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Abstract

A teleoperation system extends the human capability to opate in a remote environ-
ment. Humans use this framework to work in hazardous conditig using remotely
operated robotic systems. In recent years, teleoperatedssgms have shown great
potential in space, underwater, military, industry, robotc-assisted surgery, and min-
ing applications. In case of manipulation tasks, a teleopation system is required to
be bilateral to execute the task remotely in the presence afte delays. A bilateral
teleoperation system is comprised of ve elements namely inan operator, master
robot, communication channel, slave robot, and environméenThe control objective
in a bilateral teleoperation operation system is de ned ase position and force track-
ing error reduction, which can be achieved using an array obmtrol techniques. This
thesis concerns the development of a class of state convegearchitectures to de-
velop bilateral control systems. State convergence belan a family of model-based
control architectures for establishing bilateral commuriation between the master
and slave robots in a teleoperation system. The method praolds a systematic pro-
cedure to determine the control gains in an elegant way. Orially developed for
linear teleoperation systems with small time delays, the rtteod has been extended
to nonlinear systems with time-varying delays. However, ralhce on the model pa-
rameters and a higher number of communication channels remeaa limiting factor
for the wide adoption of this bilateral control architectue. This thesis addresses
these limitations and proposes enhancements in the exigirstate convergence con-
trol architectures to deal with parameter uncertainties ad reduce the number of
communication channels. The former task is achieved usingtended state and non-
linear disturbance observers while the latter objective isccomplished by introducing
composite variables. The extension of the proposed bilatéércontrol architectures to
the case of multilateral teleoperation systems is also coed. Resultantly, families
of robust state convergence control architectures and comgite state convergence
control architectures are obtained. While constructing thémproved control architec-
tures, the elegancy of the state convergence design procedis retained. To validate
the proposed control architectures, simulations, and sefrgal-time experiments are
conducted in MATLAB/Simulink/QUARC environment using the geomagic haptic
device on a single-degree-of-freedom time-delayed tele@tion system. In order to
perform semi-real-time experiments, a haptic device is aged along the x-axis to
generate a time-varying force for the teleoperation systemunning inside the com-
puter's Simulink/MATLAB environment. The Simulink model is designed such that
the re ected force, as generated by the proposed controlles also directed to the
haptic device and felt by the operator. In this way, the loopd closed around the
operator, and the operator can feel the slave's interactionith the environment.
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Chapter 1

Introduction

Teleoperation Systems attract a signi cant amount of inteest from engineering and
healthcare researchers. In the Canadian healthcare systermbot-assisted surgery
is becoming popular in recent times and has many bene ts forafients and our
healthcare system. Nova Scotia's healthcare professionale able to conduct their
rst spinal robotic surgery in Canada usingMedtronic's MAZOR—X Stealth Edi-
tion. The surgeons are able to perform spinal surgeries through mnovative robotic
arm that o ers unparalleled accuracy and consistency leaa to less pain, less dam-
age to healthy tissues and structures, shorter recovery tes, and fewer complica-
tions. Moving further, Nova Scotia Health's QEIl Health Scienes Centre installed
the Mako SmartRobotics systemthe second surgical robot of its kind in Canada
to perform arthroplasty surgeries. Surgeons generate mati commands through an
innovative robotic arm to perform hip and knee surgeries and er unprecedented
precision for the placement of a joint implant L2(J. There are numerous applications
of teleoperation, ranging from repairing nuclear plants, @loring underwater ma-
rine environments, space exploration, surgical operatisnand monitoring industrial
tasks [], [5], [121, [79, [29, [34, [7€], [10F, [16], [139. Some of the teleoperation
systems are shown in Figuré.l

Bilateral teleoperation systems have become increasingigpular and used in diverse
telerobotic applications due to their sense of telepresencRecently, multilateral tele-
operation systems beyond the bilateral one can be used ingmlbotic applications
where more than one robotic device is involved in performingpe task. Instead of
using one hand, two hands can help to perform a task using theaperative ma-
nipulation technique. This thesis explores novel controlechniques based on state
convergence methods to control linear and nonlinear bilatd teleoperation systems
and extend to a multilateral teleoperation framework.

1



Figure 1.1: Dierent applications of teleoperation. (A) Opeator of a space robot
arm, (B) the space robot arm §0]. (C) telesurgery with a research da Vinci surgical
system [L34, surgeon side. (D) remote patient side, (E) ground robot otrol with
aerial view [L16 |operator controls ground robots using eye-tracking and §) the
ground robots [L14.
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Thesis Contributions

The contribution of this thesis can be classi ed into two pas. The rst three chapters
include improved versions of state convergence architeods for bilateral and multi-
lateral teleoperation systems while the rest of the chapteinclude reduced complexity
versions of state convergence architectures for bilaterm@hd multilateral teleoperation

systems. The following contributions are reported in thishesis:

1.

10.

Improved version of the bilateral state convergence aitbcture has been pro-
posed to counter the e ect of parametric uncertainties usim disturbance ob-
servers.

. Improved version of the bilateral state convergence aiitécture has been pro-

posed based on TS fuzzy models to counter TS fuzzy model appnoation
errors and parametric uncertainties using disturbance obsvers.

Improved version of the multilateral state convergencerehitecture has been
proposed to deal with parametric uncertainties using distbbance observers

. A novel composite state convergence architecture with @duced number of

communication channels has been proposed for bilateraldeperation.

. A composite state convergence architecture has been pospd with a feedback

linearization scheme for nonlinear bilateral teleoperain.

. An enhanced version of bilateral composite state converge architecture has

been proposed to counter parametric uncertainties througHisturbance ob-
servers.

Extended the composite state convergence control araiiture to multil-master/single
slave (MMSS) control architecture.

Proposed a composite state convergence controller fotetgperating a multi-
degree-of-freedom manipulator.

. A composite state convergence architecture with a redut@umber of commu-

nication channels has been proposed for multilateral telgeration.

An enhanced version of multilateral composite state coergence architecture
has been proposed to counter the e ect of parametric uncerties through
disturbance observers.



1.2 Thesis Outline

The thesis is organized into eleven chapters. The currentagbter presents an overview
of teleoperation systems and their contributions. The renwader of the thesis is
organized as follows:

Chapter 2: Literature Review

This chapter briey presents various techniques availabléo control teleoperation
systems. The state convergence method and composite stat@ergence method are
presented in detail, as the rest of the thesis is based on thigethod.

Chapter 3:  An Enhanced State Convergence Architecture Incorporating Biur-
bance Observer for Bilateral Teleoperation Systems

This chapter will address the limitations of the SC method ash propose an extended
state observer in the existing state convergence architeice. It will compensate for
the modeling inaccuracies by treating them as a disturbanand provide estimates
of the master and slave states. This study has been publishedthe International
Journal of Advanced Robotic Systems, vol. 16, no. 5, 2019.

Chapter 4 : Disturbance observer-supported fuzzy-model-based caviter with ap-
plication to bilateral teleoperation systems

This chapter presents a nonlinear disturbance observer thhas been integrated with
a numerator-denominator type TS fuzzy PDC controller to robstify the closed loop
regulation performance against the lumped parametric undainties and model ap-
proximation error. This work has been published in the Jourrdeaof Intelligent and
Fuzzy Systems, vol. 43, no. 2, pp. 1911-1919, 2022.

Chapter 5:  Disturbance Observer-Based Extended State Convergence Atecture
for Multilateral Teleoperation Systems

This chapter presents an improved version of extended statenvergence architecture
through the use of disturbance observers. MATLAB simulationas well as experimen-
tal results, prove the validity of the proposed architectue in establishing multilateral
communication between k-master and I|-slave systems. To tlieest of the authors'
knowledge, robustness improvement of extended state corgence architecture has
not been reported in the literature. This work has been pulghed in the International
Journal of Robotics and Automation, ACTA PRESS, Canada vol 37o0. 6, pp. 1-10,



2023.

Chapter 6: A Composite State Convergence Scheme for Bilateral Teleoaton
Systems

The chapter will discuss a novel composite state convergemnscheme that will reduce
the complexity of the state convergence algorithm. This clpger is published in
IEEE/CAA Journal of Automatica Sinica, vol. 6, no. 5, pp. 1166-178, September
2019.

Chapter 7: A Composite State Convergence Scheme for a Non-Linear Teleotic
Systems

This chapter is an extension of chapter 6, in which channelnspli cation of state
convergence controller is accomplished, and here we havesidered the case of a
nonlinear telerobotic system. This chapter is published icta Polytechnica Hun-
garica Vol. 16, no. 10, pp. 157-172, 2019.

Chapter 8: A Composite State Convergence Architecture for Multi-Deges-of-
Freedom System

This chapter is devoted to exploring the applicability of tle composite state con-
vergence scheme for a multi-degrees-of-freedom bilatetaleoperation system. To
validate the proposed extension, simulations are perforehen MATLAB/Simulink
environment on two-link manipulators with time delay in the communication chan-
nel. This chapter is published in the 7th IFAC InternationalConference on Advances
in Control and Optimization of Dynamical Systems (ACODS 202), vol. 55, Issue.
1, pp. 126-130, 2022.

Chapter 9 : Disturbance Observer Supported Three-Channel Compositéa® Con-
vergence Architecture

This chapter will present an improved version of extended &te convergence architec-
ture through the use of disturbance observers. To the best tife authors' knowledge,
robustness improvement of extended state convergence atetture has not been re-
ported in the literature. This chapter is published in the Inernational Journal of
Robotics and Automation (IJRA), ACTA PRESS, Canada, pp 316-324Issue Jan
2021.
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Chapter 10 : A Multi-Master-Single-Slave Composite State Convergendchitec-
ture

This chapter explores the possibility of extending the trasparent bilateral state con-
vergence architecture to accommodate multiple systems. buddition, we want to
keep the channel complexity at a minimum when multiple systes are communicat-
ing. The proposed work is validated through MATLAB simulation by considering a
single-degree-of-freedom tri-master-single-slave st This chapter is published in
Communication and Control for Robotic Systems. Smart Innation, Systems, and
Technologies, vol 229, Aug 2021 Springer, Singapore.

Chapter 11 : A Generalized Composite State Convergence Architecture fbtulti-
lateral Teleoperation Systems

This chapter aims to generalize the composite state convergce scheme so that |-
slave systems can follow the weighted motion of k-master sg1s. To validate
the ndings, simulations and semi-real-time experiments ra performed in MAT-
LAB/Simulink/QUARC environment by considering di erent con gurations of tele-
operation systems. This chapter is published in Studies imformatics and Control,
vol. 30, no. 2, pp. 33-42, 2021.

Chapter 12 : An Improved Composite State Convergence Architecture with Bt
turbance Compensation for Multilateral Teleoperation Syems

This chapter expands the capability of the composite stateoovergence scheme to
accommodate any number of master and slave systems. It pr@ges a disturbance
observer-based composite state convergence architectuteere k-master systems can
cooperatively control I-slave systems in the presence ofaantainties. MATLAB sim-
ulations are performed and experimental results are obtad using Quanser's Qube-
Servo systems in QUARC/Simulink environment. This chapterd published in Studies
in Informatics and Control, vol. 31, no. 3, pp. 43-52, 2022.

Chapter 13 : Conclusions and Future Work

This chapter will include the summary of the research work gisented in Chapters 3
through 12. In addition, future work directions are also preided.
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Chapter 2

Literature Review

2.1 Teleoperation System

Teleoperation systems were invented in the mid-1940s by G&oto enable humans
to manipulate dangerous tasks remotely in hazardous envinments via robotic ma-
nipulators with enhanced safety at a lower cost or better aacacy as shown in the
Figure 2.1. However, the remote environment has uncertain and unknowmadtors
that could degrade any teleoperation system's performancdhus human interven-
tion becomes necessary to prevent damage, reduce task catiph time, to enhance
the performance and sense of telepresence. It will improveetuser's ability to per-
form complex tasks. The human-in-the-loop system is knowrsa teleoperator and
has found a wide range of applications ranging from medicahé entertainment to
large-scale industries41], [179, [109, [189, [77], [20], [162, [157], [104, [61], [14],
[182, [87], [154, [181, [104, [64], [62), [7], [49), [137], [66], [°4), [4], [1], [59). A tele-
operation system generally consists of ve components: ape&rator sends the motion
commands to operate the remote task via a master hand contie. A communica-
tion channel (wired/wireless) is used to transmit those mabn commands to a slave
robot that will perform the task in a remote environment. In aunilateral teleopera-
tion system, the slave is unable to send the information bac¢k the master; however,
if the slave robot can send the force and position signal batk the operator and
the operator is kinesthetically coupled to the environmenand ow of information
is bidirectional, then the teleoperation system is calledilateral. In both cases, the
slave robot is placed at a distant location and exchanges amfmation over a commu-
nication channel which can cause delays and instability irhe whole teleoperation
system. Furthermore, a teleoperation system can be classil as either bilateral or
multilateral depending upon the number of the robotic systa involved in executing
the required task. Thus, the prime objective of any teleopation system is to ensure
stability and accuracy in performing the task in the presereof time delays and force
-feedback from the environment{d].
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m

Figure 2.1: Schematic of a teleoperation systeraf]

Performance Measures in Teleoperation System

The prime goal of any bilateral teleoperation system is to niatain stability under all
circumstances to accomplish a desired performance. Mangearchers have employed
various techniques to investigate the issue of stability ofilateral teleoperation sys-
tems b7, [139, [134, [49], [3], [47], [129, such as Lyapunov theory 173, passivity
based tools 119, [127, Nyquist criterion, routh-hurwitz criterion [67] and Root Lo-
cus. Like stability, transparency or telepresence is anath major goal in the design
process of teleoperation systems. It will help the operatdretter understand the re-
mote environment in the presence of uncertainties and timeethys. Bd], [139 or in
other words it can be interpreted as precise rendering of themote environment to
the operator side to ful lls the prime objective of teleopeation. However, there are
certain limitation on achieving the transparency, for insance, system hardware, re-
quired bandwidth, master and slave workspace issues, matiscaling and time-delays
in the communication channel. According to Lawrence, trangency can be de ned
as impedance, a quantity that could map input velocity to theoutput force of the
system pd].

2.2 Control Architectures for Bilateral Teleoperation Systems

Various bilateral control architectures have been propoden the literature to design a
stable and transparent teleoperation system. These architures can be categorized
based on the number and type of signals (position, velocitgnd/or force) of both
master and slave sides exchanged over communication chdan&herefore, di erent
sets of signals resulted in two, three, and four-channel &itectures.
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Two-Channel Architecture In two-channel architecture, only one signal is sent
via the communication channel to the slave side and vice varsBased on the type
of signal which is being exchanged between the master andvslaide, it has been
classi ed into four further categories.

1. Position-Position Architecture
In this architecture, position signals of master and slavera transmitted across
a communication channel, and Geortz rst implemented it in he 50's {13]. One
of its variants is position error-based architecture (PEBwhich transmits the
function of the position states of both master and slave overommunication
channel [L1d. In addition, both ends have their local position trackingcon-
troller, which ensures that the slave will track the master ranipulator [S€].
Some other well-known bilateral teleoperation algorithm$éased on position-
error-based architecture (PEB) are proposed by.f], [L19. The key benet of
these approaches is to provide the system with a sense of &feedback without
requiring any force sensor. Similarly, a slave tracking er can be used as feed-
back to the master instead of any force measurement signah &n ideal case,
there would be no tracking error transmitted to the master sie because the
slave is able to track the master perfectly, and hence no ermmmental forces
are perceived on the master's side. However, in real-time,etslave tracking
error would grow because of its contact with the environmentThis error is
translated as a force acting on the slave manipulator to theperator side.

Transparency analyses of position-position architecturare performed by £
and [10] to identify the shortcomings of this approach. The ndingsshow
that it does not provide a high degree of transparency even wh the slave
is in free motion. Thus, the operator still feels the additinal inertia in the
system that is not present. 103 found that force tracking is non-ideal when the
slave is in contact with the environment, which brings a semsof sluggishness
to the system. Hence, the drawback of this architecture is that exhibits poor
performance at hard contact.

2. Position-Force Architecture
In this architecture, the environmental contact force is s# to the master as
shown in Figure 2.2, and discussed by many researchersd, [50], [17], [189.

In [57], an impedance controller is used to transmit the re ectedofces from
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Figure 2.2: Schematic of position-force architecture $q

the slave to the master manipulator. To perform the trajectoy tracking tasks,

the slave is provided with all the master states informationsuch as position,
velocity, and acceleration. The control objective for the m@mster manipulator

is to provide a desired closed-loop impedance and apply the ected force.

Considering the case of free motion, there will be no additial inertial e ects

felt on the operator; hence, it provides a better sense of égresence 1[0.

In [8€], stability analysis is performed and notes that the feedle& loop gain is
proportional to environmental sti ness. It means when a sk makes contact
with sti surfaces, the system experience oscillations, vith can be minimized
by reducing the force-feedback gain. Acquiring force feedikarequires force
sensors which can complicate implementation, for instancadditional hardware

resources and increased costld. In addition, stability is often an issue in
this architecture due to noisy force sensor measurement, i is addressed
using feedback linearization technique to guarantee theaddility of a nonlinear

teleoperation system 174, [189.

. Force-Force Architecture

This architecture was rst introduced [46] in which only the forces of master
and slave are transmitted across a communication channel. h& framework
lacks coordination between master and slave positions due the absence of
position feedback §4].

. Force-Position Architecture
This architecture is used for haptic simulation systems andarely implemented
on real-time systems4].
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Three-Channel Architectures

As discussed earlier, two-channel architectures are prafeat due to their simplic-
ity [ 53]; however, not all two-channel CA are transparent, and achving the necessary
trade-o between stability and transparency is di cult. Th e three-channel control ar-
chitecture (3CH CA) has been proposed in the literature, aimg to provide increased
robustness against time delays with increased transpargnc59. In addition, 3-CH
CA o ers better optimal transparency than four-channel arbitecture in the presence
of time delays .17, [34]. In [12], transparency of 3CH CA is improved under time
delays by eliminating one of the position channels rather #n the force channels.
In [157], a type of 3CH CA has been tested for multiple robot con gurgons, known
as a multilateral teleoperation system. In 1], authors presented analyses of all the
3CH CA presented in 3], [55] based on passivity-absolute stability and impedance
bandwidth. It showed that it is impossible to guarantee the bsolute stability of any
of the 3CH CA for all sets of frequencies. Furthermore, a corapson of 3CH CA
with two-channel architecture is also reported in the liteature [4(], [14(. The 3CH
CA has been classi ed into four categories.

1. Position-Position Force Control Architecture (P-PF)
This architecture has already been used in medical appli¢an [11]. It is proved
experimentally that it has better delity [ 1(] over P-P and P-F CA. The archi-
tecture structure is shown in Figure 2.3. In [13], the author performed absolute
stability and transparency analyses using di erent teleoprator parameters on
P-PF architectures as shown in Figure2.3 (a).

2. Force-Position Force Control Architecture (F-PF)

In [13], the author did analyses in terms of absolute stability main and trans-
parency for the rst time. This architecture, as shown in Figue 2.3 (b), can be
derived from the Extended Lawrence architecture (ELA) by séing the force

feedforward controller on the master side to zero, i.eC; = 0. The author

carried out some simulation studies to visualize the chareistics of F-PF CA.

It turns out that this CA has a low stability margin, and the presence of time
delays and e orts to improve the stability margins will redwce the system's
transparency.

3. Position-Force Position Control Architecture (P-FP)
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This architecture is discussed ing3. It is a special case deduced from opti-
mized Extended Lawrence architecture (ELA) by applyingCe = 1 as shown in
Figure 2.5 In [17], the author considered impedance-impedance type master-
slave network for performing the absolute stability and trasparency analyses.
In addition, the study aims to test three-channel architeaire on the surgical
application, which normally requires low impedance and nggible time delay.
This architecture su ers from low stability and performane measure.

4. Position-Force Force Control Architecture (P-FF)
This architecture is derived from Extended Lawrence archecture (ELA) [57]
by setting force feedback gain (slave to mastef), = 0 as shown in Figure 2.5.
This architecture seems to have a satisfactory performangeterms of stability
and transparency, which is very close to 4-CH.{].

Four-Channel Architecture

In any teleoperation system, stability and transparency ar vital in bringing safety
and improving users' telepresence. However, the presenceaafommunication time
delay will make it challenging to achieve precise positiorracking and high- delity
force feedback. In literature, various techniques usingudochannel architecture as
shown in Figure 2.5, such as time domain passivity control3], [13(], [94], sliding
mode control (SMC) P9, [169 and disturbance-observer-based sliding mode con-
trol [159, are developed in the presence of time-varying delays, @en@inties, and
external disturbances in order to achieve good performantgg bilateral teleoperation
systems. Furthermore, the four-channel architecture is s implemented to control
the multilateral teleoperation to handle dangerous, unknen, and complicated tasks
remotely under time-varying delays in the communication @mnel. A novel frame-
work is proposed in 23, [85] to meet the demands of communication among multiple
masters and slave robots.

Control Schemes to deal with Time Delay

A number of control schemes have been proposed in the litena¢ that used either
two-channel or four-channel architectures as a baselined¢ounter time-varying delays,
model parameters, and environmental uncertainties, etc.



> Eae h{:)d—————:;— Remote task
T

(Environment)

Remote telerobot
(Slave)

-

F,

Communication
Link

Local Hand
Controller
(Master)

Vi

A Local Operator

g Zn [* (Human)

Figure 2.5: Four-channel lawrence architecture3{]

15



16

Time-Domain Passivity Based Control Schemes

In [13(], the author proposed an extended version of the time-donmgpassivity frame-
work using four-channel architecture. The controller cantabilize the teleoperation
system for constant time delays and in the presence of datas# The approach o ers
better performance in terms of transparency and other exisig time-domain passivity
architectures. In [L49, a new wave-based time-domain passivity approach is apgi
to a non-linear four-channel control architecture. This n& wave transformation will
help to enhance transparency while maintaining stabilityn the presence of time-
varying delays. The proposed scheme is validated on a 3-DOHetgperation system.
In [177], a time-domain passivity approach is proposed for a bilai@ teleoperation
system to deal with the instabilities caused by time delayshithe communication
channel. In [L5(, the authors used a neural network to propose a new 4-CH wave
based time-domain passivity control scheme to address theniinear uncertainties
related to the system's dynamic model. The neural network eates and eliminates
those uncertainties in the presence of time-varying delays improve the position and
torque tracking performances. In{7], a study is proposed to minimize the chattering
phenomenon due to time-domain passivity architecture. Thauthors introduced a
non-zero velocity threshold which will use adaptive dampg of the TDPA to miti-
gate the chattering while maintaining stability. The propsed method is validated on
a time-delayed bilateral teleoperation system. The signabw diagram of TDPC is
shown in Figure 2.6.

Prediction-Based Control Schemes

The concept of prediction-based control in bilateral telgmeration was proposed in
1957 to deal with delays in a chemical plant. The main idea befd the smith con-

trollers is to build a local model on the master side based ohé response from the
slave and the environment. The predictive model will help tadentify the remote

object, taking out the negative e ects of time delay. The bas concept of prediction

control is shown in Figure 2.7.

