Peltier device can be expressed as

dr -
Cp—r =" + ¢, (7.2)

where C, gin, and qq;s stand for the heat conductance, heat flow reference, and the disturbance heat flow

of the Peltier device, respectively.

7.2.2 Robust Heat Flow Control Using Disturbance Observer

The block diagram when the disturbance observer is applied to the Peltier device is shown in Fig. 7-1
and the equivalent transformation is shown in Fig. 7-2. By using the disturbance observer, the control
structure which is robust against modeling errors, Joule heat, and disturbance heat flow is constructed.

The block diagram of the Peltier devices can be treated as Fig. 7-2 by applying the disturbance

observer.

7.3 Modal Transformation Matrix for Simultaneously Presenting Ther-
mal and Tactile Sensations

As mentioned in previous sections, when there is a time delay between subsystems, each controller
interfere. In this section, subsystem 1 is the slave system, and subsystem 2 and 3 are master systems,
and in order to compensate the limitation of motion area, the movement of master systems are scaled

by using a scaling gain. The mode decoupling matrix Qg that is used regarding tactile sensation is
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defined as
1 ae Ti2s be~Tiss
Qlni=| —e ™ 2 —be T | (1.3)
—e Tsis  _geTsos 2b

where a and b stand for the scaling gain of system 2 and 3, respectively. The subscript gy stands for
the matrix for simultaneous presentation. However, the response speed of a Peltier device is slower than
a robot manipulator. Therefore, the quarry matrix for force sensation transmission artificially inserts a

buffer time to correct the timing for the simultaneous presentation. The proposed quarry matrix is written

as
1 ae—(Ti2+Th)s he—(T13+Th)s
Qb = | —e~(TatTh)s 2a —be~ (st Tb)s | (7.4)
—e(Tn+Ty)s o= (Ts2+Th)s 2

where T3, stands for the buffered time. The timing that human recognizes the hardness and hotness of a
contact object can be corrected by additionally inserting a delay element. The method has a high affinity
to network systems because it naturally includes a time delay element inside the control system. The
buffer can also be used for jitter buffering.

As for thermal sensation transmission, the modal transformation matrix is defined as

1 elegs €7T138
S = | —e s 2 —e T8 (7.5)
—eTIsis  _—Ts2s )
The control goals are thus defined as
Fy + ae~ T2t To)s By 4 pe=(Tis+To)s [y 0
—e A T)s Xy 4 20Xy — be~ (Tt Thls xy = | (7.6)
—e Tt To)s ) — ge=(Ta24Th)s X, 4 2p X3 = 0
g +e 120+ e g = 0
—e ST aTy —e 12573 = 0 (7.7)
—e sy — e T8, 12Ty = 0

The inverse matrix of (7.3) is calculated as

_ab(e*(T23+T32+2Tb)s —4) —ab(ge*(leJrTb)s + e*(T13+T32+2Tb)s)
Qs ' = | b(2e”TtTh)s 4 o= (Toat T +21h)s b(2 + e~ (Tis+To1+2Th)s
a(26_(T31+Tb)S + e—(T21+T:32+2Tb)s) a(e_(T32+Tb)S - e_(T12+T31+2Tb)s)
_ab(26_(T13+Tb)S +€—(T12+T23+2Tb)5)
b(ei(T23+Tb)S — 67(T13+T21+2Tb)s) (78)
a(2 4 e~ T2+ T2 +2Th)s)
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Transparency of the proposed method for tactile sensation is analyzed using the fundamental matrix

which is calculated as

[ 352 e~ (Ts2+Th)s , 1 7
o~ (T +Ty)s Tl Mt Ty)s o= (Ts+Th)s
—(To1+T13+2T})s —(T23+Ty,)s
Ff— le + 2e 0 0 ' (7.9)
ae—(T2+T23+2Th)s | 9e—(Ti3+Th)s
1 4 — e~ (Tr2+T21+2T})s
L be—(Ti2+T23+2Th)s 4 Qe—(Ti3+Th)s 0 0 i

Eq. (7.9) indicates that even artificial buffer and scaling gains are inserted, the transparency does not

change in the proposed method.