In most cases, prediction-based control schemes have beesigned to reconstruct
the slave robot and remote environment to help model the plaon the master side.
Various types of predictors have been used to identify the rdel of the master robot.
Some of the popular methods include the smith predictof {5, Kalman lters, linear
predictors [L4]], adaptive linear predictors, passivity-based predicter control [L29,
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[117], model predictive control P5] and neural network estimation 5. Other papers
in the literature predict other parts of the system, such astates of the master robot
[45], operator input [14€], or environment [L8(] only. There is also a growing interest
in combining passivity-based control with prediction-basd control. Using predictive
control will improve transparency, and wave variables ensel the system's stability

[164, [137, [29].

Disturbance Observer-Based Control

Disturbance observers (DOBs) have gained popularity in reat years to improve the
system stability and transparency in telerobotic applicabns (4], [], [9], [127, [8]],
[114]. Parametric and model uncertainties and nonlinearitiesan severely compromise
the system stability, which must be guaranteed at any cost.nladdition, disturbance
rejection capability is of critical importance while desiging any teleoperation system
to counter the unknown disturbance. A promising approach wid be to use nonlinear
disturbance observers (NDOBSs) to suppress those e ects. Thyeneral structure of
the DOBs is shown in Figure 2.8.

! Disturbance Robot

. Position and/or Velocity
— > cContoller ——pf S\ /O_[ _ and/or Acceleration
Desired N / <[
Trajectory

Estimated disturbance

Disturbance
Observer | g

Figure 2.8: Schematic of disturbance observer based contfdDd]

In [51], [154 a sliding mode control is combined with a disturbance obser for
trajectory tracking application of surgical manipulator. The proposed scheme will
compensate for the disturbances arising from uncertainieof the dynamic model,
frictional forces, and external interaction forces in the antrol law and eventually
enhances the robustness of the system. IA7], authors developed a new robust
adaptive nonlinear teleoperation system using an improvezktended active observer
(IEAOB), adaptive Smith predictor (ASP), and sliding mode catrol to mitigate the
time-delays and model uncertainties. The proposed schenim®aed robustness against
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robot inertial parameter variations, friction, unmodeleddynamics, and measurement
noise. In [L87], authors designed a bilateral controller for nonlinear teoperation
systems to deal with external disturbances. This new comgtes nonlinear bilateral
control method is proposed to regulate the nonlinear feedtlaand compensate for
feed-forward disturbances in position and force-trackingrror dynamics.

Model-Based Control Design

In the literature, various control schemes used the conceftased on master and
slave robot model dynamics. The controllers were built foreteoperation applica-
tions through this method including identi ed delayed datain their equation. It is a

di erent strategy a s compared to prediction-based contrah which time delay is com-
pletely ignored to preserve stability. The main challengesito accurately identify the

model of the system despite external disturbances, frictig, payload variations, and
parametric uncertainties. The desired outcome of the comller heavily depends on
accurate model identi cation. A linear dynamic model of thesystem can be written
as follow in Eq2.1: [189

MmnXm + BmXm + KnXm + ftm = fp+ fime 2.1)
MsXs+ BsXs + KsXs + frs = fo+ foc .

whereM; B; K are system mass, viscous, and spring coe cienk, X and x are the
robot end e ector's position, velocity, and accelerationThe nonlinear model can be
expressed using Lagrange's equation as follows in Eq:

Dm (Xm)xm"'cm (Xm)im))im"'Gm (Xm)+ffm =fh+ fine (22)
Xs

Ds(Xs) Xs + Cs (Xs; Xs) Xs + Gs (Xs) + frs = fe+ fgc

whereD is the moment of inertia, C is centripetal forces and Coriolis forces, anG
is the gravitational forces. The subscripim in the model represents the master and
subscript s represents the slave robot linear model.

Impedance Control

Impedance control is a typical model-based control techniguin which trajectory
tracking is desired to a contact force while considering theobot dynamics. Re-
searchers have combined impedance control with sliding medontrol to enhance
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robustness. In sliding mode control, a rst-order sliding rade surfaceS= e+ e is
de ned for telerobotic applications. The system slide alapthe designed surface by
rst approaching it and then staying on it once it is reached.e here represents the
error rate between master and slave robots. Several reséws have contributed to
the development of controllers in 124, [26], [2C], [9]], [97]. Matching impedance is
another form of impedance control used to improve system traparency, as discussed

in [96], [147.

H; Based Control

A telerobotic system in real-time will always be exposed tonknown external dis-

turbances such as noise from the sensors, etc. Eventuallgese disturbances could
destabilize the system even if the robot model is well-idargd with corresponding

parameters. Scholars have developed some robust controttonpensate for those un-
predictable external sources of disturbances by usity optimal control, as reported

in the literature [39], [14], [74].

Model Predictive Control (MPC)

Researchers have merged model-based control with predieticontrol and developed
a very powerful tool known as model-predictive control(MPE[27], [99], [179, [17],
[7¢]. In this method, the robot's internal dynamics are heavilyinvolved. In [144],
the authors proposed a modi ed version of the model predie® control scheme to
improve the robustness of the bilateral control system in # presence of time delays.
Lyapunov's method is also used to prove the system stabiljtgs in the case of model
base control.

2.3 State Convergence Architecture

State Convergence architecture presents an elegant and plenmodel-based control
technique to design controllers for bilateral teleoperain systems. This method uses
state space formulation of the master and slave robot, allamg the slave to follow the
master in the presence of communication time delays. This thed can also assign de-
sired dynamics behavior of the teleoperation systems. Thegsheme is originally used
for linear systems with either no time delay or minimal time dlays. Despite these
limitations, the SC method is worth investigating due to itssimplicity, modeling eas-
iness, and achieving desired dynamic behaviord, [77], [71], [L7]. Furthermore, the
SC method is also used to control the nonlinear teleoperaticystem. The literature
has also addressed various techniques such as Lyapunov thda5], [7C], [63], [64],
adaptive control theory P7], feedback linearization techniques/[], fuzzy logic, and
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neuro-fuzzy techniqueslic4], [169 to control the nonlinear-teleoperation-system using
SC method.
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Figure 2.9: State convergence control architecture]

Figure 2.9 shows the state convergence architecture. Operator forceprovided to
the slave manipulator through the matricesG, and Rs, which are unknown param-
eters. Slave tries to mimic the master motion commands whilateracting with the

environment. The model of the remote environment consistd eti ness ke and vis-
cous friction b,. The reaction forces from the slavé&s and force feedback gaitk; are
transmitted back to the master via theR,, matrix. Ry, is known due to the prior
knowledge of the remote environmental parameters. The stifibing gainsK ,, and K 5

of the master and slave robot are unknown parameters. Tha 31 unknown parame-
ters are to be determined through a solution of a set of follamg design equationsi3,

which will help assign desired dynamic behavior of the telperation system.
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Bi B2=0;A1n Ax+Ap Axp=0

. N o ) . (2.3)
jsl (A + Ap)jjsl (A Ag)j = jsl + Pjjsl + Q]

where matricsP and Q are the desired slave and error poles while other entries are
as follow [34]:

A1 = As+ BsKg; Az = BsRs; A2i = BmRm Ao = A + BnKny

(2.4)
B1= BsGy; B2, = By

Considering small time delays in the communication channethe matrix entries in
Eqg 2.4 are replaced as:

(2.5)
Where matricesS and M can be determined as:
S= | TByRmBsRs ;M= | T2BRBnRm (2.6)
Variants of State Convergence Architecture
Transparency Optimized SC Method : Transparency-optimized state conver-

gence is developed to enhance the transparency of bilatetgleoperation systems in
the presence of time delay. The modi ed version of state coergence aims to re ect
full environmental forces to the operator and achieve desnl dynamic behaviour si-
multaneously, which is a bit challenging. This problem is i ed by limiting the
allowable range of time delay and closed loop behaviout]. The block diagram of
the transparency-optimized state convergence is shown ingre 2.10

SC Method for Unknown Environments: The state convergence method initially
used a known environmental model to compute the telerobotgystem's control gains.
In [6€], the authors proposed a modi ed version of the state convggnce architecture
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to address the limitation of using it when the environment'snodel or parameters are
unknown. In this version, 31 + 2 control gains are needed to control a telerobotic
system modeled by a pair ohth order linear di erential equations. The detailed
design procedure to compute the gains is refereed ta], [6€]. The modi ed version
is shown in Figure2.11

Fuzzy-based SC Methodology: In [37], a Takagi-Sugeno (TS) fuzzy model is
used to design a state convergence (SC) based bilateral gotler for a nonlinear
teleoperation system. In this method, master and slave sgshs are represented by
TS fuzzy models. The use of appropriate fuzzy control law me& it capable enough
to control and impose the desired dynamic behaviour of the leoperation system
in the presence and absence of communication delays usingesteonvergence. The
proposed scheme as shown in Figu?el 2is validated in MATLAB and compared with
the existing linear scheme. Using this scheme, there is no dde design a Lyapunov
function to prove the system's stability.
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Figure 2.11: State convergence control architecture for un&wn environments
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2.4 Control Architectures for Multilateral Teleoperation Syste m

The literature on bilateral teleoperation systems is richand many researchers have
investigated several algorithms and architectures to addss and improve such sys-
tems' stability, transparency, and performance measureslhe extended versions of
these existing architectures to cover the case of multilat teleoperation systems
have also been reported in the literature. A passivity conti scheme based on the
wave variable method 47] has been extended to control dual master/single slave sys-
tem [2]] to perform a therapeutic task. It empowers the therapist tgperform remote
therapy for patients located at distant locations. In anotler study [37], the wave
variable approach is used to control the multilateral telgmeration system. In this
control scheme, the authors proposed an architecture with wave node that con-
nects multiple wave variables transmission lines and a foutation to realize the wave
node. In addition, wave integral error feedback is used to mpensate for the posi-
tion drift due to time-varying delays. In [24], [155, a novel multilateral teleoperation
framework is proposed to control n number of slaves through mumber of masters
remotely. A time-delay compensator is built using the waveransform method and
four-channel architecture to handle the communication anmg multiple masters and
slaves in the presence of time-varying delays. Furthermgréne time-domain passiv-
ity concept primarily used for bilateral teleoperation syfems is extended to control
multilateral teleoperation systems §4], [17], [13] such as multi-master/single slave
(MM/SS) [ 10]], dual-master/dual-slave B7], and multi-master/multi-slave (MM/MS)
teleoperation systemsi2d. The use of disturbances observers to estimate the envi-
ronmental forces is proposed inlpD7.In [107], the concept of model decomposition is
used to design a multilateral teleoperation system. A posin and force control of
master and slave is integrated into the acceleration dimeins based on the distur-
bance observer. This type of control is very important in humn adaptive mechatron-
ics. In [33], a novel control design is proposed for a multilateral tetgeration system
to solve the problem of motion integration of di erent DOF ard structure through
the use of spatial mode coordinate systems. I/, a novel passive four-channel
architecture (PFCA) is designed to ensure the system's stdity independent of time
delay. The scheme is tested on dual-master/single-slavedasingle-master/dual-slave
systems. Similarly, other techniques such a&$; optimization, adaptive control [1L84],
sliding mode control [L.64 and intelligent control [148 are used to control multilateral
teleoperation systems.
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Extension of SC Architecture For Multilateral Systems:

An alpha-modi ed version of the standard state convergencedritecture is developed
for a single-master/single-slave teleoperation system.his method is then extended
to control a multi-master/multi-slave teleoperation sysem as shown in Figure2.13
The proposed multilateral controller is able to controlk -master/l -slave nth order
teleoperation system and requires the solution ofk + I)+( n+1) kl design equations.
The controller gains will ensure the synchronization df-master andl-slave systems
in a desired dynamic way 9.

2.5 Summary

In this chapter, various control schemes and architecturder bilateral and multilat-
eral teleoperation systems have been presented. Initiallyarious control architec-
tures were discussed to give an overview of all the availaldechitectures to control
the time-delay and delay-free teleoperation system. Cowmlr schemes such as time-
domain passivity-based approaches and predictive contraldaptive control, etc., were
discussed. Shortly after describing these control schemasgoncept of disturbance
observer-based control was introduced to counter parametruncertainties and un-
known disturbances while designing a stable teleoperatiesystem. Model-based con-
trol designs were also presented and analyzed the stability the system considering
the master and slave robot model dynamics. This approach'sajor challenge is ac-
curately identifying the system's model. Other approacheare also presented, such
as impedance, robustness, and model predictive control. @l schemes related to
the multilateral teleoperation framework are also introdaed. Finally, the state con-
vergence method, a novel architecture to control a bilaterdeleoperation system, is
discussed. Some variants are also developed to enhancegpamency and extend their
capability when the environment's model or parameters of thbilateral teleoperation
systems are unknown. Tabl€.1 and Table 2.2 compare di erent model-based and
model-free control architectures for bilateral teleopet@mn systems.
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Figure 2.13: Proposed extended state convergence architeetfor k -master/ | -slave
systems (¢



Table 2.1: Model-based teleoperation control approachesi|]
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Model-based Control Scheme

Criteria WV/S TDPA/C MMT SC

Input vari- | Force and ve-| Velocity, force, | Position, Operators

ables/ in- | locity signals | and required | velocity, accel- | force, position,

formation are linearly | amount of | eration, force, | and velocity
transmitted transformed energy dissi-| and remote | signals [/3]
wave-variables | pated [137] environment
(uandv) [117 parame-
ters [177]

Feedback sig-| Force feedback| Exchange of| Non-delayed Position and

nals signal for force | energy be-| force feedback| velocity  sig-
rendering [47] | tween the two | signal [L7(] nals

end ports [1L37]

Model type Di erential Discrete mod- | Transfer func- | Linear state-
equation- els wherein the | tion, multi | space model
based models| energy ow is | DOF models
are used computed in

real-time

E ects of | Presence of| If the obser-| Due to com- | Dicult to

model errors wave  reec- | vation period | plex modeling | get the exact
tions decreases is longer than | environments | model of the
the usefulness| the width of | and conned | system
of this ap- | time intervals, | resolution of
proach then the data | sensors

set becomes
very large

Stability un- | Passive for| Passivity is | When the | Small time de-

der time-delay | xed time | regulated by | estimated lays can aect

case delay [L17, | PO/PC union model matches| the system's
energy  dissi- the remote | stability [ 6]
pated from environment
time-varying structure [17]]
gains B9

Performance Performance Transparency | Improved Pre-assigned

criteria in the | deteriorated under  time- | performance performance

presence ofl due to large| varying delay | guaranteed by user

time delay time delays is aected by | due to locally

a passive leak

updated mod-
els
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Model-based Control Schemes

Criteria WV/S TDPA/C MMT SC
Robot Dynam- | Independent Depends  on| User-centered | Modeling
ics of master and | the tuning | dynamics uncertainties
slave  model| of damping are improved
parameters parameters using dis-
and delay size. turbance
observers
Position Con- | Position track- | Achieved when | Greatly af- | Achieved using
vergence ing improved | all the system | fected due to| control gains
using the Lya- | parameters are| model mis- | computed
punov method | known match through design
equations

Table 2.2: Model-free teleoperation control approaches//]

Model-free Control

Criteria

NN-based

Fuzzy-based

Input variables

Variables such as (Position, ve-
locity, and acceleration) are
weights v; from the hidden layer
to the output layer [ 153

Vector space & = [X1:::Xn]"
also called linguistic variables

Feedback sig-| Estimated environment values| Environment/slave displace-
nals We ment, velocity, and acceleration
Model type Mathematica,bmodel of neurons| Human reasoning/ linguistic
in y(t) = =1 ViXj (1) + vo | rules (if-then)
[56]
E ects of | RBFNN method takes care of| System errors are reduced by in-

model errors

system uncertainties, tracking
errors and force feedback errorg

[153

troducing adaptive neural meth-
ods

Stability  un-
der time-delay
case

NN-based controllers are robust
to external disturbances and un-
modeled dynamics [7]]

Membership functions are used
to maintain system stability un-
der unknown time-delay [123

Performance
criteria in the
presence of
time delay

Transparency is a ected due to
the time-varying nature of envi-
ronmental dynamics

A ected by time-delay

Robot Dynam-
ics

Used to approximate unknown
system/robot dynamics along
with environment dynamics

Modelling issues are improved in
Type-2 fuzzy models

Position Con-
vergence

Desired slave and master posi-
tion is converged using slave tra-
jectory creator

With the help of adaptive laws,
position convergence is achieveq

[153




Chapter 3

An Enhanced State Convergence Architecture Incorporating
Disturbance Observer for Bilateral Teleoperation Systems

In order to bilaterally control an n"-order teleoperation system modeled on state
space, state convergence methodology provides an elegaay vo design control gains
through a solution of 31+1 equations. These design conditions are obtained by allew
ing the master-slave error to evolve as an autonomous systamd assigning the de-
sired dynamic behavior to the slave and error systems. Thertgooller, thus obtained,
ensures the motion synchronization of master and slave sgsts with adjustable force
re ection to the operator. Although simple to design and easyo implement, the
state convergence method su ers from its dependence on mbgdarameters. Thus,
the controller's performance may degrade in the presencepaframetric uncertainties.
To address this limitation, we propose to integrate an extated state observer in the
existing state convergence architecture, which will compsate for the modeling inac-
curacies by treating them as a disturbance and providing thestimates of the master
and slave states. These estimated states are then used to stomct the bilateral
controller, which is designed by following the method of sta convergence. In this
case, & + 2 additional design equations are required to be solved tax the observer
gains. To validate the proposed enhancement in the state amrgence architecture,
simulations, and semi-real-time experiments are performidn MATLAB/Simulink
environment on a single-degree-of-freedom teleoperatisystem.

3.1 Review of State Convergence Architecture

State convergence architecture/f], shown in Figure 3.1, establishes a bilateral con-
nection between the master and slave systems which can beresented byn™ order
linear di erential equation and modeled on state space as:

Xz = AzXz + BzU; (3 1)
Yz = C;X;

31
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where, subscript 2' is to be replaced with ' for the master system and with $' for
the slave system. Various matrix entries in Eq3.2) are given as:

x=4dx +Bu X
W= Csxs

Ko

Figure 3.1: State convergence architecture J|

2 3 2 3
0 1 0 0 0
0 0 1 0 0
A; = Bz =
(3.2)
0 0 0 1 0
h azo az1 ?22 dzn 1 sz

C;= 100 0

Marious parameters fqrming the state convergence architace are de ned as:Kny =
Km1i Km2 kmn IS the feedback stabilizing controller for master systeni ¢ =



33
h [

Ko + ke koo + 1 ks, is the feedback stabilizing controller for the slave sys-
tem which also includes the stiness Ke) and dgmping () terms of the environ-
ment to counter the environmental forceR,, =  kike kiho 0 transfers the
scaled e ect of slave's motion to the master system as the giinteracts with the
gnvironment where; scaling is achieved through the force éiack gain k), Rs =

rs1 Is2 rsn transfers the e ect of master's motion to the slave system,nal
G.is the force transmission gain from the master to the slavestgm when the operator
exerts a force F,,) to move the master system. Of these parameter&,; K,; Ks; Rs
are unknown and found through a solution of 83+1 design conditions, as described
in appendix A.

Remark 3.1. State convergence scheme employs the model parameters in(¥EQ)

for the design of control gains. In practice, parametric uncertainties cannot be avoided
and may degrade the performance of the controller. The e ect of these uncertainties
has been numerically evaluated on the performance of the state convergence controller
in [73], [160. It is found that the bilateral controller is quite robust to more than
50% variations in the model parameters. However, the e ect of these parametric
uncertainties has not been explicitly considered during the design phase of the scheme
which has motivated us to perform this study. Note that operator and environment
force estimation will not be undertaken in this study.

3.2 Proposed Enhanced State Convergence Architecture

In order to deal with uncertainties, we propose an enhancednrsion of the state
convergence architecture, shown in Figurd.2, where extended state observers are
used to estimate the uncertainties present in the master anglave systems. These
observers also provide estimates of the master and slaveteyss' states. The distur-
bance and state estimates are then used to form the bilateradntrol law. We proceed
by considering the following nonlinear model of the mastee & m) and slave ¢ = s)
systems:

Xz2

H
1

Xz3

RS KS
I

(3.3)
n = f2(Xz)+ bu,
Yz = Xz

R
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Xze1 = Xze2
Xze2 = Xze3
(3.4)
Xzen = Xze(n+1) T ByU;
Xzen+1) = Nz
Yz = Xze1

In Eq (3.9, f, is considered to be completely unknown and will be estimatday
using the disturbance observer along with other systems'ates. To this end, we rst
rewrite Eq (3.3) by considering the disturbanced, = f, as an additionaln+1" state.
Note the slight change of notation in Eq 8.4) where subscript €' is added to denote
the extended system. Further, the time derivative of the disrbance also appears in
Eq (3.10 i.e., h, = d,. Before further development, we write systems in Eq3(3) and
Eq (3.4) in compact form as in Eq 8.5 and Eq (3.6):

Xz = AzXz + BolU; + Ezdz (3_5) Xze = AzeXze + Bzelze + Ezehz

v, = CX, Vo = CoXae (3.6)
where,
2 3 2 3 2 3
010 0 0 0
EO 01 0 E 0 EO h i
A; = B, = 1B, = C;= 100 0
0 0O 1 0 0
0 0O 0 b, 1
(3.7)
2 3 2 3 2 3
01 OO0 0 0
E 0 01 OO0 E 0 E 0
A = ;Bze = : yEze =
00O 10 0 0 (3.8)
0 0O 01 b, 0
h 00O 0 Oi 0 1
Cie= 100 00
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Figure 3.2: State convergence architecture incorporatingstiurbance observer
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Considering the virtual extended system of Eq3 6), we construct the real extended

observer as:
ﬁze = Azekze + Bzeuz + LZECZE (Xze kze)

3.9
¥, = CreRyze (39)

In Eq E3.9), %,e are the estimated statesieTtndze is the observer gain given as

Lze= Lt lzeo lie3 l,en lzen+1y - LEtus de ne the observer error for the

master and slave system as:
€0 = Xze Rze (3.10)

Observer error dynamics can now be written using EQ(6), Eq (3.9) and Eq (3.10

as:
€0 = (Aze LzeCse) €0+ Ezeh, (3.11)

We now construct the bilateral state convergence controli@ising estimated states as:

1
1
US = _kse(n-f_l) + Ksks + Rskm (t T) + Gsz (t T) (3.13)

b

By plugging Eq (3.12, Eq (3.13 in Eq (3.5 and using Eq @.10, Eq (3.1]) and
noting BZ/bZ = E,, closed loop augmented slave-master system is found to be:

n #" # mn #II # mn #" #

Il A Xx - Air A Xx + A Al €ma +

Az | 2>Sm 3 Axr Ay Xm Axe Ao €m1
n # h n #

0O A B
Qb SR,
Ay O B,
h
(3.14)

where,A11a = As + BsKs, A1z = BsRs, Azia = BmRm, A22a= A + BnKn,
Aige = BKs Es A= TBsRs 0 (Ame LmeCme) BsRs 0

Aoge = TBhnRm O (Ase LseCse) BnRm 0 A= BnKm En
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Aix = TBsRs, Aoyt = TBnRm, Aion = TBsRs 0 Epe,

Ayin= TBmRm 0 Ese B1= BsGy, andB; = By,.

h [
By pre-multiplying Eq (3.14) by the inverse of matrix | Aix ; A,y | and
combining the resulting expression with the observer dynaos in Eq (3.11), we have:

2 2 32 3 2 2
Xs A1n A Az Au Xs En E12 " #
g Xm g Az1 Az Az Az %E % g le % g Ea1 E22 % hs
€so 0 A34 E31 hm
0 A44 0 E4z
(3.15)

A1 = AitAua t A2Azia, Az = AitArza + Ai2A2a, A1z = AitArze + Ai2Azie,
A1s = AitArze + Ai2A2ze, A21 = AizAriat AisArza, Az = AizArza + AigAzza, Az =
AizArtet AigAzte, Aza = AizArzet AigAzze, Aza = Ase LseCses Aga = Ame  LmeCies
B11 =Ai1B1 + Ai2B2, Bar = AisB1 + AiuB2,E1r = AizAoin, E12 = AitAsn, E2r =
AisAzin, E22 = AizAron, B3 = Ege, B2 = Eme, Aix =1 + Agx Aox, Az = Aga,
Aiz=  Au, Az=, =( | AyAix) *. Following the method of state conver-
gence, we replace the master system ia.(5 with the slave-master error system. To
achieve this, we introduce the following linear transforntan:

2 3 2 32 3
Xs I 0 OO Xs
[ I
€so O 0 1 0 €50
€mo 0O 0 OI €mo

The time derivative of Eq (3.1 in combination with Eq (3.15 yields the following
augmented system:

2 2 32 3 2 3 2 3
Xs A1 A Az Au Bi11 Eun Ein _. #
E Xe g Ao Az Az Az %E % g B21 %Fm +§ B2 En hs
€s0 0 Ay 0 E;; O hm
0 A”44 0 0 Ep
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whereA ; = A+ A A2 = AAiz = A A= A Ao = A Azt Ap
A2,AR22= At AR = A1z A2,A2= Aus A2,Az3 = Asz3,Ass = AguBrl =
B11,B21 = Bix Boi,Enn = En,Eip = BB = Enn E2Ep = B ExEzp =
Es1,E4 = E4. By eliminating the e ect of the slave system's states and agrator's
force on the error system in Eq.17), we obtain the followingn+1 design conditions:

A21=0;B21=0 (3.18)

Note that the e ect of observers' errors is ignored on the slavmaster error system
as fast dynamic behavior will be assigned to the observers.uriher, the e ect of
disturbance terms is not considered in the design phase whican be associated
with the slow varying nature of the disturbance 4], [75. Now, by comparing the
characteristic polynomial of the augmented system in Eq3(17) with the desired
polynomials, we have:

sl Ay =s"+p, 1S" T+ i+ pis+ po
sl Ay =s"+q, " T+ i+ s+

(3.19)
Sl Agy =S"+7r, 18" T+ i+ S+ 00

Sl Ay =S+ w, 18" T+ o+ wisH W

In Eq (3.19, pi; g;ri;w; are coe cients of the desired polynomials for the slave, eor,
slave observer and master observer systems, respectivélyg.(3.18 and Eq (3.19 form
together a set of B+3 design conditions which can be solved to nd 8+1 unknown
controller gains G;; Kn; Ks; Rs) and 2n+2 unknown observer (s; Lme) gains of the
enhanced state convergence scheme.

3.3 Simulation Results

In order to validate the proposed disturbance observer-bed state convergence con-
troller, we perform simulations in MATLAB/Simulink environ ment by considering a
single-degree-of-freedom master and slave systems as:

Xz1 = Xz2

Xz2 = f2(Xz) + Uz (3.20)

f,= @ausin(Xz) axXp+(b 1)u;
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Thus, we have the following model for the design phase:

. . 2 3 2 3
0 1# 0# 010 0

A, = . B, = . ‘Ae=200 15:Be=91& (3.21)
000 0

We assume various parameters of the teleoperation system[ag]:
an1 =1:aym =7:1429
as1 = 0:5 a5 =6:25

(3.22)
bn =0:2656h, =0:2729T =0:2s
ki =1;ke =20Nm=rad; b = 0:1Nms=rad
Further, we select the coe cients of polynomials in Eq 8.19 as:
Po=2;p1 =15
p=64;0 =16
ro = Wo = 27000 (3.23)
r = wy;=2700
M= W, = 90

Now, by solving the design conditions1[/q and [L1], we obtain the controller and
observer gains as:

h [ h [
G, =1:3436K, = 4040 1140 ;Ks= 154079 207101
h I h 7 (3.24)
Rs= 7:9981 18524 ;Lye = Lse= 90 2700 27000

Note that control gains Ky in Eq (3.24) contains the environment information also,
as pointed out in section3.1. In the absence of such information, a steady-state
error will exist between the master and slave positions asdtlslave interacts with the
environment. We now perform simulations of a time-delayedamlinear teleoperation
system under the control gains of Eq3.24), and the results are depicted in Figure
3.3 Figure 3.4, Figure 3.5 It can be seen that disturbance is well-estimated by the
observer, and the slave is following the master system. In d@itlon, environmental
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force is also re ected to the operator whose amount can be adjed through the

coe cient po.
Disturbance Estimation
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Figure 3.3: Disturbance estimation

Comparison of Proposed Scheme with RBFNN

In order to show some advantage of the proposed scheme, a cangon has been
made with a recently proposed tele-controller based on radlibasis function neural
network (RBFNN) [35]. For the sake of completeness, we mention the RBFNN based

control laws here:

u, = l,s, + W,h, (x,) + ,sgn(s;) ,;z=m;s
S;, =6+ Kk,e;z=m;s (3.25)
W, = Ls,h,(x,);z=m;s

z
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Comparison of DOB-SC and RBF
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Figure 3.6: Comparison of proposed scheme and RBFNN

By using di erent parameters of RBFNN controllers as:

m= s=0:25

m= m=0:05

Im = Is =15;Kky, = ks = 15;
f =0:025sat= 0.05n=5
h =05C= 1:05:1
M, =1;C, =4,G, =4;

(3.26)

We simulate the same time-delayed telerobotic system undere control of Eq (3.29.
Various states recorded in Figure 3.6 depict the position error between the master
and slave systems yielded by both the proposed and RBFNN contess. It can be
seen that the proposed controller o ers better transient pgormance as compared to
the RBFNN controller for the same nal master position. Howeverthe proposed
controller is only valid for constant time delays.
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3.4 Experimental Results

Finally, we perform some semi-real-time experiments in QUARGiIimulink environ-

ment using the geomagic haptic device. To this end, the haptidevice is oper-
ated along the x-axis to generate a varying time force for th&eleoperation sys-
tem running in the Simulink environment. This force is govered by the relation

Fm (1) = kop (Xop (t)  Xo). Here, the scaling factor is assumed to e, = 5 while the

operator's position op) lies in the range [01; 0:2] which corresponds to the motion
of the link between points '2' and "8' on the cardboard, as sha in Figure 3.7 and

Figure 3.8 The proposed controller parameters are presented in Tabbel

OMNI Applied MATLAB

Force

P Master
System

Reflected
Force

Slave System
+

Environment

PC

Figure 3.7: Experimental framework: layout

Further, the Simulink model is designed such that the re e@d force, as generated
by the proposed controller, is also directed to the haptic dece. In this way, the
loop is closed around the operator as he will be able to feeletlslave's interaction
with the environment. Now, by using the control gains of Eq3.24), the nonlinear
time-delayed teleoperation system is run under the contralf the haptic device, and
the results are shown in Figure3.9, Figure 3.10and Figure 3.11

It can be seen that the observer has remained successful itireating the distur-
bance and the observer-based controller has establishece tbonvergence of master
and slave states. Further, environmental force is also felty the operator. These
results suggest that the proposed methodology has indeechanced the capability of
state convergence architecture to deal with uncertain nankar teleoperation systems.
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Disturbance Estimation
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Figure 3.9: Experimental results: disturbance estimation
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Figure 3.11: Experimental results: control input torques ashforce re ection behavior

Controller Simulation in MAT- | Semi Real-time
LAB/Simulink QUARC/Simulink
System 1-DoF (Master/Slave) | 1-DoF (Master/Slave)

Operator Force (N)

0.5 (constant)

Time-varying force us-
ing Omni Bundle

Environment Sti ness

ke (Nm/rad) 20 20
Environment Damp-

ing b, (Nm/rad) 0.1 0.1
Feedback gainK¢ 1 1
Scaling factorK o 0 5
Time delay (Sec) 0.2 0.2

Table 3.1: Proposed controller parameters for simulationna semi-real time experi-

ment

3.5 Conclusion

This chapter introduced an enhancement in the state convexgce architecture for bi-

lateral teleoperation systems through the use of disturbae observers. The proposed
scheme suggests treating uncertainties in the master and& systems as disturbances
and employing extended state observers to estimate them.a® convergence control
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laws are then updated with these estimates. Closed loop stitly of the teleoperation
system is nally established by following the method of sta convergence. To vali-
date the proposal, simulations and semi-real-time experants are also performed in
MATLAB/Simulink environment by considering a single-degre-of-freedom nonlinear
time-delayed teleoperation system. Future work involvesesigning and integrating
the operator and environment estimation laws in the proposeframework with the
consideration of time-varying delays in the communicatiochannel.



Chapter 4

Disturbance Observer Supported Fuzzy-Model-Based
Bilateral Control Architecture

This chapter presents a disturbance observer-supported Kegi-Sugeno (TS) fuzzy
model-based control scheme for uncertain systems. The Hasecontroller is a guar-
anteed performance fuzzy-model-based parallel distritad controller (PDC) con-
structed using the nominal system's parameters. The modepjroximation error

and parametric uncertainties are treated as a lumped distbance and a nonlinear
disturbance observer (NDOB) is introduced to counter the luped disturbance. The
applicability of the proposed scheme is demonstrated in thieilateral control of a

nonlinear teleoperation system in MATLAB/Simulink/QUARC environment through

simulations as well as semi-real-time experiments.

4.1 TS Fuzzy Modeling

Consider an a ne n' order single input single output (SISO) nonlinear system as

(4.1)

Xp = fa(X)+g(x)u+ f(x)+ g(xu

wheref, (x) and g, (x) are nonlinear functions with nominal system parameters vile
f(xX)=~1(x) fro(X), g(x)=09(x) g,(x)representthe respective uncertainties.

An °r' rule TS fuzzy model of nonlinear system in Eg4(1) can be constructed as:

X3 = X2

X2 = X3

_ (4.2)
P P

Xn= i hi(@ (4 ax +hbau+

48
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P
whereh; (z) is normalized ring strength of i™ fuzzy rulei.e.h; (z)= i (2)/ ., |
and ;(z) is determined as minimum of the degrees of membershipsm{x) (j =
1;2;::5;1) in fuzzy setA; for the iMruleie. ((2)= Ai(z) Aiz(z) i A ().

Note that z (x)(j =1;2;:::;1) is a scheduling variable. In Eq 4.2), contains the
modeling error and uncertainties as:

= 100+ GMOOW (0 T ax b+ OO+ 90w

(4.3)

In Eq (4.3), the rst term on the right-hand side is the model approximdion error
while the second term includes parametric uncertainties.

4.2 Integrated NDOB TS Fuzzy Controller

We integrate an NDOB with a baseline TS fuzzy PDC controller of36]. This PDC
controller provides the desired closed-loop performanceg imtroducing time-invariant
coe cients. However, parametric uncertainties are not conidered in the design proce-
dure. To address this limitation, we propose to integrate aNDOB that can estimate
the lumped disturbances and ensures robust closed-loop feemance. NDOB-based
fuzzy PDC controller is proposed as:

X g
u= | hi(z)' %xj (4.4)

(4.5)

n

P P
— i=1 hi (Z) j=1 aj Xj + biu

In Eq (4.4), the denominator part of the control law, i, is a known nominal plant
parameter while the numerator part,d; is to be designed against a desired closed-loop
performance. In Eq €.5), is a negative constant whose magnitude can be selected
to be su ciently large. By substituting Eq ( 4.4) in Eq (4.2), we obtain the closed
loop system as:

X3 = Xz

X2 = X3 (4.6)

. P r P n

Xp = iz Ni (2) oy (dj +35)X + e

In Eq (4.6), . is the disturbance estimation error:



50

e = (4.7)

Let ¢;j = 1;2;:::;;n be the coe cients that do not depend upon the time-varying
membership functions, i.e.:

G =4 +a;j=1,2:n (4.8)

By substituting Eq (4.8) in Eq (4.6), we obtain the di erential equation representation
of the closed-loop system as:

XM+ ex™ D+ it ox+ ox = (4.9)

Now the coe cients ¢;j =1;2;:::;n can be chosen according to the desired dynamic
response, and the fuzzy implemental gains can then be detemed using Eq @.9).
Eqg (4.9 implies that regulation error is governed by the estimatio error of NDOB.
Thus, bound on the estimation error translates to the perfenance of the fuzzy PDC
regulator. Estimation error dynamics can be written as:

o= ot (4.10)

Provided that disturbance and its derivative are bounded ak k 1 = 5, We
can nd a bound on the disturbance estimation error as inl34:

Z t
e=€ ot el ) () (4.11)
Z t
" 1et + n 5 e (t S)ds
0 (4.12)

ll2
=" et+ <= et 1

4.3 Application to Bilateral Teleoperation

Bilateral teleoperation is a key framework to allow human iteraction with a remote
environment by providing the force feedback present in themote environment. Over
the decades, many algorithms have been proposed to improte time delay present in
the communication channel, uncertainties related to the eironment, and modeling
errors, and improve decision support mechanisms1[], [14].
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Consider a single-degree-of-freedom teleoperation systas:

Jn’m+ Bmm + Mpglysin = up

. (4.13)
Js®s+ Bs—s+ mgglssin s = us

Let the state variables bex; = ;x, = — By selecting the scheduling variable as
Z = sin(X;=X;) and using the nominal system parameters, a two-rule TS fugznodel
of a system described by Eg4(13 is constructed as:

Xm1 = X
(4.14)
Xm2 = i2:1 hmi (Zm) mm;milmn Zmi Xm1 Ijnn:: Xm2 * ﬁum T m
Xs1 = Xsi:)
(4.15)
Xs2 = i2:1 hsi (zs) %Zsixsl is: Xs2 + ﬁus + s
The degrees of memberships in Edt (14 and Eq (4.19 are computed as:
(
1 X1=0
1=,
Zmax rT;rrlwin ' X1 6 O (416)
2(2)=1 1(2)

where minimum value of the scheduling variablezf,;, = 0:827) corresponds to the
link operation aroundx; = /3 while maximum value (znax = 1) corresponds to the
operation aroundx; = 0. The de nition and numerical values of di erent master ard
slave systems' parameters in Eq4(13 - Eq (4.19 are provided in Table4.1.

To establish bilateral communication between the master ahslave systems, the
method of state convergence is used and proposed NDOB fuzzy®egulators are
deployed on both sides, as shown in Figurel Observer-based control laws for the
master and slave sides are de ned as:

G G X .
i=1 j=1 j=1
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(A _ y
m= m m r&Z
(4.18)
M= m Am i2=l hmi mm;malmn Zmi Xm1 ?HT: Xm2 + ﬁum
Table 4.1: Numerical values for fuzzy controller parameters
No | De nition of Master/Slave Param- | Actual Nominal
eters Value Value
1 | Mass of master link (kg) mm = 2.2 My, = 2.0
2 Length of master link (m) lm = 0.35 lmn = 0.5
3 Inertial of master link (kg-m?) Jn, =0.0898 | J,,n =0.16
4 | Viscous friction coe cient of mas- | B, = 5.2 Bmn =5.0
ter link (Nms/rad)
5 | Mass of slave link (kg) mgs =7.8 ms, = 80.
6 Length of slave link (m) ls =0.75 lsn = 1.0
7 | Inertial of slave link (kg-m?) Js=1.4625 | Jg, = 2.6
8 | Viscous friction coe cient of slave | Bs = 10.5 Bsn = 10.0
link (Nms/rad)
9 | Acceleration due to gravity (m/s?) | g =9.8 g=9.8
X2 X2 X A
Un = Jsn hi (z,) dsij Xnj + I'sj Xmj t T)+ Fn(t T) Jsn's (4.19)
i=1 i=1 i=1
(A y
s~ s S SI%
N , (4.20)
s~ s As .2=1 hsi ms?gl | Zni Xs1 JBn TXn2t 37 —Us

The de nition of various parameters in these control laws isncluded in Table 4.2
With the help of the above control laws, closed-loop master drslave systems are
computed, and time-invariant coe cients are introduced, & described above:

Cmj = Omi amij ;G = dgj Qg (4.21)
where a;; = mygl,z/J, and a, = B,/J,. The resulting closed-loop master and
slave systems are now in a suitable form for the method of séatonvergence to be
applicable. Interested readers are referred taG(], [167] for details on this bilateral
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scheme. To determine the control gains of the scheme incladithe NDOB-integrated
fuzzy PDC regulators, the following design conditions nedd be solved:

R Imn + Trmz)  [@sn+ Trs2) =0 (4.22)

(Jmn + Trmz)(rsl + Clesn) (an + Trsz)(rml + leJmn) =0 (4-23)

(Jmn + Trm2)(r52 + CSZ‘]SI']) (an + TrsZ)(rmZ + c;mZJmn)

(4.24)
T (Jmn + Trm2) rsa+ T (an + TrsZ) rm1=0

Jmn (rsl + JsnCs1 TrsZle) + P JmnJsn Tzrmzrsz =0 (4-25)

JmanZ TrsZrm2+ JanSI’ICSZ TJmn ls2Cm2 TJmn r51+T2r52rm1 (4 26)

+ P2 (ImnJsn Tzrmzl’sz) =0

(Jmn + TrmZ) Is1 Jmn (‘an + TrsZ) Cm1 G Jmn an TzrerSZ =0 (4-27)

(Jmn + Trmz)(rsz Trsl) \]mn (\]sn + Trsz) Cm2 qz('-]mn an Tzrmzrsz) =0

(4.28)
Table 4.2: Parameters of fuzzy state convergence scheme
No | Parameters Description
1 | Fn Operators force
G, h i Force feed-forward gain
Rn= TImi fmo Force feedback gain vector
M1 = Kf Ke;Tm2 = ikf o
4 | Cpy :h Cn1 Cmp Stabilizing gain for the master
5 | Cs= G1 Cs2 : Stabilizing gain for the slave
D 1= d d .
6 MMt Mz Fuzzy implemental gains for master
Dm2 = h Om21 dmziz
D 1= d d .
7 N Fuzzy implemental gains for slave
Ds2 :h ds21 dlszz
8 |Rs= rg rg E ect of master's motion in slave

9 | T Time delay of communication channe
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Figure 4.1: NDOB based fuzzy-model-based state convergenoatmller for bilateral
teleoperation system
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4.4 Simulation Results

By assuming the sti ness of the environment ag, = 5Nm=rad with ki = 0:1 and
selecting the desired response of the slave as well as erystams ass?+20s+100 = 0
(pr=q=p= = 10), we obtain following control gains as a solution of E¢l(22
and Eq (4.29.

Cm1 = 10300,cn2, = 1970

C1= 970;c, = 2030 (4.29)

ras= 8rs2=0;0=16

Control gains for fuzzy PDC regulators are derived using E@ (21 along with nominal
parameters as:

dm11 = 4414 dy1> =10:30

dm21 = 5432 dm2, = 10:30

ds11 = 6757 ds1o= 1655

dso1 = 7266,ds0 = 1655

(4.30)

We now simulate fuzzy PDC-driven bilateral teleoperation ¥ applying a constant
operator's force of 1N. First, an uncertain teleoperation stam is run without utilizing
NDOB, and the system response is plotted in Figuré.2. It can be seen that position
error exists between the master and slave systems due to thisalepancy in actual
and nominal parameters. Also, di erences can be seen in thesited and actual slave
responses.

Now, NDOB ( = s= 50) is switched on and simulation results are depicted
in Figure 4.3 - Figure 4.6. It can be seen that NDOB based fuzzy PDC regulator
recovers the performance as the slave tracks the master witkero steady-state er-
ror and exhibits the desired behavior. Disturbances on the aster and slave sides
are well estimated and compensated by NDOB as displayed in Figu4.5 and Fig-
ure 4.6. Results in Figure4.2 and Figure 4.3 - Figure 4.6 also serve the purpose of
comparison of proposed disturbance observer-based fuzay@technique with fuzzy
PDC. Comparison with other fuzzy PDC techniques involving dturbance observer
is not provided as they do not o er desired dynamic performare and thus state
convergence controller with desired slave response canbetconstructed to establish
bilateral communication.
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Position Tracking in Bilateral Teleoperation without NDOB
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Figure 4.2: Fuzzy model-based state convergence convergenontroller under pa-
rameter variations without NDOB [3]]

Position Tracking in Bilateral Teleoperation with NDOB
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Figure 4.3: NDOB-integrated fuzzy model-based control: pdiin tracking
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Velocity Tracking in Bilateral Teleoperation with NDOB
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Figure 4.4. NDOB-integrated fuzzy model-based control: vetdy tracking

Disturbance Estimation on Master Side
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Figure 4.5: NDOB-integrated fuzzy model-based control: digtbance estimation on
master side
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Disturbance Estimation on Slave Side
5 T T T T T

------- Slave Disturbance
Estimated Slave Disturbance

Disturbance (rad/s)

-1 I I [ I I
0 0.5 1 15 2 25 3 3.5 4 45 5

Time(sec)

Figure 4.6: NDOB-integrated fuzzy model-based control: digtbance estimation on
slave side

4.5 Experimental Results

Finally, we perform semi-real-time experiments using QUARC/&wulink environment
using a haptic device and a virtual slave system. The experantal setup is shown in
Fig 4.7. The experiment is initiated by the human operator who drive the haptic de-
vice. The resulting motion and force commands are transmétl over a time-delayed
communication channel to the slave system, which interactsith the environment
and provides force feedback to the master side. The re ectddrce is provided to
the operator through a haptic device. NDOB-based fuzzy PDC atrollers are imple-
mented on both the master and slave sides with the control ges of Eq @4.29 and
Eqg (4.30. The recorded position tracking, velocity tracking, distirbance estimation,
and force re ection results are shown in Figuré.8- Figure 4.12 The proposed scheme
provides excellent position tracking and disturbance estiation performance and pos-
sesses force re ection ability. The proposed controller paneters are summarized in
Table 4.3



HAPTIC
-DEVICE

Figure 4.7: Experimental setup to implement NDOB TS fuzzy combller

Position Tracking in Bilateral Teleoperation with NDOB

0.1 ‘ . ‘ . \ \
0.09 -
0.08 |-
0.07 |-

0.06 -

0.05 -

Position(rad)

—r————— Master Position
0.04 Slave Position

0.03

0.02

0.01

O 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35
Time(sec)

Figure 4.8: NDOB-integrated fuzzy model-based control:

40 45

pasin tracking

59



Velocity Tracking in Bil

ateral Teleoperation with NDOB
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Figure 4.9: NDOB-integrated fuzzy model-based control: vetay tracking
Disturbance Estimation on Master Side
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Figure 4.10: NDOB-integrated fuzzy model-based control: digbance estimation on
master side
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Disturbance Estimation on Slave Side
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Figure 4.11: NDOB-integrated fuzzy model-based control: digbance estimation on
slave side

Force Reflection Behavior in Bilateral Teleoperation System
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Figure 4.12: NDOB-integrated fuzzy model-based control: foe re ection behavior
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Controller Simulation in MAT- | Semi Real-time
LAB/Simulink QUARC/Simulink
System 1-DoF (Master/Slave) | 1-DoF (Master/Slave)

Time-varying force us-

Operator Force (N) | 1 (constant) ing Omni Bundle

Environment Sti ness

ke (Nm/rad) S S
Environment Damp-

ing k. (Nm/rad) 0.1 0.1
Feedback gainK 0.1 0.1
Scaling factorK g 0 5
Time delay (Sec) 0.2 0.2

Table 4.3: Proposed controller parameters for simulationna semi-real time experi-
ment

4.6 Conclusion

This chapter presents the design of a disturbance obsentgased fuzzy PDC controller
for the regulation task in uncertain nonlinear systems. A nmerator-denominator type
PDC controller can o er desired dynamic performance. Howekets performance de-
teriorates in the presence of parametric uncertainties. Toecover its performance,
a nonlinear disturbance observer is designed, which coresisl the parametric uncer-
tainties and modelling errors. The proposed NDOB-based fuzPDC controller is

applied to a bilateral teleoperation system where a slave migulator is required to

track the master manipulator while exhibiting a desired bedwiour. Simulations and
experimental results con rm the validity and e ectivenessof the proposed robust
regulation scheme. The proposed regulator will be used tontml more complex
systems.