7.4 Experiments

In order to confirm the validity of the proposed method, experiments were conducted. The experimen-
tal setup is shown in Fig. 7-3. Assuming the sensation transmission to a remote place, delay time was
50 ms constant delay with jitter in the experiments. The response of each subsystem is transmitted to
each subsystem through UDP communication. 6 DOF robot manipulators were placed as an actuator for
transmitting force sensation, and the Peltier devices are placed at the end effector of the manipulators for
thermal sensation transmission. A temperature and heat flow sensors are attached to the Peltier device,
and a position encoder is used to detect the position of each motor. As for the force response, a reaction
force observer is used to estimate the external force.

The parameters used in the experiments are shown in Table 7.1.

At first, experiment using only manipulators are shown. The time delay between master systems
are shown in Fig. 7-4. 50 ms delay was artificially buffered in the program. Since each response is
transmitted by using UDP communication, jitter occurs between the communication.

Contact motion results are shown in Fig. 7-5. After the steady contact, pushing motion was conducted.
Human operated master 1 in the experiment. In the conventional method, there are significant position
errors, especially in the pushing motion. This is because force response interferes the position control
loop to deteriorate the trajectory tracking performance. On the other hand, position error in the proposed
method is well attenuated. It means the operator can feel much precise impedance of the contact object
in the proposed method.

The modal space response is compared to see whether modal space response is decoupled. The results

are given from Fig. 7-6 to Fig. 7-8. Fig. 7-6 shows the force response of the COG motion in each
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50 ms + jitter

| Environmen

Fig. 7-3: Experimental setup.

subsystem, while Figs. 7-7 and 7-8 show the response of the relative motion modes in each subsystem.
Since there are three subsystems, two relative motions can be defined. The control goals in multilateral
teleoperation are to reduce the modal response errors to zero. Overall, the errors in the conventional
method are much larger compared to the proposed method. As for each mode, the same acceleration
reference is applied to each motor in the proposed method. This is the reason of the relative motion
responses being symmetric. The acceleration reference of every mode in the conventional method is
generated in each subsystem; therefore, the modal space response is not symmetric to each other.

In the following, experimental results of simultaneous presentation are explained. A cold aluminum
plate was used as a contact object. After the contact motion becomes steady, pushing motion to the
environment was conducted to examine whether each controller is decoupled from the other controllers.

The method which does not decouple the modes was selected as a conventional method. The exper-
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Table 7.1: Experimental parameters for simultaneous sensation presentation.

Parameter | Description Value
T Sampling time 0.5 ms
Kom Proportional gain for position control 160
Kim Differential gain for position control 25.3
Ctm Proportional gain for force control 1.0
Jdm Cut-off frequency of DOB for motor 1000 rad/s
Grm Cut-off frequency of RFOB for motor 1000 rad/s
Ko Proportional gain for temperature control 0.7
K¢ Proportional gain for heat flow control 1.0
9dp Cut-off frequency of DOB for Peltier device 1.0 rad/s
Irp Cut-off frequency of HIOB for Peltier device 6.28 rad/s
a Scaling gain for system 2 6
b Scaling gain for system 3 6
Ty Artificial buffer for presentation timing correction 50 ms
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T
Master 1 to Master 2

150

T
Master 1 to Master 2

100 '

Time delay [ms]

20

(a) Conventional method.

25 30 15 20
Time [s]

25 30
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(b) Proposed method.

Fig. 7-4: Measured delay time between master system (one way).

imental results of the conventional method are shown in Fig. 7-9. Red and green lines represent the

response of master systems, while blue lines show the response of the slave system. The effect of the

modes not decoupled can especially be seen in the position and temperature responses. It takes several

seconds for each response to converging to the same response, especially, the temperature response takes

about 10 seconds for the convergence. The reason is the controllers in the conventional method is in-

terfering with each other. The effect of external force appears inside the position control loop, and the

external force affects the response of temperature control.