Chapter 5

Disturbance Observer Based Extended State Convergence
Architecture for Multilateral Teleoperation Systems

In the existing extended state convergence architecturet9, k-master systems can
control the motion of |-slave systems to perform a certain task in a remote environ-
ment. However, the dependency of this control framework on #gms' parameters
leads to degraded control performance in the presence ofrsigant parameter vari-
ations. In this study, we have integrated extended state obsvers in extended state
convergence architecturel>9 to counter the e ect of uncertainties, which has re-
sulted in a more practical architecture for multilateral tdeoperation systems. In
order to validate the proposed enhanced architecture, sinations are performed in
MATLAB/Simulink environment by considering a symmetric (2x2) as well as asym-
metric (2x1) teleoperation system. A comparative assessniavith the existing state
convergence architecture proves the superiority of the grosed architecture. In ad-
dition, hardware experimentation is carried out on QuanseQUBE-servo systems by
setting up an asymmetric (1x2) teleoperation system in the QARC environment.

To the best of the authors' knowledge, robustness improvemteof extended state
convergence architecture has not been reported in the ligure. This chapter is
structured as follows: Section 5.1 describes the proposeathatecture, and the as-
sociated design procedure is presented in Section 5.2. Sation and experimental
results are presented in Sections 5.3 and 5.4, followed byhclusions.

5.1 Proposed Architecture

In extended state convergence architecturey(k + |) + (n + 1) kl design conditions
are required to be solved to determine the same number of cmitgains. In the
proposed version, an extrar(+ 1) kl design conditions are required to be solved to
determine disturbance observers' gains. Although compuianal cost is increased
in the proposed architecture, however, its ability to deal wh parameter variations
is greatly improved. The proposed architecture is shown in gure 5.1. We include
various notations describing the architecture in Table5.1.

63
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Table 5.1: Notations describing observer-based extendet& convergence architec-

ture

Notation | Description Notation Description

Frk Force exerted by| Ggk E ect of k™ oper-
k" operator on k™" ator's force in I
master system slave system

K mke Stabilizing ex- | Kge Stabilizing ex-
tended gain fork®™ tended gain forl™
master system slave system

Rk E ect of motion of | Rgy E ect of motion of
I slave system in k™ master system
k" master system in I slave system

L ke Extended state ob-| Lge Extended state
server's gain fork" observer's gain for
master system | slave system

5.2 Design Procedure

The design methodology is a two-stage procedure in which amgaented system
containing closed loop master and error systems is formedthe rst step. Then the
augmented system is stabilized by placing the poles in theftidalf plane with error
systems set as autonomous systems. Let master and slaveayst ¢ = m;s) be mod-
eled on state space given in Ecp(1). In Eq (5.1), system and input matrices contain
nominal plant values, whereas parametric uncertainties arincluded as disturbance
terms. We form extended master and slave systems by considgrdisturbance terms
as additional states given in Eq %.2):

R

yzi = C:zini

i = AziXzi + Bziug + d;

(5.1)

Xzie =

Yzi =

AzieXzie + Bzie Uz
Cziexzie

(5.2)

To estimate master and slave systems' states, including tlisbances, extended state
observers are designed as follows:

Rie = AzieRzie + BrieUzi + Lie (Vzi

Vi = CrieRzie

9zi)

(5.3)
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Figure 5.1: Proposed disturbance observer-based architee for multilateral teleop-
eration systems

The control inputs for the k™ master andI™ slave systems are introduced as:

XI
Unk = KmkeRmke Rinki Rsi (t kai) + Fr (5.4)
i=1
X« X«
Ug = Ksleksle + Rsli kmi (t Tsli) + Gin I:hi (t Tsli) (5-5)
i=1 i=1

In Eq (5.4 and Eq (5.5), last element of stabilizing gain,K,. compensates for the
parameter variations. By plugging Eq $.4) and Eq (5.5 in Eq (5.1), closed loop
master and slave systems are obtained as:
X!
Xmk = (Amk + BmkKmk) Xmk + BmkRmki Xsi (1 Trki ) + Bk Frk + €amk (5.6)
i=1
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Xk Xk
Xsi = (Ag + BgKg) Xg + BsiRsi Xmi (t  Tgi) + BsiGsii Fni (t Tsi) + €ysi
i=1 i=1

(5.7)

In Eq (5.6) and Eq (5.7), ey contains estimation error terms. Using Taylor expansion

on time-delayed signals in Eqg.6), Eq (5.7) and discarding higher order terms, we
get:

2 3 2
Xm1 Ami+ BmiKm1 i 0 BmiRm11 it BmiRmu
Xmk 4 _ 0 210 Amk + BmikKmk BmkRmk1 i BmkRmk
Xs1 BsiRs11 N BsiRsik As1 + BsiKsy i 0
o Xsl 3 5 BsiRsi1 N BsiRsik 0 il Ag + B§Ksl
Xm1 0 D 0 Bmi1Tm11Rm11 Bm1iTmuRmu
Xmk 0 D 0 Bk Tmk1Rmk1 ::7 Bk Tmki Rmki
Xs1 BsiTs11Rs11 i Bs1TsikRsik 0 Sl 0
o Xsl 5 o BsiTsitRsi1 i1 BsIT%{kRsIk 5 0 3 0
Xm1 Bm1 i 0 €dm1
: : 2 _ 3 :
Fh1
Xmk % 0 210 Bmk g : é+ €dmk
Xs1 Bs1Gs11 i BsiGsik ’ €ds1
: . Fhk .
Xsl BsiGsiz i1 BgGsik €dsl
(5.8)

Let us de ne the following matrices:
h it h i
Xm = Xmi .:: Xmk i Xs = Xs1 iii Xgl ;An =diag (Amr i Ank)
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3 3
Rm11 70 Rmu Rn11 10 Rsik Tm1r 110 T
Rm = : 'Rs = ;T =
Rmk1 it Rm3k| Rs1 100 Rsi ) Tk ti: gmkl
Ts1r it Tsik h i Gs11 i1 Gsik
T
Ts = : éth: Fh1 Fik Gs= g : é
Ton it Tak _ Gsir 111 Geik
h It h it
€im = €m1 ‘¢ Cdmk  €ds = €is1 +- Eysl

(5.10)

With the help of Eq (5.9 and Eq (5.10 we can write Eq (.8) in compact form as:

n #ll # n #
Ts (BSRS) I Xs " # ?sRs # As + "BsKs # (5.11)
XS BSGS edV

In Eq (5.11), operator "o' denotes Hadamard product. By de ningD, = Tn
(BmRm);Ds = Ts (BsRs),we can further simplify Eq (.11) as:

# " #" # " #
X Ain A X B
Xm  _ 11 A mo, LR (5.12)
Xs Az Az Xs B>

A1 =(lnk DmDs) 1Km Dm(ln DsDm) 1BsRs
A12=(lok DmDs) ‘BmRm Dm(lm  DsDm) *Ks
A= Ds(lk DmDs) ‘Km  (Im  DsDm) *BsRs
A2 = Ds(lnk DmDs) leRm (In DsDm) 1Ks
Bi=(lnk DmDs) 1Bm Dm(ln DsDm) 1BsGs
B2= Ds(lnk DmDs) le (In DsDm) lBsG‘s

(5.13)

We now transform the augmented system Eg5(12 into a new augmented system
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with tracking errors de ned on the slave systems. To this endollowing linear trans-
formation is introduced:

= (5.14)

In Eq (5.14), matrix Acontains authority factors exercised by master sstems to
in uence slave systems and is given as:

2
11ln 2l 0 il
21ln 22ln i g
A= g ) (5.15)
in 2ln 0 kln

The time derivative of Eq (5.14) along with Eq (5.12) yields transformed augmented
system as:

X A A X B
Am  _ 11 A1 mo, 1 F. (5.16)
Xe Ao A Xe B>

A1 = A+ ApAj AR = A Ao = (A AAR) + (A AApR)A

(5.17)
Ap=A»n AA; B =B1;B,=B, AB;

According to the method of state convergence, the error shdukvolve as an au-
tonomous system, and stability of the augmented system is sured by placing poles
of closed-loop master and error systems on the left half pkanThis gives rise to the
following design conditions whose solution returns contrgains of the extended state
convergence architecture:

A1 =0;B2=0; slnxk Aix Sy Ax =jslik Pjj sy Qj (5.18)

In Eq (5.18), matrices P and Q contain poles locations. Observer gains are found
independently of the controller gains and no augmented sysh is formed to determine
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these gains.

5.3 Simulation Results

In order to validate the proposed architecture, simulatios are performed in MAT-
LAB/Simulink environment by considering symmetric and asymetric con gurations
of teleoperation systems. The following master and slavestgms are considered where
xland x2 are position and velocity signals:

(
m Xmi = X
X2 = misin(xy)  7:142%2, +0:26561y
C ol o (5.19)
xL = x2
Si . =s! Sl )
X3 = gsin(xl) 6:25% +0:272%4

First, consider a symmetrical 2x2 teleoperation system. Toompute the controller
and observer gains for this con guration, following nominamodels are assumed:

n # n # n # n #
0o 1 1 0o 1 0o 1
Ami = 20 7 Am2 = 0 ;Agy = 0 40 JAg = 0 6:0
mn # . n n # mn ] # .
0 0 0 0
B, = By = By = ‘B, =
™7 o02 ™7 o1 T o4 ¥ 03
(5.20)

Further, slaves are interacting with environments havingtsness as ke = 1(%N ms:rqd
and force feedback gains are assumed to be 0.1 which yielRg,, = 01 0 .
Time delays are ignored during the computation but will be awsidered during the
simulations. Characteristic polynomial for the closed Igpmaster system is selected
as s* + 28s® + 292s? + 1344s + 2304 = 0 while for error systems, it is selected as
s*+31s®+354s? + 1764s+ 3240 = 0. Design conditions in Eq 6.19 are solved using
MATLAB symbolic toolbox with nominal models Eq (5.20 and authority factors,
11=0:6; 1,=0:4;, ,,=0:7; ,,=0:3, which yields the following control gains:
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Gs]_]_ = ?]3, Gle =0:1; Gle = 0%667, GsZZﬁ 0:1 i

Kmi= h 3215036 45:0226|  Km2 :h 3604739 692954|8

Kes = h 2246373 37:|5033 ;K?% = 1194145 i 199956 (5.21)
Rs11 = h 388513 44952 ;F\:slz = 54|}]:0875 70058

Rso1 = 657082 9:3470 ;Rs22= 0:1736 00032

Observer gains are determined by placing the poles of the ertled master and slave
systems at 6+ 30)°. This, in combination with Eq (5.20, yields the following ob-
server gains:
h it h i
Lmie= 83 2119 27000 ;Lm2e= 85 2275 27000
h [ h It (5.22)

T
Lsze= 86 2356 27000 ;Ls2e= 84 2196 27000

Simulations are now performed by considering constant ogor forces of 1N and
communication time delays ad0.1s, 0.2g. Results of the proposed as well as ex-
isting architecture are recorded for various levels of distbances and displayed in
Figure 5.2 and Figure 5.5. It can be observed that existing architecture, which does
not have disturbance observers, o ers good tracking perfmance in the presence of
parameter mismatches of EqH.19 and Eq (5.20 with , = 0:1 as shown in Fig-
ure 5.2 and Figure 5.3. However, as the magnitude of ,; is increased, the reference
tracking performance of the existing extended convergenegchitecture is a ected
while the proposed disturbance observer-based version bétsaid architecture main-
tains good performance as demonstrated in Figufe4 and Figure 5.5. Note that, in
these simulations, reference for the slaves are set)d$,; = 11Xm; + 12Xg, @nd

1 — 1 1
st;ref = 21Xm1 T 22Xjh0:

Now, we consider an asymmetrical 2x1 teleoperation system Eg 19 with the fol-
lowing nominal plant models:
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" # " # " #
0o 1 0o 1 0o 1
Ami= 0 gosss ™7 o gs715 T U0 50
" L " # D0 # : (5.23)
~ 0 B 0 B 0
™7 03187 ™ 03187 ' T 02183

Let the stiness of the slave's environment beke = 20Nmg=rad and let the force
feedback gain be 0.1. This gives rise BB = Ryniz = 220 0 . Let desired
polynomials for the master and error systems b&(s) : s*+13s3+58:255?+110s+75 =

0 andq(s) : s*> + 15s+ 54 = 0. Communication time delays are assumed to be 1ms
during the design phase while authority factors are taken tbe ;;, =0:6; 1, =0:4.

w1073 Symmetr_ic Teleoperation Configuration (2x2)

T T

= = =Reffor Slave 1
Slave 1 with DoB
----- Slave 1 without DoB

Position(rad)

O | | L 1 L
0 1 2 3 4 5 6 7
Time(sec)

Figure 5.2: Symmetric teleoperation system: (a) slave syste tracking performance
with low level of disturbance

Disturbance observer gains are computed based on nominaldets in Eq 6.23 and
a desired polynomial ob(s) : (s + 30)° = 0:
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«103  Symmetric Teleoperation Configuration (2x2)

35
= = =Reffor Slave 2
Slave 2 with DoB
----- Slave 2 without DoB
o
Q .
b=l
O
:g
2 i
o
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time(sec)

Figure 5.3: Symmetric teleoperation system: (b) slave systs tracking performance
with low level of disturbance

«102  Symmetric Teleoperation Configuration (2x2)

3_

= = =Ref for Slave 1
Slave 1 with DoB
————— Slave 1 without DoB

Position(rad)

0 1 1 1 1 | 1
0 1 2 3 4 5 6 7
Time(sec)

Figure 5.4: Symmetric teleoperation system: (c) slave syste tracking performance
with increased disturbance activity



73

x 1073 ?ymmetrjc Teteopf.-ration C?nfiguraFion (2)(2)I

35
BiT i ey —— e e e el e ot e e e e
= = = Ref for Slave 2
25+ Slave 2 with DoB i
e S e==es Slave 2 without DoB
—_ I
8 2t 1
= [
£ I
8 15-1 i
R 1
I
101 1
I
I
o5 H 1
I
]
0 1 | 1 1 I 1
0 1 2 3 4 5 6 74

Time(sec)

Figure 5.5: Symmetric teleoperation system: (d) slave systs tracking performance
with increased disturbance activity

h it
Lmie= 8071 19505 27000
h it
Lmoe = 8143 2002 27000 (5.24)
h it

Lsie= 85 2275 27000

Simulation results with operator's forces of 0.2N, time deys of f0.1s, 0.2g and
varying levels of disturbances are included in Figurg.6 - Figure 5.9, It can be seen
that the proposed architecture can establish communicatdbetween master and slave
systems with good position tracking and force re ection abties.

We also evaluate the tracking performance when time-varygndelays exist in the
communication channel. To this end, the asymmetric teleopation system in Eq
(5.23- Eq (5.29) is simulated in the presence of time-varying delays and tieavarying
operators' forces, and results are depicted in Figufel0and Fig 5.11 It can be seen
that the proposed scheme can establish communication betmemaster and slave

systems with varying communication delays.
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Asymmetric Teleoperation Configuration (2x1)

0.012
0.01 P - -
7 = = =Ref for Slave 1
4 Slave 1 with DoB
0.008 | ," ————— Slave 1 without DoB | |
5 [/
o
S 0.006 1 _
"§ 1
& '
I
0004 |
I}
I
0002 1 ]
1
1
1
O Il Il 1 1 Il Il
0 1 2 3 4 5 6 7

Time(sec)

Figure 5.6: Asymmetric teleoperation system (a) slave positi tracking performance
with parameter mismatches (,; = 0)

Asymmetric Teleoperation Configuration (2x1)

0.012 ‘ :
001 - - T —e— =
.” -------------------------
'/
R = = =Ref for Slave 1
0, Slave 1 with DoB
0.008 /A Slave 1 without DoB
£}
o
= Y
S 0.006 - ! .
-‘§ !
s I
I
0.004 - 1
I
1
0002 - ! 1
]
1
)
O Il 1 l 1 1 1
0 1 2 3 4 5 6 7

Time(sec)

Figure 5.7: (b) Slave tracking performance with additional dturbance ( ,; = 0:2)
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095 Asymmetric Teleoperation Configuration (2x1)

0.2

Environment Force
= = =Force Reflected on Operator 1 | -
————— Force Reflected on Operator 2

0.15

0.1

0.05

Forces(N)

0 1 2 3 4 5
Time(sec)

(o2}
-~

Figure 5.8: Asymmetric teleoperation system: force re ectio ability of proposed
scheme

0.35 Asymmetric Teleoperation Configuration (2x1)

Master 1
---------- Master 2 | |
----- Slave 1

03

0.25

0.2 ¥

m-

0.15

Control Inputs(N)
-I‘:"i‘-

0.1

0.05

T T T
TTTLLL

-0.05 1 I 1 1 I I

Time(sec)

Figure 5.9: Asymmetric teleoperation system: control inputs
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Time Varying Delays in Communication Channel

Tm1-1

0.5 ‘
04 ﬂ ﬁ ---------- Tm2-1 |7
03 .

[ ¥ d . L ,
o2tk ILIRIEEED LRV IR VIR L LRIV LR LR L LR L LR T 1L
4= 1 4= B E B H 1= E B 1 4= - B E B

e EIRIEIRIEIRIEIRIEIRIEIRIEIRIEIRIEIRIEIRIE{RIEL

AT

Time(sec)

Figure 5.10: Asymmetric teleoperation system with time-vaipg delays (a) time-
varying delays of the communication channel

g\gymmetric Teleoperation (2x1) Subjected to Time Varying Delays

= = =Ref for Slave 1
Slave 1 with DoB

Position(rad)

Time(sec)

Figure 5.11: Slave position tracking performance with varde time delays
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5.4 Experimental Results

Finally, experimental results are obtained using Qube-Seys manufactured by Quanser.
Here, the asymmetric con guration is set up by using two real Qbe-Servos while the
master is a virtual device. The following nominal models anesed for the controller
and observer design:

n # n #
0 1 0o 1
A = ‘A1 = Agp =

™7 0 86710 T "7 0 667

" i " # (5.25)

0 0
= 1B =B =

mt 179208 ' o % 14934

By assuming a soft environment with a sti ness of 1INms/rad, fice feedback gain of
0.1, unity authority factor, no communication delays,p(s) : (s+5)? = 0 as desired
polynomial for master,q(s) : (s+10)* = 0 as desired polynomial for error systems
and o(s) : (s+30)° = 0 as desired polynomial for observers, we obtain following
controller and observer gains:

Gs11 = ﬁ'szl =1:2
Kmi= 0:3395 020074i

h
Ke = h 1:0705 011293i
Kg = h 0:2687 0:04|92
_ . (5.26)
Rs11 = h 0:9031 01070i
Rs21 = 0:1013 00269
h [

Lmie = 81‘3%9 19948 27000
It
Lsie = Lspe = 8333 21442 27000

To evaluate the performance of the proposed architecture, tame-varying opera-
tor force prole is generated using ramp signals and time-tded communication
(Tm11=T 511=0.1s, Tm12=T 1=0.2s) is set up using UDP server and client blocks
among three separate QUARC les. Only position signals and foe signals are trans-
mitted on the communication channel, while velocity signal are obtained through
derivative Itering of time-delayed position signals witha cut-o frequency of 30rad/s.
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Results of experimentation are recorded using QUARC blocks @uisplayed in Fig-
ure5.12- Figure 5.14 It can be seen that slaves are tracking the motion of the maest
system in the presence of uncertainties which validates tipeoposed enhanced archi-
tecture. The proposed controller parameters are summarizén Table 5.2

Figure 5.12: Experimental setup to test asymmetric teleopation system (ATS)

| Simulatio/n in Simulatio/n in Semi  Real-time
Controller MATLAB MATLAB S
Simulink Simulink QUARC/Simulink

2x2 symmet- | 2x1 asymmet- | 1x2 asymmet-
rical system | rical system | rical system

System
(2-Master/2- (2-Master/1- (1-Master/2-
Slave) Slave) Slave)

Time-varying
El)\lp;erator Force 0.2 (constant) 0.2 (constant) force using Omni
Bundle

Environment

Sti ness ke | 10 20 1

(Nm/rad)

Environment

Damping h | 0.1 0.1 0.1

(Nm/rad)

Feedback gainK¢ | 0.1 0.1 0.1

Scaling factorKop | O 0 5

Time delay (Sec) | 0:1;0:2 0:1;0:2 0

Table 5.2: Proposed controller parameters for simulationna semi-real time experi-
ment
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Experimental Results on 1x2 Teleoperation System
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[ ‘é2 S )
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i
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Figure 5.13: Experimental results on ATS: Position states

Experimental Results on 1x2 Teleoperation System

= = =|\aster

15 20 25 30 35 40

Time(sec)

Figure 5.14: Experimental results on ATS: velocity states
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5.5 Conclusion

This chapter presented the design of a disturbance obsenlmsed extended state con-
vergence architecture for multilateral teleoperation sysms. A systematic procedure
is presented to determine the controller and observer gaif synchronizingk-master
and|-slave systems. The proposed architecture has been valigéthrough MATLAB
simulations on teleoperation systems' symmetric and asynatric con gurations. Fi-
nally, experimental results are also presented using Quan's Qube-Servos platforms.
Comparison with the existing extended state convergencechitecture proves the su-
periority of the proposed architecture in dealing with unceainties. In the future, the
proposed architecture will be tested on multi-degrees-eedom systems.



Chapter 6

A Composite State Convergence Architecture for Bilateral
Teleoperation System

The original version of the state convergence controller &plicable to bilateral tele-
operation systems modeled on state space where both the nesisind slave devices
are considered to ben" order systems 3, [77], [71]. In practice, this controller is
designed for each joint of the master and slave devices, wiehe joint's motion is
modeled as a second-order system. To this end, consider ggkrjoint model of the
master and slave systems as shown in Ef.{), Eq (6.2):

1= Xm2 (6.1)

1= Xs2 (6.2)

Where (Xm1; Xm2)and (Xs1; Xs2) are the states of the master and slave systems respec-
tively while (am1; amz2; bm) and (as1; as2; ) are the systems' parameters of master and
slave devices, respectively. To establish the motion symonization of master and
slave systems, the state convergence scheme considershal gossible interactions
between these systems.

Lowering the complexity of state convergence architecture proposed here by reduc-
ing the number of communication channels which subsequegntieduces the number
of control gains. In addition, it is demonstrated that the méhod of state convergence
can still be applied to compute the gains of the proposed reced complexity state
convergence architecture. It is also shown that the attraste feature of assigning the
desired dynamic response is preserved in the proposed saobertt is further shown
that motion scaling can also be achieved in the proposed soiee a feature that is
not o ered by its standard counterpart.

81
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The proposed scheme is veri ed through simulations and semaal-time experiments
in MATLAB/Simulink/QUARC environment by considering a single degree of free-
dom teleoperation system. The proposed scheme is also compawith an equal

complexity error force compensated bilateral control schee where control parame-
ters of both the schemes are found through a Genetic algonithby minimizing the

integral time absolute error (ITAE) criterion.

This chapter is structured as follows: The proposed compusistate convergence
scheme is presented in Section 6.1. Simulation and experita results are included
in sections 6.2 and 6.3. Finally, conclusions are drawn in tlend.

6.1 Proposed Composite State Convergence Scheme

The essence of the proposed composite state convergencersehis to reduce the
number of design variables while achieving the objective ofotion synchronization of
master and slave systems in a desired dynamic way by follogithe state convergence
algorithm. The proposed way of reducing the design variabldéglps transmit fewer
variables across the communication channel and paves the way motion scaling of
the slave system. This feature is desired for a class of tgdeoation systems. The block
diagram of the proposed composite state convergence schesnghown in Figure6.1,
and various scalar parameters forming the scheme are de nbdlow:

Fm: This represents the force applied by the human operator amthe master system.

G,: This unknown scalar represents the in uence of the operats force in slave
system and will be found as a part of the design procedure.

Sm: This is the composite variable for the master system and iseded as: s, =
Xm2+ mXmiwhere is a positive constant.

Ss: This is the composite variable for the slave system and is ded as: ss = Xg, +
sXsiwhere is a positive constant.

kmn: This unknown parameter represents the feedback gain of timaster composite
system.

ks: This unknown parameters represents the feedback gain ofetlslave composite
system.

rmn: This known scalar variable feeds the motion of the slave $gm back to the master
system and is computed asr,, = ki kewhere keis the sti ness of the environment
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whilek; is the force feedback gain.

rs: This unknown parameter feeds the motion of the master systeback to the slave
system and will be determined as a part of the design proceaur

T: This known parameter represents the small constant time thy of the communi-
cation channel.

X — (Gml + ’zm )X.'r.'l + k.'r.-sm
b

Master System llﬁa-
" x oo dxp oy sm=xm2+)\mxm1
TatZ  mZ gy m1m

byl i

L d
> > >
T

K
. ’
‘ Communication Channel ‘
LY G;
Slave System ‘ I
ss=x52+)~sxs1 Lgx_:”‘_;a dﬁm x [
< d[z 2 dt +;1Us

X — (@, + A%, Hs,
b,

Figure 6.1: Proposed composite state convergence architgetfor 1DoF teleoperation
systems

Note that, in the proposed composite state convergence sclesnsomposite variables
(sm; Ss)are transmitted across the communication channel insteaaf full master and
slave states, which is the case in standard state convergenmethodology. These
composite variables are indeed scalars, and consequentfyg motion-feedback vari-
ables §n,;rs)are also scalars. Thus, only unknowns in the proposed scherare
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Gy km;iks;rs. To determine these parameters, a design procedure is prasé in

this section to ensure that the states of master and slave $gss converge in the
absence and presence of small time delays and the desiredaigit behavior of the
teleoperation system is also achieved. To this end, we presavo theorems here.

Theorem 6.1. In the absence of time delays, the slave system in &g2) will follow
the master system in Eq(6.1) if control gains of the composite state convergence
architecture are found as a solution of the following equations:

bn hg =0 (6.3)

Km brs+ bprm ks=0 (6.4)
Km+ Bofm = P (6.5)
bafm  ks= @ (6.6)

Proof. Recall the de nitions of composite variables for the mastg(s,,) and slave ;)
systems:
Sm = Xm2+ mXm1 (6.7)

Ss = Xs2t  sXs1 (68)

By taking the time derivative of master composite variablen Eq (6.7) and using Eq
(6.1), we have:

Sm = @miXm1+ (@m2+ m)Xm2 + BnUny (6.9)

The time derivative of slave composite variable in EqG(8) in conjunction with Eq
(6.2 yields:

Ss = asiXst (A2 + ) Xs2 + BsUs (6.10)
Let us introduce the control inputs for master and slave sysis as:

1
Um = E( Am1Xm1 (am2+ m)Xm2+ kmsm)+ FmSs + Fm (6'11)

Us = ( asiXs1 (B2 + s)Xs2 + KsSs) + I'sSm + GoFn (6.12)

&l

By plugging Eq (6.11) in Eq (6.9), we obtain the closed loop composite master system
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as:
Sm = KmSm + bnrmSs + bnFm (6.13)

Similarly, by substituting Eq (6.12 in Eq (6.10, we obtain the closed loop composite
slave system as:
Ss = KsSs + bsrsSm + BGoFp, (6.14)

Let us form an augmented system using composite master in BE§ 13 and composite
slave in Eq (6.14) systems as:
! ! ! !
Sm Km bBnrm Sm b
Ss

= + F (6.15)
brs ks Ss hG,

Now, we convert the composite master-slave augmented systefEq (6.19 into a
composite master-error augmented system. For this purpgsee de ne the following
linear transformation:

= (6.16)

where s, is the composite error between composite master and compgesslave sys-
tems. By taking the time derivative of Eq ¢.16 and using Eq 6.195 and Eq (6.16),
we obtain the composite master-error augmented system as:

K + bl bofm  Smo b
km t%rs ks+ bmrm ks bmrm Se bm bsGZ

¥ g

Fm

(6.17)

Now, to ensure that the composite error evolves as an autononsosystem, following
conditions must hold:

bn BG,=0 (6.18)
Km lbsrs Ks+ bnrm =0 (6.19)

After the conditions Eq (6.18 and (6.19 are met, we assign the desired dynamic
behavior to composite master-error augmented system of EG.{7). The desired
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dynamic behavior for Eq 6.17) is speci ed by selecting the pole for composite master
(s= p)andcomposite error§ = @) systems. Thus, we have obtained the following
polynomial:

(s (km* bnrm))(s (ks burm))=(s+ p)(s+q) (6.20)

Eq (6.20 leads to the following design conditions:
Km+ Balfm = P (6.21)

ks bhrm= q (6.22)

Thus, we have four design equations i.e. E§(9, Eq (6.19, Eq (6.21) and Eq (6.229
which are the same as Eq6(3) - Eq (6.6). The solution of these equations will yield
the unknown control gainsG,; kn,; ks; rs. Now, we analyze the convergence of master
and slave states under these control gains. Since composteor has been made
a stable system with dynamicss, + qs = 0 so 's¢' will vanish in a nite time as
determined by the position of the poled. This implies that during steady state,
we haves, = Ss and s, = Sg = O (under the assumption of constant force). By
plugging the master control law Eq 6.11) in Eq (6.1) and using Eq ©.13, we obtain
the closed loop master system asn, + mXm2 = Sm = 0 which shows that x,, will
converge to zero in a nite time. Similarly, by substituting the slave control law
Eq (6.12 in Eq (6.2 and using Eq 6.14), we obtain the closed loop slave system
asXgp t sXs2 = Ss = 0 which implies that xs, will also approach zero in a nite
time. Now, S, = Sg implies Xm2  Xs2) +( mXm1 sXs1) = 0 which further implies
that . Xm1 Xs1 = 0 as statesxny2; Xs2 have been shown to be zero at steady
state. Thus, by selecting the constants,,; s to be unity, the convergence of states is
ensured, and the slave system will now follow the motion of ¢hmaster system. This
completes the proof.

Remark 6.1. The standard state convergence scheme does not consider motion scal-
ing of the slave system, which is desired in some teleoperation applications. To add
this extra feature, an alpha-modi ed version of the state convergence controller is pro-

posed in P]. However, the same number of design equations are required to be solved
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as that of the standard scheme. The proposed composite controller provides a lower
complexity solution as fewer design equations are involved. In principle, motion scal-
ing can be achieved by adjusting the constantgand <. This follows from the steady
state analysis of the proposed composite state convergence controller, which yields the
following expression:

Xs1 = —Xm1 (6.23)

S

Remark 6.2. In a standard state convergence scheme, desired dynamic behavior is
directly assigned to the master or slave system. However, in the proposed compos-
ite state convergence scheme, desired dynamic response is indirectly assigned to the
master or slave system. As can be seen from K6.20), desired poles are assigned

to the composite system which implies that the composite master system, and not the
actual master system, shall possess the desired beha{gor p = 0) along with com-
posite error system(s+ g=0). To analyze the behavior of actual master system, we
compute its closed loop dynamics using E.1), Eq (6.7), Eq (6.1]), Eq (6.19, and

Eq (6.2]) as:

Xm1i+( m+* P Xm1+ P mXm1 = BnrmSe+ bnFnm (6.24)
Since composite error evolves as an autonomous system, the motion of the master

system is governed by the following polynomial:

S+( mtpPsS+pm=0 (6.25)

It is evident from Eq (6.25 that the desired dynamic behavior of the master system can
also be guaranteed by choosing appropriate valuespdnd = ,". A similar analysis

for the slave system reveals that it also possesses the dynamic behavior determined by
the values ofp'and * 'ass?+( s+ p)s+p s=0.

Remark 6.3. To counter the e ect of environmental force, the control input for the
slave system in Eq6.12) is modi ed as:

1
Us= - (( 8+ B Xst (B * o) Xs2+ ksSo) + Fssm + GoFim (6.26)
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Note that the above modi cation in slave control law will not a ect the design proce-
dure.

Remark 6.4. The force re ection behaviour of the proposed composite state con-
vergence controller is imperative to be analyzed. Given that environmental force is
described byFe = kexs; and with the knowledge of E@6.5 and steady state values of
the composite-master and slave variables i.6y, = W Xm1 = bm':m/p; Ss = sXs1, WE
can write steady-state control input of the master system as:

1
= A brm Fmt ki oFe (6.27)

" P
It is evident from Eq (6.27) that human operator will feel the true environmental
force in a steady state if force feedback gairk; is set as the inverse of motion-
scaling constant, s and desired pole of the composite master system is chosen as
p= ""m—ml + bhrm. In this way, the operator's perception of the remote environment
will be improved.

Remark 6.5. Although the development of a composite state convergence controller
has been shown here purposefully for a second-order system, the procedure can be
readily extended to higher-order systems. For instance, consider a third-order master
system in phase variable fornX,: = Xm2; Xm2 = Xm3; Xm3 = @8miXm1 + @8moXm2 +
am3Xm3 + bhuyn. The composite variable for this system can be de ned &g =

Xm3 + m2Xm2 + mi1Xm1 Which gives rise to the composite master system gs =
amiXm1 t (@mz2+ m1)Xmz t(@mz+t m2)Xms + Bhuyn. Appropriate master control
input can now be selected to transform this composite master system to(EdL3 and

thus, the rest of the procedure remains the same.

Theorem 6.2. In the presence of constant time delay, slave system Eg 1) will
follow the master system Ed6.2) if control gains of the composite state convergence
scheme are found as a solution of the following design conditions:

by (Tharmbs+ b)) g+ Thrshy, =0 (6.28)
Km(1+ Thrs) ks(1+ Tharm) bsrs+ byrn =0 (6.29)
Km Thnarmks T 1+ pT)bnrmbsrs+ p+ bprpm =0 (6.30)

1+ Tharm)ks T@A+ 9T byrmbsrs+q byprm =0 (6.31)
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Proof. Let us de ne the control inputs for the master Eq 6.1) and slave Eq 6.2
systems in time-delayed composite state convergence scheas:

[ —

U = a( aniXmi  (Amz+ m)Xm2+ KmSm)+ mSs(t T)+ Fm (6.32)
1
by

Us = ( As1Xs1 (asz + s) Xxo + ksss) + I'sSm (t T) + GZFm (t T) (6-33)

By plugging Eq (6.39 in Eq (6.9), we obtain the closed loop composite master system
as:
Sm = KmSm + bnfmSs(t T)+ bnFr (6.34)

Also, by substituting Eq (6.33 in Eq (6.9), we obtain the closed loop composite slave
system as:
Ss = KsSs+ bsrssm (t - T)+ BGoFm (t T) (6.35)

Under the assumption of small time delay and constant operate force, we approx-
imate the time-delayed variables in Eq§.34) and Eq (6.35 using Taylor series as:

Ss(t T) ss Tsg
Sm(t T) sm Tsp (6.36)
Fn(t T) Fn

By plugging Eq (6.36 in Eq (6.34), Eq (6.35 and forming the augmented composite

master-slave system, we have:
! ! !
Km Tharmbsrs Bnrm Thnrmks Sm

Snoo_ 4
S (1 T2bmrmbsrs) t%rs Tbsrskm ks Tt%rsbmrm Ss (6 37)
. b ThrnbG:

TATREET hG, Thrb,

Now, we convert the above augmented system of E§.B7) into a composite master-
error augmented system using the transformation in Eg5(16) as:
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biy

_ 1 a1 A2 Sm + 1
T T2bmrm
( bm rm bsrs) b1

ST B a a, s, Fm  (6.38)

v g

where,

a1 = (km  Thnrmbsrs) + (Bnrm  Thyrmks)

a; = bprm+ Thyrmks

a1 = (km  Tharmbsrs)  (Brs  Thrskn) + (bBarm  Tharmks) (ks Thrshnrm)
an= (bnrm Thyrmks)+ (ks Thrshnrm)

by =bn ThrmlG:

b21 = (bm TbnrmbsGZ) (bSGZ TQrsbm)
(6.39)

If the composite error system in Eq §.39 is to evolve autonomously, the following
conditions must be satis ed:

(Bn  TharmhGz) (G2 Thrshy) =0 (6.40)

(km  Tharmbrs)  (bsrs  Thrskn)+ (6.41)
(Bnrm Thnrmks) (ks Thrsbnrm) =0

We now impose the desired dynamic behavior on the compositester-error system

which is speci ed by the polynomial § + p) (s + g) = 0 where left-hand plane polesp'

and g x the behavior of composite master and composite error stams respectively.

This pole assignment procedure results in the following cditions:

(Km  Tharmbsrs) +(Bnrm  Tharmks) = p 1 T2hprmbrs (6.42)

(nfm Tharmks) + (ks Thrshnrm)= g 1 T2barmhbrs (6.43)

The design conditions Eq §.40 - Eq (6.43 are the same as Eqf.29 - Eq (6.3])
which can be solved to nd the control gains G,; ki ; ks; rs) of the composite state
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convergence scheme. These control gains are displayed in &pgix A. An analysis
similar to that of Theorem 6.1 reveals that the slave system indeed follows the master
system in the presence of constant time delays. This compstthe proof ]

Remark 6.6. Similar to Remark 6.2 of Theorem 6.1, we compute the dynamic be-
havior of the master and slave systems under small constant time delaysas
(m+ m)S* m m=0,8+( s+ ¢)s+ s s=0. Inaddition, the force re ection
behavior of the proposed controller under time delay is also investigated following the
lines of Remark6.4 of Theorem6.1. It is found that for full force re ection at steady
state, condition  2nL + k., - = 2 must be satis ed. Note that ,,, <, and |,

brm
can be found from the closed loop analysis of the teleoperation system.

6.2 Simulation Results

For the purpose of simulations, parameters of master and géasystems are adopted
from [71]:
am1=0:an = 7:1429h,, = 0:2656 (6.44)
a1 =0;ap = 6:25hb =0:2729
It is assumed that the slave system interacts with a soft emanment having ke =
10N m=rad. Let motion scaling constants be unity, i.e., , = s =1, so force feedback
gain is unity as well. Thus,r, is the same ak.. First, we study the performance of
the proposed controller when no time delay exists in the comumication channel. To
this end, control gains of the composite state convergencentroller are found as a
solution of the design conditions EqQ.3) - Eq (6.6) where desired pole locations are
selected ap =2, and q = 6:

G, =0:9733
km = 4:6560

m (6.45)
ks = 3:3440
rs =4:9249

By assuming zero initial conditions for master and slave fgsns, we simulate the
proposed bilateral tele-controller under the control of E§6.49, and the results are
shown in Figure6.2 and Figure 6.3.

It can be seen from Figure5.2 that composite master and slave variables are indis-
tinguishable and exhibit the desired dynamic responses ¢ 2 = 0) as well. It is also
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Figure 6.2: Convergence of states with delay-free compossitate convergence con-
troller
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Figure 6.3: Control inputs and force re ection behavior of amposite state conver-
gence controller with no communication delay
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evident that the slave system follows the master system asetn position and veloc-
ity states remain synchronized. Further, as pointed out in Bmark 6.2, the master
system should possess the dynamic behavior of E§ 45, which, in the present case,
is s>+ 3s+2 = 0 and has been plotted in Figure6.2. The analysis reveals that
the master system indeed displays this behavior, and so dabe slave system. The
control inputs for the master and slave system are shown in kige 6.3 along with the
force re ection behavior of the proposed controller. It cafe seen that the proposed
controller indeed establishes a kinesthetic link betweehé operator and the environ-
ment. However, the environmental force is not fully re ectedo the operator even
though the product sk is unity. This is because of the fact that polep' has not
been selected to exactly cancel the term in the parenthesitEq (6.27). When exact
cancellation occurs, i.e., the pole is placed at= 2:6560, operators and environmen-
tal forces match at steady state, as shown in Figuré.4. Note that control gains are
recomputed as the pole location is changed.

Force Reflection Behavior
0.25 ‘ .

0.2

---------- Operator Force
Environment Force
————— Reflected Force

0.15

0.1

0.05

Force Reflection (N)
o

Time(s)

Figure 6.4: Improved force re ection behavior of compositetate convergence con-
troller

We now investigate the motion scaling property of the propesl controller. Suppose
that we want the slave system to acquire and maintain a nal psition that is half
of the master's nal position. To achieve this, we change thslave's motion scaling
constant to ¢ = 2, which, according to Remark6.4, also scales the force feedback



94

gaintok; = i = 0:5 and thereforer,,, = k¢ ke = 5. By solving the design conditions
Eq (6.3 - Eq (6.6) using the parameters in Eq 6.44) and p=2:656Q0q=6; ,, =1,
we nd the control gains as:

G, =0:9733
knmn = 2:6560
" (6.46)
ks = 4:6720
r¢=12:2536

Composite State Convergence Scheme
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Figure 6.5: Motion scaling property of composite state conkgence controller with
no communication time delay

Now we consider the case when constant time delay exists in themmunication
channel. We assume that the slave system is interacting with much sti er environ-
ment (ke = 50N m=rad)than the previous case, and the communication channel o er
a time delay of T = 0:5s. By setting the motion scaling constants and force feedback
gain as unity and selecting the pole locations gs= 1:7;q= 4:0, we solve the design
conditions Eq (6.29 - Eq (6.3]) for the teleoperation system in Eq §.44) and obtain
the following control gains:

G, = 0:0857
k,m = 262

m 6:2680 (6.47)
ke= 0:4903

r«= 2:3961
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Composite State Convergence Scheme
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Figure 6.6: Control inputs and force re ection behavior of amposite state conver-
gence controller with scaled slave motion of Fi§.5

The teleoperation system is now simulated under the contrgiains of Eq €.47), and
results are shown in Figureés.7 and Figure6.8. It can be seen that the slave system is
able to follow the master system in the presence of time deJand a good amount of
environmental force is also re ected to the operator. As poied out earlier, force error
at steady state can be eliminated by properly choosing thedation of pole p'. We
also evaluate the motion scaling performance of the propdseomposite controller.
To this end, let the reference for the slave system be set &g, = 0:25¢1. Thus,
the motion scaling constant of the slave system and force fdack gain must be
selected as s = 4,ks = 1. To ensure proper force feedback, we roughly select the
pole p' as p = 1:3 while keeping all other system parameters the same. Thegabn
of design conditions Eq .29 - Eq (6.3]) yield the control gains as:

G, =0:3116
kn = 6:7780
" (6.48)
ks = 0:8108
r«= 1:.0865

We now simulate the teleoperation system under the controf &q (6.48, and results
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are shown in Figure6.9 and Figure 6.1Q It can be seen that the slave system has
achieved the set point, and the force re ection behavior ofhte controller is also
promising.

Composite State Convergence Scheme
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Figure 6.7: Convergence of states with CSC controller undamnte-delayed communi-
cation

Comparative Study

In order to show the superiority of the proposed scheme, a cparative study is per-
formed in MATLAB/Simulink environment. Note that the proposed scheme forms
three-channel control architecture owing to the transmissn of the operator's force
as well as composite master and slave variables across thengwnication channel.
Therefore, three-channel architecture, namely error foeccompensated schemeé ],

is selected for the purpose of comparison. In this schemelogities of the master and
slave systems as well as an environmental force, are tranged across the commu-
nication channel, and the control laws are de ned as:

(6.49)
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Figure 6.8: Control inputs and force re ection behavior of CS controller under
communication delay
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Figure 6.9: Motion scaling results of CSC controller under azmunication time delay
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Composite State Convergence Scheme
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Figure 6.10: Control inputs and force re ection behavior of SC controller with scaled
slave motion of Figure6.9

where the compensatorE€, are proposed [38] as:

Cnm = 2m!m"'% Im; Cs = 2s!s"'é Js
Ci= 24ls+S+5 33Ci=  2pln+B+s Iy (6.50)
C5: 1.C, =1+ C660

where n; s;!'m;!s; Cy; Ce are the parameters to be determined. It is important to
mention that the proposed composite state convergence seofe o ers a systematic
procedure to determine associated control gains, while nack design procedure exists
for the error force compensation scheme. Thus, for a fair cparison, the design
parameters of both schemes are found through a genetic aigfum by employing the
ITAE criterion as: Z,

fooj = t(jem) * je&j)dt (6.51)
0

wheree, = Xn Xs IS the position error whilees = F,, F¢ is the force error.
We now revisit the teleoperation system of Eqd 44 with a time delay of 100ms
and an environment sti ness of 50Nm/rad. By executing the gestic algorithm with
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default parameters and a population size of 50 chromosomelgsign parameters of

the two schemes are found through minimization of objectivinction Eq (6.51) as
m =0:3855 ¢ =0:983!,, =0:0348! :=3:0386Cs =0;C, =1; G, =0:5377% k, =
109353 ks = 7:4588 rs=0:4489r,, = 8:8197.

With these optimized control gains, simulations are run undea constant operator's
force of 1N, and the resulting position as well as force erroese recorded which
are depicted in Figure6.11 Analysis of Figure6.11reveals that the composite state
convergence scheme o ers better transient performance asnpared to the error force
compensated scheme.