On the contrary, the experimental results of the proposed method are shown in Fig. 7-10. Compared to
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the conventional method, position and temperature errors between subsystems are well suppressed. It is
because the modes are decoupled. As for the temperature response, the convergence time was shortened
up to 3 seconds which is three times faster compared to the conventional method. It can also be seen that
the timing of presenting each sensation was collected by inserting the buffer to the modal transformation
matrix of force sensation. The operator was able to feel the hardness and the coldness of the contacting
object more naturally in the proposed method. Therefore, it can be said that precise multimodal sensation

transmission was realized in the proposed method.

- 128 -



CHAPTER 7 SIMULTANEOUS PRESENTATION OF THERMAL AND TACTILE SENSATIONS
USING MULTILATERAL TELEOPERATION

e
2
=
8
Z
Q-‘ H
10 Master 1 (>;<6) m——— Master 2 : Slave —
15 20 25 30
Time [s]
60
_ 30 ’ e T Y S BB ]
Z, ‘
ot 0 i i i i T WL
5 : :
= 30 7~ ™\
60 i i
15 20 25 30
Time [s]
(a) Conventional method.
s ‘
)
E —— : "_ﬂ
£ 30 | ‘
10 Master 1 (%6) e Master 2 : Slave  —
15 20 25 30
Time [s]
60 T
30 W“NMWMM
Z ‘ ‘
Y 0 e e o et et g e T e,
o : :
s
-30 \ : ‘ /
-60 i i
15 20 25 30
Time [s]

(b) Proposed method.

Fig. 7-5: Contact motion result to aluminum plate.
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Fig. 7-6: Force response of the COG motion in contact motion.
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Fig. 7-7: 1st relative motion mode response in contact motion.
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Fig. 7-8: 2nd relative motion mode response in contact motion.
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(b) Thermal sensation transmission response.

Fig. 7-9: Experimental results of the simultaneous presentation in the conventional method.

-131 -



CHAPTER 7 SIMULTANEOUS PRESENTATION OF THERMAL AND TACTILE SENSATIONS
USING MULTILATERAL TELEOPERATION

20 T T T T
_ Master] === Master2 Slave
g 15 ; ; :
2 ‘ ‘
5 10 j j SR | — TN
O F ) | [ I |
20 30 40 50 60 70 80
Time [s]
80
Z e
8
5 TN /)9/
[
-80 i i i i i
20 30 40 50 60 70 80
Time [s]
(a) Tactile sensation transmission response.
%
[0}
3
=
5y
=9
g
5}
H

Time [s]

Master2

Heat Flow [W]
=

20 30 40 50 60 70 80
Time [s]

(b) Thermal sensation transmission response.

Fig. 7-10: Experimental results of the simultaneous presentation in the proposed method.
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7.5 Summary of Chapter 7

In this chapter, multilateral teleoperation for presenting thermal and tactile sensations was proposed.
By the use of the DOB to the Peltier device, the same connectivity design can be conducted to thermal
systems. Since the time constant of the Peltier device is slow compared to robot manipulators, the artifi-
cial buffer was inserted in the modal transformation matrix of the tactile presentation system. The scaling
gain was also used to compensate the difference in the motion range of manipulators. The experiments
were conducted in a situation where there is a jitter between every system, and the results showed that
the motion decoupling method was also effective in thermal systems. The inserted buffer corrected the

timing of the presentation.
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Chapter 8

Conclusions

This dissertation proposed connectivity design method to place controllers for each motion in multi-
lateral systems separately. The connectivity is how to connect with other systems. Connectivity matrices
for both COG and relative motions are designed so that each controller controls each motion separately.
One of the interesting aspects of this dissertation was that it showed that how information is sent between
systems can change the poles of a system without any use of controllers. The connectivity matrix showed
how to route the information to control the defined motion in network systems explicitly. Based on the
information routing, clear controller design was realized.