X 10'3 Comparison of EFC and Composite SC schemes
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Figure 6.11: Comparison of error force compensated and prgged composite state
convergence schemes

6.3 Experimental Results

To further validate the proposed composite state convergea controller, semi-real-
time experiments are performed using the geomagic hapticuiee in QUARC/Simulink

environment. Since a mathematical model of the haptic dewdcis not available, we
use a haptic device to generate the operator force for the wial master-slave tele-
operation system. Along with this, re ected environmental dérce, as generated by
the controller, is also displayed to the haptic device so tihdhe person driving the

haptic device can feel the environment. This implementatioframework is depicted
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in Figure 6.12 As the operator moves the device along x-axis between the ioss
2 and 8 on the cardboard, force is generated proportional the position information
asFm = KopXop Wherekq, =5 and Xqp 2 [0:1;0:2]. This force is applied to the virtual
master system and the re ected environmental force is praled to the haptic device
in addition to the virtual master system. In this way, the lo@ is closed around the
operator as re ected force is felt by the operator. We use thisetup to perform ex-
periments in the absence and presence of time delays. In bathses, the sti ness
of the environment is considered ak. = 10N m=rad while motion and force scaling
constants are assumed to be unity. Pol@"is placed at the positionp = 2:6560 in case
of no communication delay while it is placed at the positiop = 1:15 in case of time
delay, which is assumed to b& = 0:5s. The location of pole ' remains the same
in both cases atq = 6. Using the teleoperation system's parameters in Eg6(44),
control gains in the absence of time delay are obtained as:

G, =0:9733
km = 5:3120
m (6.52)
ke = 3:3440
r« =2:5211
Also, the control gains in the presence of time delay are obted as:
G, =0:4336
km = 5:3332
" (6.53)
ks= 1.2670
r«=0:2721

We rst evaluate the performance of the proposed controllein the absence of time
delays. By considering the initial position of the master af.05rad, the teleopera-
tion system is run in QUARC/Simulink environment under the coirol of Eq (6.52
where the operator exerts a time-varying force on the masteystem using the haptic
device. Note that the composite state convergence contrallis designed under the
assumption of constant applied force but here we are evaluaj its performance under
variable operator's force, which is the case in practice. Ding the operation, various
system trajectories, as well as forces, are recorded, whate shown in Figure6.13
Figure 6.14 Figure 6.15
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Figure 6.12: Experimental framework to implement CSC contiler
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It can be seen that composite states, as well as the originshtes, are converged after
an initial transient, and thus the slave is following the ma®r while the reaction force
is also being displayed to the operator.

We now run the teleoperation system in the presence of timeldgs. In this case,

control gains of Eq .53 are used, and the operator exerts a time-varying force
through the haptic device. The resulting system states andices are displayed in
Figure 6.16 Figure 6.17, Figure 6.18
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Figure 6.16: CSC controller with time delay: composite varides

It can be seen that the slave system follows the master systefout error exists
between their states. The error is caused by the fact that theperator's force is
not constant, and the delayed force received by the slave therefore, di erent from
the transmitted force. Any abrupt change in the applied forcealong with long-time
delays, is likely to result in increased position error, a sa discussed in/[l]. Thus,
the state convergence scheme and the proposed one are viabtbe presence of small
time delays, although control gains of the scheme can be falfor larger time delays.
The proposed controller parameters are summarized in Tabfel
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Controller Simulation in MAT- | Semi Real-time
LAB/Simulink QUARC/Simulink
System 1-DoF (Master/Slave) 1-DoF (Master/Slave)

Operator Force (N)

1 (constant)

Time-varying force us-
ing Omni Bundle

Environment  Sti ness

ke (Nm/rad) 10 10
Environment Damping

b (Nm/rad) 0.1 0.1

Force Feedback gairK: | unity unity

MoEon Scaling factor 1 1
m=— s

Time delay (Sec) 0.5 0.5
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Table 6.1: Proposed controller parameters for simulationnd semi-real time experi-
ment

6.4 Conclusion

This chapter discussed a composite version of the state cenyence controller for
bilaterally controlling a teleoperation system. The compsite scheme allows trans-
mitting fewer variables across communication channels Wdistill ensuring the con-

vergence of master and slave states in a desired dynamic w&ontrol gains of the

scheme are found by constructing an augmented system usimgnposite variables and
applying the method of state convergence to this augmentegistem. The proposed
scheme has been validated through MATLAB/Simulink environrant simulations by

considering a single-degree-of-freedom teleoperatiorstgyn. Moreover, the proposal
is compared with the error force compensated scheme and Gcdretter transient per-

formance than the latter. Semi-real-time experiments usina geomagic haptic device
are nally performed in QURAC/Simulink environment to establish the success of
the proposed scheme.



Chapter 7

A Composite State Convergence Architecture for a
Nonlinear Telerobotic System

This chapter is an extension of our earlier work on the chanhsimpli cation of state
convergence controller where we have only considered lingglerobotic system [L04].
The design of a reduced complex state convergence contmlieermed as compos-
ite state convergence controller, is proposed for a singlegree-of-freedom nonlinear
telerobotic system. To this end, we rst utilize feedback hearization theory to trans-
form the nonlinear telerobotic system into a controllableihear system. In the second
stage, composite states are constructed for the transforthenaster and slave systems.
These composite master and slave states, along with the opin's force, are then
transmitted across the communication channel instead of lfustates. In this way,
the complexity of the communication structure is reduced. Araugmented system
comprising composite master and slave states is nally canscted, and the method
of state convergence is applied to compute the control gainktbe proposed scheme.
It has shown that the position and velocity states of the mast and slave systems
still converge in the absence and presence of time delaysemvhough the design
is based on the reduced-order composite system. In order talidate the proposed
scheme, simulations are performed in MATLAB/Simulink envionment where both
the delay-free and delayed communication is considered.n8eeal-time experiments
using the haptic device are also conducted.

7.1 Problem De nition
Consider a single degree-of-freedom nonlinear teleop@&atsystem as:

Master : Jy*m + Bnom + Mugly sin = u% + Fy = upy

. (7.1)
Slave: Js%s + bss + mgglssin s = u?  Fe= us

where my; Iy; b Iy« =, °x; 9; U are the mass, length, friction coe cient, inertia,
angular position, angular velocity, angular acceleratignacceleration due to gravity
and torque inputs for the master k¥ = m)/slave (x = s) systems, respectively. Also,
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Fmn and F¢ are the operator's and environment forces, respectively.yBle ning the
angular position and angular velocity as state variablesa. Xi1x = x;Xox = —;VYx =
X1x, honlinear dynamiCSé)f Eq 7.1 can be written as:

2 Xim = Xom

Master : _ Xom = Dodn SinXin  BXom + 2Un
é Ym = Xim (7.2)
2 Xis = Xos

Slave: _ o= mj—f'SsinxlS Bxos + LU
T Ys = Xis

The objective of the present study is to design control inpstfor the master and slave
system such that the slave is able to follow the master systeamd the environment
force is also re ected to the operator as the slave interactsith the environment.

Mathematically,
tIlilm Xim X1s=0

tI!|lmFm+ Fe=0

(7.3)

where ;  are scaling constants for the position and force responsesspectively.
To achieve the objective in Eq 7.3, we present a feedback-linearization-supported
composite state convergence controller in the next section

7.2 Proposed Controller

The proposed tele-controllers for the position and forcedcking task in Eq (7.3) are
developed using feedback linearization and composite statonvergence theories. To
start with, we recall the fundamentals of exact linearizatn.

Theorem 7.1. For a nonlinear systemx = f (x)+ g(x) u;y = h(x) having a relative
degreen wherex 2 R", there exists a transformation (x) such that the resulting
systemz = Az + Bv is linear and controllable in new coordinates. The coordinate
transform, nonlinear input, and the resulting linear system are given as(]):

2 2 2
1(X) h(x)
n(X) L¢ 1h(X)
1
u= ——————  Lh(x)+ v (7.5)

LgL? *h(x)
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wherelL¢ h(X) is lie-derivative of h (x) in the direction of f (x) and is determined as
Leh(x) = @@;fi (x).

The application of Theorem7.1 on the nonlinear master and slave models in Eq.2)
yields the following linearized tele-robotic system:

8 h it
% m = X1m  Xom
Z1m = Zom
Master : Zom = Vi
% Un = BnXom + MnQlm SinXim + ImVim
" Ym I Xim = 73
8 h S (7.7)
% s — X1s Xos
Z1s = Zps
Slave: = 2, = v,
% Us = bsXos + MsQgls SinXqs + JsVs

Ys = X1s = Z15

After the master and slave systems are exactly linearized tmgh Eq (7.7), commu-
nication between them is established using the compositeat convergence method-
ology proposed by the authors. The overall control scheme shown in Figure 7.1
We now show the convergence of master and slave systems'esats well as the force
re ection ability of the proposed scheme.

Theorem 7.2. The slave system is able to follow the master system in the absence of
communication time delay if gains of the composite state convergence controller are
found as a solution of the following design conditions:

G, 1=0 (7.8)
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Figure 7.1: Proposed Scheme using feedback-linearizatiodaCSC theory

ks+rs km rm=0 (7.9)
kst rs= p (7.10)
km rs= ¢ (7.12)

Proof. Let us de ne the composite states for the mastersf,) and slave §&s) systems
as:

Sm = Xom t mXm1

(7.12)
Ss = Xost  sXis

The time derivative of Eq (7.12 along with Eq (7.7) yields the composite dynamical
system as:

§m:Vm+ mXm2
:Vs+

(7.13)
Se

sXs2

Let us de ne the control inputs for the feedback-linearizedelerobotic system as:

Vm = mXm2 + KmSm + I'mSs + Fny

(7.14)
Vs = sXs2 + KsSs + 'sSm + GoF,
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By plugging Eq (7.14) in Eq (7.13, we get:

Sn = KmSm + ImSs + Fny

(7.15)
§s = ksss + lsSm + GZFm

Letse = s Sy be the composite error. The composite error dynamics can beteen
using Eq (7.19 as:

Se=(Ks*+Trs Kn TIm)Ss+(km rs)se+(Gz 1)Fn (7.16)

We now form an augmented system comprising composite slavelaerror systems as:
n # n #II # n #
ks + Is s Ss G

_ + Fin (7.17)
S_e ks + rS km rm km rs Se Gz 1

¥

We now allow the composite error to evolve as an autonomousstsm which yields the
design conditions Eq 7.8) and Eq (7.9). The characteristic equation of the remaining
augmented system is nally compared with the desired polynoia (s+ p)(s+ g) =0
which yields the design condition Eq{.10 and Eq (7.11). Now, it is left to show that
states of the slave system converge to the states of the masgstem with the control
gains in Eq (7.9) - Eq (7.1]). These control gains yield the closed loop master as well
as slave system ag;s+( ,+ p) X+ p= Fn which implies that slave position can
be made to track the master position with the scaling factora = m/ . which also
implies the zero convergence of the velocity states. Thisrapletes the proof.

Theorem 7.3. The motion of the slave system will be synchronized with the master
system in the presence of communication time delay (T) if control gains of the com-
posite nonlinear controller are found as a solution of the following design conditions:

G,(1+Try) Trg=1 (7.18)
ks+(1 Tkyn)rs km+(Tks 1rpn, =0 (7.19)
ks Trsrmtrs Trskn= p (7.20)

rs Trskm rm+Trnks= q (7.212)
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Proof. Consider the tele-robotic system of Fig7.1 with time delay, T in the commu-
nication paths. Let the virtual inputs for the master and slae systems be introduced
as:

Vi = mXm2 + KmSm + rmSs(t  T)+ Fn (7.22)

Vs = sXs2 + ksss + lsSm (t T) + GZFm (t T) (7-23)

The delayed dynamical composite master and slave systems dee derived as:

Sm = KmSm + rmSs(t T)+ Fpy

(7.24)
S = KsSs+ FsSm (t T)+ GoFm (t T)

Let us now use the rst-order Taylor series expansion on thenhe-delayed signals
with the assumption of constant operator force i.e.

Sx(t T) s¢ Ts;x=m;s

(7.25)
Fn(t T) Fm TFEm=Fn

Based on the above Taylor expansion and using the de nitionf composite error, the
closed loop delayed composite master and slave systems camitten as:

1
=~ (ke T + Trmk Trmk
T 1 Tergr) (k= Trefm *tm - Tk} S (fm Trmko) s (7.26)

+ (1 TrmGZ) I:m

1
= — — ((k T + Trsk Trgk
BT Ty (Ko TRIm e Trkm)ss (s TS o o

+(GZ Trs) I:m

We now write the composite slave-error augmented system:

n # n #Il # n # !
1 a a S
_ 11 12 s 4 by = (7.28)

S
Se (1 Trerm) (@) (ax) Se (1)

where,
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ann=Ks Trsrm+rs Trkmjae = rs+ Trsky;
1= G2 Trshi=G, Trs 1+TrpG

The composite error system is now allowed to evolve as an antonous system which
leads to the design conditions EqA.19 - Eq (7.19. The rest of the augmented system
is then assigned the desired dynamics formed from the pokes p;s= @ This
assignment leads to the design conditions in EG .0 - Eq (7.21). An analysis similar
to Theorem 7.2 reveals that the slave system indeed follows the master sgst. The
proof is now completed. O

7.3 Simulation Results

The proposed composite nonlinear state convergence cotigpis simulated in MAT-

LAB/Simulink environment to evaluate its e ectiveness in mdion synchronization of
master and slave systems. For the purpose of simulations,rpmeters of the teler-
obotic system are adopted fromdJ):

Master : my = 1;l, = 0:2; by, =10;J, =0:33mp 3
Slave: mg =10;ls = 1; b = 15; Js = 0:33ml2 (7.29)
Environment : ke =10;ki =1

We rst perform simulations when no time delay exists in the ammunication channel.
To this end, let the desired poles be placed at+ p= s+2;s+ q= s+20 and let the
motion scaling constants be selected as unity. The desigmditions in Theorem 7.1
are then solved, and the following control gains are obtaide

Gy=1;km= 12ks= 10rs=8 (7.30)

By assuming zero initial conditions for both the master andlave systems, the teler-
obotic system is simulated under a constant operator's fazof 0.2N and the control
gains of Eq (7.30. The result is depicted in Figure7.2 and Figure 7.3. It can be
seen that the composite states converge, and this leads teethonvergence of master
and slave systems' states. The motion scaling property oféhproposed controller is
also evaluated in simulations. It is desired that the slave'motion converges to 50%
of the motion of the master system, which leads to the seleati of the slave's scaling
constant as s = 2. The simulations are now run with the control gains of Eq 7.30),
and the result is shown in Figure7.4. It can be seen that the slave's position response
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is indeed 0.5 times the position pro le of the master system.

Position Synchronization with No Communication Delay
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Figure 7.2: Position synchronization with no communicatioime delay

We now test the proposed controller when a time delay exists the communication
channel. Let the time delay be 0.2s in each direction. With th@arameters of the
telerobotic system in Eq (.29 and using the same desired dynamics as in the delay-
free case, control gains are found based on the design coidis of Theorem7.3

as.
G, =0:352% ky, = 16 ks = 2:3944r, =0:2817 (7.312)

By selectingxm, (0) = Xs(0)=0; , = =1 and with a constant operator's force of
0.2N, we run the time-delayed telerobotic system under the ©wol gains of Eq (7.31)
and the results are shown in Figure’.5 and Figure 7.6. The analysis reveals that
the composite slave system follows the composite master teys, which leads to the
convergence of the position and velocity states of the mastnd slave systems. The
motion scaling ability of the time-delayed telerobotic syiem is also investigated. To

this end, the reference for the slave system is set a2®1, which implies ¢ = 4.
The simulation result, as obtained under the control gainsfdeq (7.31), is shown in
Figure 7.7. It can be seen that the motion of the slave system has been anled as

desired.
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Velocity Synchronization with No Communication Delay
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Figure 7.3: Velocity synchronization with no communicatiortime delay

Motion Scaling with No Communication Delay
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Figure 7.4: Motion scaling with no communication time delay
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Position Synchronization with Communication Delay
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Figure 7.5: Position synchronization with communication tne delay
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Figure 7.6: Velocity synchronization with communication tine delay



Motion Scaling with Communication Delay
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Figure 7.7: Motion scaling with communication time delay

7.4 Experimental Results
We now include some semi-real-time results of the proposedntinear controller,
which are obtained using the haptic device in the QUARC/Simutik environment.
A time-varying operator's force is generated by operatinghe haptic device along a
single axis, and trajectories of the resulting master andasle systems are recorded in

a time-delayed environment under the control of EqA.31). The results are shown in
controller parameters are summarized in Tablé. 1

Figure 7.8 and Figure 7.9 and

Controller Simula_tion_ in MAT- | Semi _ Real—time
LAB/Simulink QUARC/Simulink
System 1-DoF (Master/Slave) 1-DoF (Master/Slave)
Time-varying force us-

Operator Force (N)

0.2 (constant)

ing Omni Bundle

116

Environment  Sti ness

ke (Nm/rad) 10 10
Environment Damping

be (Nm/rad) 0.1 0.1
Force Feedback gairKs | unity unity
Scaling constant = | 1 1
Time delay (Sec) 0.2 0.2

Table 7.1: Proposed controller parameters for simulationnd semi-real time

ment

experi-
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Position Synchronization with Communication Delay
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Figure 7.8: Position synchronization with communication tne delay under time-

varying applied force
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Velocity Synchronization with Communication Delay

051

0.4}

031

Vel(rad/s)

0.2

Ssdot

0.1
0

20 25 30 35 40 45
Time(s)

Figure 7.9: Velocity synchronization with communication tme delay under time-

varying applied force
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7.5 Conclusion

This chapter presented the design of a composite state corgence controller for a
one-degree-of-freedom nonlinear telerobotic system. Teal with the nonlinearity

in the master and slave systems, a feedback linearizationgatithm is used. The
exactly linearized master and slave systems are then useddom the lower complexity

composite systems. Through the use of a similarity transforation, a composite slave-
error augmented system is constructed. After the composiégror is made to evolve as
an autonomous, desired behavior is assigned to the telertibcsystem. This results
in four design conditions which are solved to determine thedr unknown control

gains. Simulations, as well as semi-real-time experimentre nally performed in

MATLAB/Simulink environment, which shows good performanceof the telerobotic

system in the absence and presence of communication timeaysl



Chapter 8

A Composite State Convergence Architecture for
Multi-Degrees-of-Freedom System

This chapter is devoted to exploring the applicability of te composite state conver-
gence scheme for multi-degrees-of-freedom bilateral tgderation systems. The com-
posite state convergence scheme presents an elegant degrgeedure for computing
the control gains by allowing the composite error to evolvesaan autonomous system
and imposing the desired dynamical behavior to the augmenteeomposite master-
error system [L04. Here, the composite variables corresponding to the jogof the
master and slave manipulators as well as the operator's fercare transmitted across
the communication channel. A similar design procedure hasén followed to com-
pute the gains for a multi-degrees-of-freedom teleoperati system and have shown
that the closed-loop system is Lyapunov-stable. The contréaws for the master and
slave systems are de ned according to the composite statengergence scheme with
the addition of cancellation terms containing the nonlineadynamics of master and
slave manipulators. It is shown that the convergence of corogite variables of respec-
tive master and slave joints guarantees the convergence ekpective joint positions
of the master and slave systems under the composite state gergence control laws.
To validate the proposed extension, simulations are perfoed in MATLAB/Simulink
environment on two-link manipulators with time delay in thecommunication channel.

8.1 Composite State Convergence Scheme

Consider a bilateral teleoperation system that is comprigeof second-degree-of-freedom
robotic manipulators as:

Mm (On) &1 + Cim (G5 Gn) Gn + Gm (Gn) = Um + Fry

(8.1)
Ms (k) &+ Cs (G &) &+ Gs () = Us  Fe
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where inertia, coriolis/centrifugal, and gravity matrices are given as:

I
Mo, 12 + (Mg, + My,) 12+ 2my,12 cos @p,) My, l2 + my,l2 cos (k)

M, = 12 + 12 2
My, z My, z CosS (C]Zz) mp; z

(8.2)

Qsz22|§ Sin (qZZ) (glz + 922) m22|§ Sin (QZZ)

C, = .
QIszZ@ sin (CIZZ) 0

(8.3)

G, - Mz, Sin (G + ) + g(Miz + Ma;) | 8in (G1z) (8.4)

ngle Sin (qlz + qu)

where subscript z' represents either master or slave maalgtors, my, is the mass
of link 1, my, is the mass of link 2], is length of both links, ¢, = (¢h; )" are the
joint angles, q, = (2; &,)" are the joint velocities, andoe = (h,; &,)" are the joint
accelerations.

To establish the bilateral communication between master anslave manipulators as
per the composite state convergence scheme, composite alalgs are transmitted
across the communication channel along with the operatorfrce from the mas-
ter side. Thus, a total of 6 variables are transmitted over tb channel, i.e.,.S, =
(Sm1;Sm2)" ;Ss = (Ss1:Ss2)' and Fm = (Fm1; Fm2)'. The composite variables for the
master and slave are de ned as:

Sm = Ont mGn (85)

Ss= G+ & (8.6)

where ,, = diag( m1; m2); s = diag( s1; s2) are the auxiliary constants. The
time derivative of composite variables in conjunction withmanipulator dynamics
yields the following composite master and slave systems:

Smn =M. '( CGn Gm+ Un+ Fn)+ mtn (8.7)

Ss= MM ( Css Gs+us Fo)+ s (8.8)

The control inputs for the master and slave systems are intduced:

Un = Cmq:n"'Gm"'(MmBm |)Fm+Mm( mq:]"'KmSm"'BmRis) (8.9)
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Us= Csx+ Gs+ Fe+ Mg (s + KsSg+ BsRsSy, + BsGaF) (8.10)

where K, = diag(km1; km2) and Ks = diag(ks1; ks2) are the stabilizing gains for
the master and slave manipulators respectively. The forceddback gain matrix is
Ry = diag(rm1;rm2) while force feed-forward gain matrix isG, = diag(G.1; G,).
The motion-a ecting gain matrix from the slave to master isRs = diag(rsi;rs2).
Here, we need to determin& ,; Ks; Rs; and G, gain matrices to synchronize the
master and slave manipulators while calculation dR,is based on the environment
information, R, = K Ke.

By plugging Eq (8.9) in Eq (8.7) and Eq (8.10 in Eq (8.9), we obtain the following
closed-loop composite master and slave systems as:

Sm = KmSm + BmRmSs + BmFm (8.11)

SS = KSSS + BsRsSm + BstFm (8.12)

Now, let us de ne the composite error as:
Se=Sn S (8.13)
By re-writing Eq (8.1]) in terms of the composite error, we have:
Sm=(Km+ BnRm)Snm  BmRmSe+ BmFnm (8.14)

Let Sy.ss denote the steady state values of the composite master stsiteAs will be
shown later, the composite error can be driven to zero by thepropriate selection
of control gains. Thus, the steady-state value of the compites master state can be
computed as:

Smss = (Km+ BnRm) 'BnFm (8.15)

Let S,, be the deviation of the composite master state from its stegdstate value:
Sn=Sm  Smss (8.16)

The time derivative of the perturbed composite master syste Eq (8.16 along with
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Eqg (8.14 and Eq (8.19 yields:
Sih=(Kn+BnRm)Sn BmRmSe (8.17)
The time derivative of Eq (8.13 along with Eq (8.12, Eq (8.14) - Eq (8.17) yields:

Se=(Km+ BnRm Ks BsRs)Sn+(Ks BmRm)Se
(Km+ BmRm  Ks  BsRs)(Km+ BnRm) "BmFm+ (8.18)
(Bm BSGZ) I:m

Next, we show that the composite master and slave systems caa $ynchronized by
selecting appropriate stabilizing gains, force feed-foand, and motion-a ecting gains.

Theorem 8.1. The convergence of the composite error §§.18 and perturbed com-
posite master systems E8.17) to zero is guaranteed after the gains of the composite
state convergence scheme are selected as:

Kn= P BmnRn
Ks=

+ BmR
Q+ BnRm (8.19)

Rs=B.*( P+Q BnRn)

G, = B, B

Proof. Consider the Lyapunov function as:

1

1
2

V Sn;Se 5

STS,+ =SI'Se

The time derivative of Lyapunov function yields:
L= SIS+ S]Se

By plugging the closed loop composite systems of E§.{7) and Eq (8.19 in \/, we
obtain

V=ST (Kn+BnRm)Sn BmRmSe +
ST (Km+ BmRm Ks BgRs)Sn+(Ks BmRm)Se
ST (Km+BmRm Ks BsRe)(Km+ BnRm) "BmFm +
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By substituting the control gains of Eq .19 and using the matrix inequality, XY +
YTXT XX T+ 1YTYwe have:

V= STPS, SIBmRmSe SIQS.

Since\L < 0, the errors S,,;Se are bounded and S,,;S: ! Oast!1 . This
implies that the composite slave system does converge to tt@mposite master system
i.e.,,Sm! Smss and Ss!  Sy. This completes the proof. O

Theorem 8.2. The joint positions of the slave system converge to the joint positions
of the master system i the convergence of the respective composite systems is ensured.

Proof. By plugging the control inputs Eq 8.9), Eq (8.10 in Eq (8.1), we have:
q’ﬂ+ m%:Sm;es"' S%:SS (820)

Theorem 8.1 states that S, = Sg = Sp.ss are in a steady state with the assumption
of constant operator's force. Thus, joint velocities convge to zero sinceS,,;Ss! 0.
Recall that S;, = gn + mOn, Ss= G+ sk andgy;g! 0,506 = ! nGn. If
the auxiliary matrices are the same, thems = g, in steady state. The proof is now
completed. n

Remark 8.1. The closed loop analysis also shows that the proposed composite state
convergence scheme can yield a desired dynamic response. This can be veri ed for the
master system by plugging the control gains in 8119 in &n+ 10y = (Km + BmRm)

Sm + B Fm with the assumption that composite error system is driven to the origin.
Thus, we havei#, + 1 On+ P mGn = BnFn.

Let us now consider that time delay exists in the communicain channel with the
assumption of constant operator force. The control inputsnithis case are modi ed
as:

Un = Cnln + G + (MnBm  1)Fn+Mp (1 mOn + KnSp + BaRnSs(t T))
(8.21)
Us = Cs%+ GS+ Fe+ Ms( S%+ Ksss+ BsRSsm (t T)+ BSGZFm) (822)

By using Eq (8.21), Eq (8.22 with Eq (8.7), (8.8), the augmented closed loop com-
posite master and error system in the absence of operatortsrdes can be written
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as.
;
Z=AZ+AZ(t, T);Z= Sy S |
Km0 BmRm BmRm (8.23)
0o K, ¢ B.R., B.R. BuRn

The stability of the time delayed system Eq 8.23 can now be guaranteed by using
the delay-independent methodology.

Theorem 8.3. The stability of the composite state convergence scheme is established
with time delay in the communication channel if there exist two symmetric positive
de nite matrices L1; L, such that the following LMIs are satis ed $3:

ATL1+ LA+ L, LiAq <0 (824)
AlL, L,

Proof. Consider the following Krasovskii-Lyapunov function:
Z t
V(x)=ZT (t)LaZ (1) + ZT()LoZ()d
t T
The time derivative of V along the trajectories of Eq 8.23 and imposing\L < 0
yields the LMIs in Eq (8.29). The detailed proof can be found in33. O

Remark 8.2. The stability of the composite time-delayed system refers to the stability
of the master and slave manipulators of the teleoperation system. We use the control
gains of Eq(8.19 in Eq (8.23 and then use the LMIs in Eq8.29) to nd the matrices
Liand L,. In case of success, the control gains EH@®.19 can also be used in case of
time delay in the communication channel.

8.2 Simulation Results

In order to validate the theoretical ndings, simulations ae conducted in MAT-
LAB/Simulink environment on a time-delayed teleoperation sgtem. The parame-
ters for the master and slave manipulators are chosen as, = my;, = 2kg and
I, = 1m. The control gains for the composite state convergence spie are found
to be K, = diag( 22, 22), K = diag( 58; 58), Rs = diag(3:8;3:8) and
G, = diag(0:2;0:2). Simulations are run by considering a time delay of:Bs in the
communication channel, and recorded results are displayedFigure 8.1, Figure 8.2,
Figure 8.3,
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Joint 1 Position and Composite Signals
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Figure 8.1. Composite and position signals for joint 1 of mast and slave manipula-
tors

Figure 8.1 shows that composite variables for joint #1 of the master andlave manip-
ulators converge in the steady state with a constant operate force of IN. A similar

trend can be located in Figures.2for joint #2 of master and slave manipulators. The
convergence of velocity states can be seen in Figié.

The stability of the composite state convergence controliés con rmed through LMI
conditions Eq (8.24), which yield the following positive de nite matrices as sbhwn in
Eq (8.295 and Eq (8.29:

2 3
108258 0 01672 O
108258 0 01672
(8.25)
01672 0 31263 0
01672 0 31263
2 3
232502 0 4458 0
232592 0 04458
(8.26)
04458 0 19699 0

04458 0 194699
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Figure 8.2: Composite and position signals for joint 2 of mast and slave manipula-
tors

0.06

Joint 2 Position and Composite Signals
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002fH

0.01 1§

1 1 1
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Figure 8.3: Velocity signals for joint no.1 and 2 of master anslave manipulator
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8.3 Conclusion

This chapter presents the extension of the composite statereergence scheme for
teleoperation systems to multi-degrees-of-freedom maniptors. The structure of
control laws for the master and slave systems is in line withé composite state
convergence scheme. The convergence of composite vargabfehe master and slave
manipulators leads to the convergence of respective joinbgitions under the proposed
framework. MATLAB simulations are performed to validate theproposal.



Chapter 9

Disturbance Observer Supported Three-Channel Composite
State Convergence Architecture

Based on composite variables, three-channel state conwemge is a novel architecture
for the bilateral control of teleoperation systems modeledn state space. Although
simple to design and easy to implement, this bilateral cormt algorithm relies on
model parameters. To lower this dependence, this chaptergmoses a disturbance
observer-supported three-channel state convergence arebture. At rst, extended
state observers are used to estimate the position and velyctates of the master and
slave systems along with their lumped uncertainties. Thesegition and velocity es-
timates are then fused to form composite variables, which@transmitted along with
the operator's force. With the knowledge of composite varidds and the estimates of
uncertainties, bilateral control laws are developed for #h master and slave systems
by following the method of state convergence. To validate éhproposal, simulations,
as well as semi-real-time experiments, are performed in MAAB/Simulink environ-
ment by considering a single-degree-of-freedom time-dadd teleoperation system.

9.1 Review of Composite State Convergence Architecture

Like state convergence architecture, its composite verai@lso establishes a joint-to-
joint bilateral motion between the master and slave robotsuting the contact phase
of the teleoperation system. Each joint is modeled as a sedeorder system on state
space:
Xz = AzXz + Bsu, 9.1)
y; = C;X,
where subscript 2' is to be replaced with in' and 's' for the master and slave systems,
respectively, while various matrix entries in Eq 9.1) are given as:

A, = B, = C,= 10 (9.2)
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The communication framework provided by the state convergee architecture is
shown in Fig 9.1, and various parameters de ning the architecture are listébelow:

Figure 9.1: Composite state convergence schemeé

kn, is the stabilizing gain for the composite master systerk; is the stabilizing gain for
the composite slave system, which also takes into accoungtimteraction of the slave
with the environment where the environment is modeled by a istess (ke) element,
rm = ki Ke transfers the scaled e ect of the slave's motion to the mastesystem as
the slave interacts with the environment where scaling is heved through a force
feedback gaink; ), rs models the e ect of master's motion into the slave systenT, is

the time delay o ered by the communication channelF,, is the force applied by the
operator onto the master system which is assumed to be constand G, transfers
the e ect of this force into the slave system. Of these pararn®ss, ki, ;Ks; rs and G,

are unknown scalars and determined by a design procedureyad®d by the composite
state convergence scheme.
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9.2 Proposed Disturbance Observer Based Composite State
Convergence Architecture

The proposed composite state convergence architecture adsishes bilateral com-
munication between the master and slave systems by transitiity three variables,
namely the operator's force, the observed composite-mastgate, and the observed
composite-slave state. At the same time, nonlinear dynanacmodels of the master
and slave systems are considered as opposed to linear dyrambdels in the case
of standard composite state convergence architecture. Themped nonlinearities are
estimated through extended state observers which also pide estimates of the po-
sition and velocity states. Fig9.2 displays the proposed architecture, and various
parameters de ning the architecture are listed below:

1. sm =%Xm2t m&m1 is the composite-master state constructed from the obsedre

master's position },1) and velocity (®,2) states where ., serves the purpose
of scaling the master's position.

2. Ss = X2 +  Rq is the composite-slave state constructed from the observed

slave's position 3;) and velocity (Rs,) states where ¢ serves the purpose of
scaling the slave's position.

3. Other parametersk; Ks; rm; rs; Go; Fn; T are the same as in standard composite
state convergence architecture.

4. The design of control gaink,; Ks; rs; G, along with disturbance observer gains
is discussed in the sequel.

To this end, we rst consider a more general form of the mastend slave systems as:

1= Xz2

2= 0, (1) + bu, 9:3)

Xz
Xz

whered, = f,(X;) encapsulates the nonlinearities of the master and slavessgms.

By consideringd, (t) as an extra state, system in Eq¥.3) can be equivalently written
as:

= A,X, + B,u, + E,h,
Yz = CX;

R
|

(9.4)
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Figure 9.2: Proposed composite state convergence architeet

whereh, (t) = d, (t) and various matrix entries are given as:

2 3 2 3
010 i

2 3
0 0 n
A=90015B,=905:E,=80éc,= 10 0 (9.5)
0 0O b, 1
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To estimate the disturbance terms as well as the systems' &#¢a of Eq ©.3), we
introduce extended state observers based on Eg.4) as:

2, = AR, + B,u, + L,C, (Xz kz)

(9.6)
¥, = C,%,
h it
InEQ (9.6, L= 1,1 |l |y are observer gains while other matrix entries are
h it
given in Eq (9.5). Let us de ne the observer errore;o = €01 €02 €03 aS:
€0= X; R, (9.7)

Observer error dynamics can be found using E§.@), Eq (9.6), and Eq (9.7) as:

e&o=(A; L,C,)en+ E;h, (9.8)

Control laws for the master and slave systems in three-chaginstate convergence
architecture are proposed as:

Un % &y mRmot KmSm + ImSs(t T)+ Fim (9.9)

Us = 4 Ro+ KsSs +rssm(t T)+ GoFpm(t T) (9.10)

1
b,

Here, we will construct the augmented system using compositeaster and composite{
slave states instead of full position and velocity states ofaster and slave robots. To
this end, derivative of the composite-master state along thi Eq (9.9) yields:

Sn = KmSm + bnrmSs(t T)+ bnFm +(Im2+  mlm1) €mo1 (9.11)

Similarly, by taking the time derivative of composite-slae state and using Eq 9.10),
we get:

§S = ksss + bsrssm (t T) + bsGZFm (t T) + ( ISZ + slsl) €501 (9-12)
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By applying rst order Taylor approximation on time-delayed signals in Eq ©.11),
Eq (9.12 with constant operator's force assumption and simplifyig the resulting
expressions, we have:

Ss = A11Ss + A12Sm + A13€s0 + A14€mo + B1Fn (9.13)
Sm = A21Ss + AxSm + A€o+ Ansbmo + BoFn (9.14)

where
A1 =D (ks Thrshhrm);A2= D (bsrs  Thrskn)
Aiz=D e+ ¢lgg 0 0O ;Anu=D Thrs(lnz+ mlm) O O
Ay =D (bnrm  Tharmks) ;A= D (km  Tharmbsrs)
Ax= D Thyrm(se+ slsi)) 0 0 ;A2=D lpo+ mlms 0 O

BlzD(bsGZ Tbsrsbn);BzzD(hn TbnrmbsGZ);D: 1 Tzhnrmbsrs !

(9.15)

Now, we form an augmented system using E®.(L3, Eq (9. 14) and Eq (9.9) as:
2 3 2 3

3 2
Ss Air A Ags O 0 _. 4
g Sm %ZEAH Az A A24%§ % g Bz% g 0O O % hs
€so 0 0 A33 Es 0 hm

0
Emo 0 0 0 Ay 0 0 En
(9.16)

Let us introduce a linear transformation to replace the congsite-master system in
Eqg (9.19 with the composite-error systemse = Sg  Sm:

2 3 2 32 3
Ss Il O OO Ss
[ | 0O
€0 O O1 O €50
€mo 0O 0 OI €mo

The time-derivative of Eq (9.17) along with Eq (9.16), Eq (9.17) yields the trans-
formed augmented system as:
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2 2 32 3 2 3 2 3
Ss A K K ARy Ss 21 0 0 _. #
g Se g Ko Ky Ky Ay %g Se + B, = E 0 0 hs
- m
€so 0 0 A5 O €so 0 B O hm
€mno 0 0 0 Ay €mo 0 0 E,

where

ARii= At A, Ko = A, K= A, K= A, K= A At A Ay,

K= At Axp Ax= Az Ay Au=Au Axu, Kz = As, K= Ay, By = By,

B,=B: By Esu=Es EBp=Ep.

Based on the assumption that disturbance observers have ruaster dynamics than
the composite-error system, following conditions must halfor composite-error to

evolve as an autonomous system:

&21 =0; @2 =0 (919)

The characteristic polynomial of the augmented system in E§9.18 can now be
compared to the desired polynomial to yield the following cwlitions:

sl Ky =s+0p

sl /sz

(9.20)

s+ q

S3+ 18?2+ riS+ 1o

sl &34
sl /@44

(9.21)
3+ WoS2 + WiS + W

Design conditions in Eq ©.20 x the dynamics of composite-slave and composite-
error systems while disturbance observers for master anéda systems are designed
according to Eq ©.21). The solution of design conditions Eq9.19 - Eq (9.2]) yields
the control gainskn; Ks; rs; G, and observer gainsdy1; Im2; Im3; ls1; Is2; Iss. Thus, the
composite slave system will follow the composite-masterstgm under the control
laws Eq ©.9) and Eq (9.10. However, the convergence of position and velocity states
of the master and slave systems needs to be investigated. Tostend, rst note that
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Se=0) s, =ssandsy = ss =0 under constant operator's force assumption. This
leads toX}2 + mRm1 = X2+ sRs1. Thus, convergence ok, and Xs, to zero has
to be ensured. By plugging control laws from EqY(9 and Eq (9.10 in Eq (9.3 and
using Eq 0.7), Eq (9.1]0), Eq (9.12, we have:

Xm2+t mXm2=Smt m€mo

)SSZ"' sX52:§s+ s€s0

(9.22)

where ,, = [mo mlmi m 1 and ¢ = lso Jdsi s 1 Since ob-
servers have fast dynamics as compared to the composite sand under the assump-
tion of slowly varying disturbances, we arrive akp,+ mXmz2 =0 and X+ $Xsp = 0.
Thus, velocity statesxn,, and Xs, will converge to zero along with their estimates and
we have: 1 ®m1 = R and 1 Xm1 = sXs1 Which implies that slave system will
follow the master system. These results further suggest théne motion of the slave
system can also be scaled by adjusting the constang.

Let us now investigate the closed-loop dynamic behavior dié master system in the
proposed three-channel state convergence architecturey Blugging the control law
from Eq (9.9 in Eq (9.3 and ignoring the e ects of composite error plus observer
error dynamics, we have the following simpli ed closed loomaster system driven by
the operator's force:

This result suggests that master system response can inddesladjusted by varying
constant ., and pole locationp. The selection of polep also controls the force-
re ection behaviour of the proposed state convergence aitgcture. By choosing the
pole location to bep = bmrm/(l + Thyry,) @ndks = ¥ .- full force re ection can be
guaranteed at steady state. However, this requires the timesthy and environment
sti ness to be exactly known. This result can be veri ed fronthe steady state analysis
of master control law in Eq ©.9) which yields

_ B I'm
Um:kn = p(1+ Tbnrm)Fm

+ kf an: (924)
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9.3 Simulation Results

In order to validate the proposed disturbance observer bakéhree-channel state con-
vergence architecture, simulations are performed in MATLAESimulink environment
by considering master and slave systems with single degdeffeedom motion. Let
the nonlinearities in these systems be

f,=  aunXxaSin(Xz1) azXz (9.25)
By assuming the parameters as
amo = 7:1429a5, = 6:25
b, =0:2656 b = 0:2729
ke=50; n=1; =1 (9.26)
ki =1;T =0:1s;9=10;p=5
o= Wo=27000r; = wy =2700;r, = w, =90

Now solve the design conditions in EqQY19 - Eq (9.21) and obtain the controller
and observer gains as:

G, =0:3084
km = 265496
ke = 1:5829 (9.27)
r« = 9:609 .
s 2h it

Lme = Lse= 90 2700 27000

The nonlinear time-delayed teleoperation system is now sitated under the control
of Eq (9.27 with an operator's force of 0.5N and results are shown in Figel 9.3
and Figure 9.4. It can be seen that motion synchronization of the master anslave
systems is achieved. Further, full environmental force idso re ected to the operator
at a steady state.

9.4 Experimental Results

To further validate the proposed architecture, semi-reaime experiments are per-
formed using geomagic haptic device. The device is driven Hye operator along
X-axis to generate the time varying-forceFn, (t) = Kop (Xop (t)  Xo) With Ko, = 10
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Figure 9.3: Simulation results: convergence of teleoperatisystem's states

Figure 9.4:. Simulation results: control torques
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and Xop 2 [0:1; 0:2]m. This force is provided as an input to the master-slave telper-

ation system running in QUARC/Simulink environment. At the same time, re ected

force as generated by the controller is also fed back to thegte device. Thus, the
loop is closed around the operator as he/she will feel the tual environment during

teleoperation. The experimental results are shown in Figur@.5 Figure 9.6, Fig-

ure 9.7. It is evident that disturbances are well-estimated by the loservers and the
systems remain synchronized with proper force re ection tthe operator.

Figure 9.5: Semi-real time results: disturbance estimation
Finally, a comparison of the proposed tele-control algorith with a proportional-

derivative (PD) controller is drawn to show superiority of he former scheme. Here,
PD controller employs delayed position signals mentioned Eq (9.29):

em=ys(t T) Yme=ym(t T) Vs (9.28)

With environment force compensation (EFC-PD) in the slave die in (9.29:

Un = kpmem + Kgm€n; Us = kpses + Kas€& + e (9.29)

For a fair comparison, gains of EFC-PD controller are optinzed through Genetic
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Figure 9.6: Semi-real time results: convergence of teleogion system's states

Figure 9.7: Semi-real time results: Control torques

algorithm by minimizing an integral-time-absolute-error (TAE) criterion de ned in
Eqg (9.3)).
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Z
fooy = tOym Ysit+jfm fej)dt (9.30)

Here, Genetic algorithm is run with a population size of 50 andontrol gains are
found to be in Eq ©.3))

Kom = 15:8996
Kam = 2:3574
Kos = 0:0005
Kgs = 7:1134

(9.31)

With the teleoperation system parameters reported earliefMATLAB simulations
are performed under a time-varying operator's force and theesults are depicted in
Figure 9.8 and Figure 9.9.

Figure 9.8: Comparative assessment: EFC-PD controller

It can be seen that the proposed controller o ers better pason and force tracking
performance than the EFC-PD controller. The proposed cortfler parameters are
summarized in Table9.1
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Figure 9.9: Comparative assessment: proposed controller

Controller Simulation in MAT- | Semi Real-time
LAB/Simulink QUARC/Simulink

System 1-DoF (Master/Slave) 1-DoF (Master/Slave)

Operator Force (N) 0.5 (constant) Time-varying force us-

ing Omni Bundle

Environment Sti ness

ke (Nm/rad) 50 10
Environment Damping

be (Nm/rad) 0.1 0.1
Force Feedback gairK | unity unity
Scaling constant = ¢ | 1 1
Time delay (Sec) 0.1 0.1

Table 9.1: Proposed controller parameters for simulationna semi-real time experi-
ment

9.5 Conclusion

This chapter presented the design of disturbance observesised three-channel state
convergence architecture for bilateral teleoperation sgsns. It is shown that state
convergence between the master and slave systems can stlldzhieved by transmit-
ting composite variables instead of full states, which hedpin reducing the number
of channels. Further, state convergence architecture is oha capable of dealing with
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non-linearities by integrating extended state observersto it. Simulations and semi-
real-time experiments show the e ectiveness of the propabkarchitecture.



Chapter 10

A Multi-Master-Single-Slave Composite State Convergence
Architecture

The aim of the chapter is to explore the possibility of exteridg the transparent bilat-
eral state convergence architecture to accommodate the ead a multi-master-single-
slave (MM/SS) teleoperation system. In addition, the chanal complexity is kept at
a minimum when multiple systems are communicating. To achre the former objec-
tive, multiple masters-slave interconnections are congred with a new set of control
gains while the later objective is achieved by adopting coropite variables from au-
thors' earlier work [L04], [160. In this proposed architecture, composite variables are
transmitted across the communication channel instead of lftsystems’ states. In ad-
dition, control gains are de ned to consider masters-slaveteractions. Through the
method of state convergence, design conditions are derivieddetermine the control
gains by allowing the tracking error to evolve as an autonoras system. To validate
the ndings, a single-degree-of-freedom tri-master-sitggslave system time-delayed
system is simulated in MATLAB/QUARC/Simulink environment. It i s found that
the proposed architecture can establish communication bveten multiple systems to
achieve position and force tracking.

This chapter is organized as follows: Section 10.1 descsbihe architecture of the
proposed multilateral system. Section 10.2 presents thesign methodology, while
simulation results are included in Section 10.3 followed lmponclusions and references.

10.1 Proposed MM/SS Architecture

The proposed MMSS architecture is shown in Figur@0.1 Interactions between
masters and slaves are modeled by di erent control gains, wh will be determined
by using the method of state convergence. Di erent parametg associated with the
proposed architecture are de ned below:

FX: It represents the force exerted by the kth operator
g%, It represents the in uence of the kth operator's force on ta slave system

143



144

sk @ It represents the composite variable df" master system and is formed by fusing
the velocity and position signals of the respective masteystem

si: It represents the composite variable of the slave systemdiis formed by fusing
the velocity and position signals of the slave system

rk.: It models the e ect of the motion of k™ master system onto the slave system

rl.: It models the e ect of the motion of slave system ontk™ master system. It
also carries environment information to the masters

g, It scales the environmental force as it is re ected to th&™ master system
TL : It represents communication time delay from the slave to thk™ master system

TX: It represents communication time delay from th&™ master system to the slave
system

kl: It represents the stabilizing gain for the slave system

Of these, X + 1 parameters, ki, ¢g&, r¥ are designed through state convergence
methodology as detailed in next section.