The method is able to realize the control goals of each motion in wide bandwidth. In order to realize
wide bandwidth motion, controller parameters must be adequately tuned within the stable region. Even
though some structures did not require a delay model, the method requires the round trip time delay to
determine the controller gains. The control structure is more centralized rather than decentralized.

Chapter 2 proposed the connectivity design method of the relative motion in multilateral systems. The
dissertation firstly showed that the COG motion was affected by the controllers for the relative motion
because of the time delay between the systems when the number the system is two. The effect was
mathematically observed by calculating the determinant of the connectivity matrix. If the determinant
of the matrix is not 0, the controllers for the relative motion affects the COG motion. In order to regain
the double integrator characteristics, the timing of the response used for the input to the relative motion
controller was changed so that the determinant of the proposed graph Laplacian becomes 0. It revealed

that there are two ways of realizing the condition: the first structure is the one which does not require the
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delay model and the second one requires the delay model. The connectivity method was extended to a
system that the number of an agent is n. The method was applied to several topologies, and it showed
that the determinant of the graph Laplacian regarding the connectivity designed structure is 0. The dis-
sertation revealed that the system that was constructed by the proposed method is similar to a multi-mass
resonant system. Based on this notation, the controller parameter was designed by using the parameter
design method of resonant ratio control. Impulse response was applied to see whether the system regains
the double integrator characteristics in the COG motion. Sinusoidal and step commands were applied to
the structures to see the proposed method can realize high command tracking performance because of
the connectivity design.

The connectivity design using Type 2 can be extended to loop structured MAS while the structure
designed using Type 1 cannot. The reason why the design using Type 1 cannot decouple COG/relative
motions is because it assumes the propagation of the COG motion as one direction. In a loop structure,
there are two ways to propagate information which is clockwise and counter-clockwise. As for a future
work, a relative motion connectivity design method which does not require a delay time model should
be established.

In Chapter 3, the connectivity design method of the COG motion in bilateral teleoperation was pro-
posed. In bilateral teleoperation, it is well known that the controllers for COG and relative motions
interfere because of the time delay between the systems. The reason for the interference was revealed
first. It was because the number of the motion that the conventional method tried to control was larger
than the number of the controllable motion. Based on the fact, connectivity of the force response was
designed so that the force controller does not have the influence to the relative motion. It was realized by
inserting the artificial buffer to the force response of the own system. The dissertation also revealed that
the determinant of the connectivity matrix for COG motion is required to be O in order not to affect the
relative motion. Since the connectivity design requires the delay model, the effect of the modeling error
was analyzed by using the fundamental matrix. The matrix is used to express the relationship between
four variables, and it was revealed that the model time should set as smaller value when there exists a
modeling error. In order to compensate the effect of the modeling error, the phase-lag compensator and
the phase lead compensator were used in COG motion and relative motion controllers, respectively. The
phase-lag compensator was inserted not to affect the operational force in low-frequency area and also
attenuate the interference from force controllers to position controllers. As for the phase lead controller,

it realized to enlarge the phase margin in the relative motion control. The final performance was an-
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alyzed by using the index which is called operationality and reproducibility. The experimental results
showed that the proposed method has less operational force compared to FDD system, which is one of
the famous methods to stabilize bilateral control systems under time delay. The convergence of position
and force responses was also faster than the FDD method. Experiments of bilateral teleoperation under
time-varying delay were also conducted, and it showed stable contact motion could be realized.

In Chapter 4, integrated design of connectivity for COG and relative motions in bilateral/multilateral
teleoperation was proposed. As same as the design in Chapter 2, the dissertation showed that there are
two ways to realize motion decoupling in bilateral teleoperation. The interesting characteristics of the
proposed method is that the modal transformation matrix determines the route to realize motion decou-
pling. In bilateral teleoperation, the structure without the use of delay model was proposed. The design
method was then extended to multilateral teleoperation. The determinant of the connectivity matrix for
both motions became 0 in the proposed method. It indicates that the double integrator characteristics
in COG motion is realized. The performance analysis showed that the proposed method has complete
transmissibility even in the presence of time delay. The experimental results showed that the proposed
method has the small operational force and the impedance reproduction performance is high.

In Chapter 5, bilateral control using flexible manipulators was proposed. Flexible manipulators are
often used to mechanically enhance the safety; however, the control becomes difficult since the flexibility
generates resonant peaks in the system. In order to compensate the effect of the resonance, the system
was modeled by using the wave equation. By rejecting the reflected wave inside the system, the system
becomes an equivalent input time delay system. In order to compensate the interference that will be
caused by the equivalent time delay, modal transformation matrix for input delay systems was proposed.
The experimental results showed that the proposed method was able to transmit precise motion without
the vibration caused by the flexibility of the slave system.

In Chapter 6, the topology of the relative motion was optimized in multilateral teleoperation. Informa-
tion value can be calculated from an adjacency matrix. In other methods, the value was obtained when
there is no delay between the systems. This dissertation extended the definition of the value to network
systems by putting a delay time into the elements of an adjacency matrix. The dissertation revealed
that the relationship of the value between systems. The aim of using multilateral teleoperation to realize
tactile sensation transmission is because operators want to receive precise impedance of an object that
is in contact with the slave system. Based on this fact, the topology of multilateral teleoperation was

optimized so that the slave system has the most influence on all systems. The design procedure of the
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connectivity modification was shown, and the experimental results showed that the proposed method has
better impedance transmission performance compared to the structure where the slave system does not
have the largest influence. In real networks, the amount of time delay varies. Since the method assumes
a constant delay to derive quantitative importance of each system, it is not clear whether the index can be
applied to time-varying delay. As a future work, the index should be extended to evaluate the importance
even when the delay is time-varying.

In Chapter 7, multimodal communication using multilateral teleoperation was proposed. Not only
tactile sensation but also thermal sensation were transmitted through the network to realize a realistic
feeling. Robot manipulators were used to transmitting tactile sensation, and the Peltier device was used
to present thermal sensation in this chapter. The response speed of the Peltier device is slow compared
to that of the robot manipulators. It means that even if motion decoupled control was realized by each
system, the timing of the presentation varies. The difference of the response speed was modeled as a
delay in this chapter, and to present the natural feeling of the remote object, the timing of the presentation
was corrected by artificially inserting a delay element to the modal transformation matrix. Even though
the delay time is equivalently enlarged for tactile sensation presentation, experimental results showed
that the presentation timing was corrected between two sensations, realizing a much realistic feeling of
a contact object placed at the slave system.

The method proposed in Chapter 2 realizes a structure that the relative motion does not affect the COG
motion. The interference of the COG motion appears to the relative motion as some vibration between
the systems. The method proposed in Chapter 3 realizes a structure that the COG motion does not affect
the relative motion. The interference of the relative motion to the COG motion appears as a velocity
constraint. The method proposed in Chapter 4 realizes a complete motion decoupling. The method is
applicable for realizing delicate motions. Usually, it is desired to decouple each motion; however, the
stability margin of the method is limited compared to the methods proposed in Chapter 2 and 3. In this
situation, the method to use should be selected based on the priority of the motion the designer want to
realize.

Although this dissertation succeeded in developing the fundamental theory for designing the connec-
tivity in multilateral systems, the dissertation assumed to be the delay time as constant in the theoretical
part even though the effect of time-varying delay was experimentally analyzed. Controller design in the
time domain will enlarge the utility of the proposed method.

The local system has double integrator characteristics thanks to the DOB. However, this dissertation
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did not considered other situations such as a system that has non-holomic constraint. As for the future

work, the method should be extended to a situation where there are some constraints in local systems.
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