Figure 10.1: Proposed multi-master single slave architeceir
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10.2 Design Procedure for MM/SS Teleoperation System

Consider a single degree of freedom MM/SS teleoperation ®ys:

1 _ oyl
)Sml_XmZ

1 _ Al i 1 1 1

)sz - amlxm1+ amZXm2+ lqlnum

K — ok

Koy = b 10
K — ok ok kK ok K

XK = al Xty + al Xk, + b uk

1 — W1

Xs1 = X2

1 — 41 1 11 1
XJZ - aslxsl + asZst + béus

Let composite variables for the participant systems be deed as:

1 — 1 1
Sm = Xm2 T miXm1

) ) y (10.2)
Sm = Xm2t  mkXm1
1 — 1 1
Ss = X2t s1Xg
We now introduce control inputs for the participant systemsas:
1 - 1 1 1 1 1 1 r1 Q1 1 1
Un = bl AniXm1 @n2 T miXy2 Om1m1Ss (t Tml) + Fm
k — 1 Ky k ok 4 vk 1,1 ol 1 k
Un = B An1Xm1  Gm2 T mkXm2 Ok 'mk Ss (t ka) + I:m (10'3)
1- 1 141 1 1 1cl A j
s bl G1Xa1 &t aXgp t ksss + j=1 rslSJm t Tsl

The time-derivative of the composite variables Eq10.2 along with control inputs
Eqg (10.3 yields the following closed loop composite systems:

Sm = BaOmifmiSs(t Tag)+ bBFq
:k 1 .1 o1 1 k (10.4)
Sm = kfngnv_@rmkss (t Th)+ HoFX

]n(n

- . =) o .
- k k
s = kess+ o brish t To + i=1 g Fh t T4
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By linearizing Eq (10.4 and employing constant operators' force assumption, we

obtain:

£
I

gmx
I

2okt s,

i= i=

Further processing of Eq {0.5 yields the following:

Sm = BLOnirmaSs + bnGnarmiTmaSs + bhFo
St = B Gk micSs B Gk Pk Tk Se + B Py
1
1_ l
84 - P K : L ks
T p CBr Teibn st riy Ty
Xk Xk _ i .

b;r §1Sh + bl kery,Thb, Fh
i= i=1
Let us de ne a composite error as:
Xk

1 ,1 41 1 ,1 1 1 1
l:ﬁwgmlrmlss + q;gmlrml-rml% + t#Fm

bl;gmkrmks + bt;gmkrka (st+ bt;Fk (10.5)

bgrj lesj bégjlerjn
1

(10.6)
b;r’ leﬁngr%nj rrlnj sg+

(10.7)

The time derivative of Eq (10.7) along with Eq (10.6) yields composite error dynamics

as:
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- 1 ioTi i Al 1 1 '
Se = ks+ birslTsl'l_ 1j ljmgmjrmj Ss+ ttl’ 1SJ

i=
10.8
X« o 11 X« . o . . ( )
briy T+ g b O Tmj Ty S5 + o,  HriTh+ 4 b, Fj
j=1 j=1
Further processing of Eq (0.9 yields:
0 1 b% j i Al 1
ks + r) TSl + Umgmj
_ 1
S_e - @ Lb%rslTsl+ l])(dm g%n] rr%-u mJ ) kl + P t%r] TJ Umgl r]_ A SS
61"' j=1 b%rslTslegr]ﬁj mj mj) J =1 s mj "~ mj
)4( . S r T + . 1 rl Tl .
+ krl, @1 1_1 bé s1t tjmng Ag (10.9)
j=1 0 1"‘ J -1 bérslT lu'ngr:‘l.njr%'lj-rl 1
N X« @ bégjsl tér 1Té1 y By A Ei
(_\bérs Ts + 1J)(Hm gm m 'm j j | m
i=1 J( 1+ ] 11 b%tﬂ 1Umgmj rl#l -lj-riL1J )J j:l béglsl bérS]_Ts]_Um
Let us introduce the following assignments:
Py il iyl 1 1
J J i 1 1 j:]_ Q‘LrslTsl + 1j Umgmj = T j
+ b Ty 3 B O Mo P
+ j=1 b%rsl 1ngr1nj rr]'I-’lj Tl
! (10.10)
. Xk G4
ks + ttrjslTéle gmj Ifmj = q
j_
0 P, o 1
_ k- Sk L 1 rl -|-1
bérél@l j=1 t_)_% sl'sl 1 Umgmj A = 40 (10.11)

P - -
k i Ti 1 1 1
+ j=1 bsl;rslTsluT\gmj rmj T
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P o .
j=1 BrbTa+ o HaGm iy Toy i [
P k i i H AL 1 1 tégjsl b:slrslTslun
1+ o blr g, Tgibhn Omj Tmj Ty j=1 (10.12)
= tégjsl b:slTilTél T b,

The above assignments allow the composite error to evolveasautonomous system.

Thus, convergence of composite error is ensured i.g: }‘:1 1j s. ! 0. Since,
xL+ axi = st 0, we havexl, = J.k:l 1j X}, in steady state. In this way,

position coordination is achieved. A similar analysis sha@athat force re ected to all
the masters converges to the environmental force when apgaliforces are the same.

10.3 Simulation Results

To validate the proposed framework, 3MSS is adopted and test in MATLAB
Simulink environment. The following system parameters arassumed:

a<,=0;ak,= T7:1429H =0:2656¢%, =1

al, =0;al,= 625K =0:2729

kl=10; 11=0:1;, 12=0:5 13=0:4

Th = Ta=0:LTL, = T2 =0:15T = T3 =0:2

v Im2

(10.13)

The control gains are obtained as a solution of design conidns Eq (10.10 - Eq (10.19:

gL, =0:7824 @2 = 4:5637 ¢, = 4:1726
kl= 527717 (10.14)
rl =9:8187r2 =49:0936r3 = 39:2749

Now, under constant operators' forces df X =0.25N, we simulate 3MSS system and
the results are shown in Figurel0.2 Figure 10.3 Figure 10.4 Figure 10.6

Slave is following the weighted motion of the master systemhile environment force is
also re ected to the operators. It is also evident that trangent phase of force re ection
behavior is not appropriate while steady state phase trulyerects the environment
to the operators.
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Figure 10.2: Simulation results of 3MSS teleoperation sysgte(a) position response

Figure 10.3: Simulation results of 3MSS teleoperation syste (b) velocity signals
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Figure 10.4: Simulation results of 3MSS teleoperation syste (c) control inputs

Figure 10.5: Simulation results of 3MSS teleoperation syste (d) force re ection
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10.4 Experimental Results

We have also performed semi-real-time experiments in MATLABUARC /Simulink
environment, where one haptic device is used to drive threeaster systems. During
the operation, the force from the virtual slave environmenis transmitted to the hap-
tic device via the time-delayed communication channel. Theecorded experimental
results are displayed in Figurel0.7, Figure 10.8 Figure 10.9

Figure 10.6: Experimental results of 3MSS teleoperation ggm (a) position response

It is evident that the slave is synchronized to the combined otion of the master
systems while environment force is also being re ected in éhmasters. The results
obtained from both the simulations and experiment validatehe proposed extended
architecture.
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Figure 10.7: Experimental results of 3MSS teleoperation sgm (b) velocity signals

Figure 10.8: Experimental results of 3MSS teleoperation ggm (c) control inputs
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Figure 10.9: Experimental results of 3MSS teleoperation sgm (d) force re ection

10.5 Conclusion

In this chapter, the design of a multilateral teleoperationsystem is presented by
considering the case of multiple masters and single slaves®ms. The proposed ar-
chitecture is an extended version of transparent state coakgence architecture which
is developed earlier for bilateral control. The extensiorsirealized by considering
additional interactions and control gains. At the same timethe concept of a bilat-
eral composite state convergence scheme is employed to edthe control gains and
simplify the communication channel. Method of state convgence is nally utilized
to derive the design conditions, and control gains are detamed as a solution of cou-
pled equations. MATLAB simulations show that the proposed ahitecture possesses
position and force tracking ability. Future works involve pbustifying the proposed
architecture against parameter variations.



Chapter 11

A Generalized Composite State Convergence Architecture
for Multilateral Teleoperation Systems

A composite state convergence scheme is a reduced-complexersion of the state
convergence controller for the teleoperation system. It grloys a smaller number
of control gains and communication channels to synchronizbe motion of a single
master-slave system in a desired dynamic way. The chaptema to generalize the
composite state convergence scheme so that I-slave systeas follow the weighted
motion of k-master systems. To achieve this, at rst, compat® variables of all master
and slave systems are transmitted across the communicatiolnannel along with oper-
ators' forces, and a set ok+ | +2Kkl control gains are de ned. In the second stage, the
design procedure of the existing composite state convergerscheme is extended for
multiple systems, and control gains are determined througtine solution of coupled
equations. Finally, to validate the ndings, simulations am semi-real-time exper-
iments are performed in MATLAB/Simulink/QUARC environment by considering
di erent con gurations of teleoperation systems. This chpter reported a generaliza-
tion of the composite state convergence scheme, which erabislave systems to track
k-master systems. In addition, the number of communicatiorhannels are reduced as
compared to the extended state convergence architecturesf]. In addition, the num-
ber of control gains are also reduced as compared to the exded state convergence
architecture. It is shown that synchronization ofl- composite-slave systems té-
composite- master systems guarantee the synchronizatiohaviginal |-slave systems
to the original k-master systems under the proposed systematic design pradwes. In
addition, the stability of the proposed scheme is veri ed ttough Lyapunov analysis.
The proposed scheme is validated through simulations andhsiereal-time experiments
in MATLAB, Simulink, and QUARC environments.

Remark 11.1. Although the composite state convergence scheme o ers lower com-
plexity (three communication channels and four design variables) as compared to its
standard counterpart (2n+1 communication channel and 3n+1 design variables), a
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generalization is desired in order for the scheme to accommodate any number of mas-
ter and slave systems involved in the joint task. This has motivated us to investigate
the possibility of extending composite state convergence scheme for multiple systems.

The rest of the chapter is organized as follows: The proposgéneralization is pre-
sented in Section 11.1, while MATLAB simulations and experiental results are in-
cluded in Section 11.2 and 11.3, respectively. Conclusiom® given in Section 11.4
and stability analysis is provided in AppendixB.

11.1 Proposed Scheme for Multilateral Teleoperation Systems

The proposed extension enables composite state convergescheme to synchronize
slave systems to the reference motions generatedliynaster systems. The objective
is to allow j ! slave system to track combined motions df-master systems as:

X sXm! Otll (11.1)

i=1

wherex denotes the states while . are de ned as authority factors for the master

Sj

systems a ectingj ™ slave system such that ¥, 5 =1

Communication Structure

To achieve this objective, communication is rst establisbd by transmitting compos-
ite variables from all the master systemssl,;j = 1;2;:::;;k) to all the slave systems
as well as from all the slave systemssi(;j = 1;2;::;;Kk) to all the master systems
over the communication channel, which o ers constant timelelays to the incoming
signals. Here,‘l’,"ﬂi is the time delay from thej ™ slave system to the " master system
while Tgi is the time delay from thej ™ master system to thei!" slave system. Thus,
j™ slave system will receive delayed copies of composite vatés of allk-master sys-
tems sy = S, t Ty ;i=1;2:5k whilej™ master system will receive delayed
copies of composite variables of dliislave systemssgy = s, t Ty ;i=1;2:51 .
In addition, all the operators' forces EJ,;j =1;2;:::;k) are also transmitted to the
slave systems over the communication channel. Thug! slave system will receive

delayed copies of alk-operators forces Fr‘njd =120k .

After transmitting the composite variables and force signalover the channel, control
gains are introduced in line with the composite state convgence scheme. Firs,™"
slave system is stabilized withk;j = 1;2;:::;;1. Sincej™ slave system also receives
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delayed composite variables from all the master systems, ng,xarsJ 1 =1;2;:0k are
introduced to scale the incoming composite variables fronihé master systems In
addition, operators' forces are also scaled af' slave system W|thGsJ 1=1;2 5k

We proceed in the same manner and introduce control gains fibre master systems.
First, j™ master system is stabilized withkl,;j = 1;2;:::;k. Since,j™ master system
also receives delayed composite variables from all the €asystems, galnsmJ o
1;2;:::;1 are introduced to scale the incoming composite varlables.héser}nj gains
are pre-computed as;; = kj; ky wherekj, is the force-feedback gain from the™
slave to thej™ master system whilek!, is the environment sti ness associated with
the i!" slave system. All other control gains will be determined thragh the proposed
design procedure, which is an extended version of the comp®sstate convergence
methodology. The proposed scheme is depicted in Figuré.l

11.2 Design Procedure

Let us consider single-degrees-of-freedom master and slaystems asZ = m;s):

)S.izl = XiZZ (11 2)
Xbp = @)Xy + al,Xh, + Bul

The composite variables for the master and slave systems aened as:

s, =X, + LXby (11.3)

The control inputs for the master systems are proposed as ig§11.4):

P S
1 - 1 1 41 1 1 1l l i ool 1
Un = @( Am1Xm1 (am2+ m)x + k S )+ ji=1 Mm1Ss1d + I:m

: . (11.4)
_ A
uy, = bh% i Xm1 Aot Xmat KESK + L MySha + F
The control inputs for the slave systems are proposed as in Efl.5:
1- 1 1,1 1 1y y, 1 1cl Py P« =
Us = [ ( 81Xs1 (asz + s) Xs2 + ksss) + j=1 slsmld ji=1 Glemld
(11.5)

u= L | x! I_,_IXI_,_kISI_|_P I’JS P GFJ
s t A51Xs1 as2 s 's2 sVs j=1 "sl mId s’ mid
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Figure 11.1: Proposed generalized state convergence sché&nenultiple systems

Using the master control input, the closed-loop compositeaster systems can be

written as: P, . . -
1 1el J J 1
Sm kmSm + brln j=1 rmlSJs t Tml + lqlnFm

: 5 (11.6)
sk = kinsm + }:1 rhasSs t The + HGFX
Using the slave control inputs, the closed loop slave comptessystems can be given

as: Lo llele Dk g j Py o g j

S = ksss + b; ji=1 rslSJm t Tsl + t% ji=1 Glem t Tsl

: (11.7)
P, . . P. .

st = kesg + B j=1 rgsSh t Ty + 1 j=1 GyFh t T4
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Now, we approximate the time-delay entities using rst ordefaylor expansion as:

s, t TL s Tidh ()

st T sk Ths(® (11.8)
Fhot Ty Fh TiEL=F)

The closed loop composite-systems under the above approatians can be written
as:

2 2 32 3
sh kL ociro 0 bhrlgocioohrig sh
SO 0 o kKooErlo ook, sk,
st Rirl, oooplrk ko0 st
" sk rl ood/rk o 00 i K 33!5
0 D 0 b el B Tmalm o2 4 3
. - §m
0 dfnTr]ﬁkrr]ﬁk Lo t*fn-rmk M mk SL
Tirl TXrk 0 i 0 4+
BTird b% sils1 st (11.9)
J
BTiry o BTErK 0 s 0 =

b%Gél e b%Glél

INe)0)0)0)9)8)0)0)0) o) NN\
o
T T
3= S
ONN

@Gél ce iGlél

To write above expression in a compact form, we introduce tHellowing notations:

B =diag t;::55th 5B, = diag bg ----- it (11.10)
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3 2
M M1 o1 sy T LB
Rng Z;RSZE Tm:§ :
2 Mo B0 rlmlg rs r§ 2 T Tr|nk3
LTS Y h i Gy i G
TS:E ZFm: FL ... FX ,GS:E é
T T4 G Gg
(11.11)
The closed loop composite system in EQ{.9 can now be written as:
" #" # " #" # " #
l Tm (BmRm) Smo _ Km BmRm Sm o, Bm
Ts (BSRS) I| Ss BsRs Ks Ss BsGs "
(11.12)

where "' denotes the Hadamard product. By lettingD,, = T, (BnRm);Ds =
Ts (BsRs) in above equ%tion" and using g\lgtrix igverlgion lemma, we obitat

S A A S B
Sm - _ 11 A mo 1 F. (11.13)
Ss Az Ay Ss B,

where:

Air=(lx DmDs) *Km Dm(li, DsDm) *BsRs
A =(lx DmDs) '‘BmRm Dm(li DsDm) *Ks
As;= Ds(lx DmDs) *Km (I), DsDm) 'BsRs
Arp= Ds(lx DmDs) *BmRm (I DsDm) Ko
Bi=(l« DmDs) "Bm Dm(li DsDm) "BsGs
Bo= Ds(lx DmDs) 'Bm (I, DsDm) 'BsGs

Now, we de ne the following linear transformation:
n # n #ll #
Sm I k okI Sm

= 11.14
Se A || SS ( )

where matrix A governs the set-points for the slave systems:

3
k

2
1
sl --- sl
A= § : Z (11.15)
1
SI PR

k
sl
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h it
In addition, se = sl ::: sl is the composite-error system with -entries de-
scribed ass., = s| ,!(=1 l.s . The time-derivative of the transformed composite
master-error system in conjunction with the earlier compa® master-slave system

yields:

S A1 A S B
Sm - _ 11 A mo, 1 = (11.16)
Se Ao Ay Se B,

where:
A= A+ ApA

A=A
Ao =(An AAnR)+ (A AAp)A

(11.17)
A=A AAp
Bl = Bl
Bz = Bz AB]_

As per the guidelines provided by the composite state convemce method, we allow
the composite error to evolve as an autonomous system. Theats to the following
2kl design conditions:

A1 =0;B,=0 (11.18)

The remainingk + | design conditions are obtained by assigning the desired dymic
behavior to the composite master-error system with EqL(L.19 enforced:

sl A sl Ay =jsly Pjj sl Q] (11.19)

where P and Q are diagonal matrices with the desired poles for the comptesi
master and composite-error systems, respectively i.eP = diag(p:;::;;p);Q =
diag (au;::; q).

Now, it is left to show that the slave systems indeed follow theveighted reference
motions of the master systems with the proposed algorithm. olthis end, observe
that the composite-error system has a closed loop dynamic &f+ Qs = 0 which

implies that s; As,, =0 in steady state. Thus, composite-slave systems will atiia

the weighted reference composite-master states. Sincegsobf the composite master
systems have also been placed on the left half plane, the carspe master states
will reach to some nal value as determined by the constant aators' forces. This
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implies that composite slave states will converge, which @stains the stability of
composite master and slave systems,{ = s; = 0). Based on these results, we can
investigate the stability and convergence of the original aster and slave systems.
Let m; s be diagonal matrices anckms = XL ;unxK, T ixme = xioinnxk, T

— 1eeinyl T — 1T oewenyl T — —
Xs1 = XgpiiihXg X2 = Xsor i Xg, - Insteady state, we haves, = X, o+ Xz =
0(z = m;s) which implies that x,, will go to zero. This nding combined with earlier
resultss As, =0vyields xs; = s YA mXm1. By selecting the same diagonal entries

in m; s, reference tracking of slave systems is achieved.

Remark 11.2. The proposed algorithm requires fewer equatiokst | + 2kl, to be
solved for synchronizing I-slaves to the references set by k-masters as compared to the
extended state convergence architectures] which requires the solution oh  (k + 1)+
(n+1) kI design conditions for achieving the same task.

11.3 Simulations Results

The proposed algorithm is validated in MATLAB Simulink envionment by consid-
ering two types of teleoperation systems. In the rst caseasme numbers of master
and salve systems are considered while di erent numbers ofster and slave systems
are considered in the second instance. It will be shown thaase systems are able to
follow the weighted motion of the master systems and synchmazation is, therefore,
achieved.

First, a square teleoperation system is set up in simulationshere two masters are
communicating with two slaves in the proposed framework. Tehparameters of the
master systems are assumed to ke, = 0;al , = 7:1429H1, = 0:2656 while slave
systems are identi ed asal; = 0;a,, = 6:254 = 0:2729. The time delays in the
communication channel are assumed &, = 0:1s; T = 0:35; Ty (. = Td 4, =
0:2s. It is further assumed that the slaves are interacting with aft environments
having sti ness ki, = 20Nm=rad and all force feedback gains are considered lds =
0:1. The alpha factors are selected as}; =0:7; 2, =0:3; 1, =0:6; 2, =0:4 while
poles are placed ap; = 2;pop = 10q = 4, = 10. The design conditions
are solved using MATLAB symbolic toolbox by discarding the tne delays and the
following gains are obtained:

GL, = 0:6813 G2, = 0:2920 GL, = 0:584Q G, = 0:3893

kL = 106583k2 = 2:4041kl= 35162k?= 94214 (11.20)
rl, = 157894r2 =2:5851rL, = 0:189%r2 = 11:6481
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Note that although time delays are ignored in the above calaitions, these are being
considered during simulations. This will establish the ralstness of the proposed
scheme to time delays of the communication channel. Now, wenrthe simulations
with the control gains in Eq (11.20, and the synchronization results are shown in
Figure 11.2 and Figure 11.3 It can be observed that both the slaves are following
the weighted motion of the master systems. Here weighted coogite references,
Stref = wmSmt 4shandsi = LSkt 5sh are de ned for the rst and second
slaves, respectively while corresponding position refaces for the slaves are obtained
through the proposed algorithm and are being tracked e ectely.

Figure 11.2: Reference tracking by rst slave in 2x2 teleopa&tion system

We now consider a teleoperation system where three slaveg dreing operated by
a single master. The parameters for the master and slave systs are the same as
used in previous example. The poles are placed@t= 16, = 4, = 6, =
10. Also, stiness of the environments are assumed & = 10Nm=rad;k? =
20N m=rad; k3 = 30Nm=rad. The design conditions are solved with unity alpha fac-
tors and ignoring time delay information and the following ontrol gains are obtained:

Gl = GL = Gl = 0:9733
ki = 31936ki= 57444ki= 35943k= 9:0677 (11.21)
L, = 15:1863 1%, = 7:308Q 1L, = 27:3642
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Figure 11.3: Reference tracking by second slave in 2x2 teleogttion system

The teleoperation system is now setup in MATLAB/Simulink enwwonment with the
time delays in the communication channel beind}, = T = 0:1s; T2, = TS =
0:15s; T2, = T& = 0:2s. By running the simulations under the control of Eq ??), we
obtain the results as shown in Figure.1.4 It can be observed that slave systems are
following the master system. The force-re ecting behavioof the 1x3 teleoperation
system is also shown in Figuré 1.6 It can be seen that weighted force from slaves,

0:1 ° | Flis re ected to the master in a steady state.

The above results show that the proposed scheme can indeedammodate arbitrary
number of master and slave systems. A comparison of the prged scheme withJ€]
is shown in Table 11.1 It can be seen that the proposed scheme requires fewer cohtr
gains and communication channels as compared to the exteddstate convergence
architecture while o ering similar performance.

11.4 Experimental Results

The proposed scheme is also validated through semi-reahk@ experiments. Owing
to the availability of a single OMNI device, a 1x3 teleoperabin system is set up, as
shown in Figure11.6 Only the block connections are shown, as the detailed setup
follows Figure11.1 The motion of the haptic device is constrained to the x-axisand
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Figure 11.4: Reference tracking by three slaves in 1x3 tel@vption system

Figure 11.5: Force re ection behaviour of 1x3 teleoperatiogystem
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Table 11.1: Comparison with $&]

Sr. | System| Number of Con- Number of
No | Con- trol Gains (n=2) Communication
g. Channels
[3€] Proposed | [39] Proposed
01 | 2x2 20 12 20 12
02 | 1x3 17 10 15 9

an operator's force is generated to drive the master systers given in Eq11.2 The
master communicates with slaves on time-delayed channelhe re ected force from
the slaves is provided to the haptic device, and thus the faedeedback loop is closed
around the operator.

To initiate the experiment, the operator applies a time-vaying force onto the master
by moving the haptic device in the reachable x-direction. Tdéresulting motion of all
the slaves is recorded along with the re ected force as sedd®/ the operator. These
data are displayed in Figurell.7, Figure 11.8 It can be seen that slave systems are
tracking the reference motion of the master system while a igéted force is sensed
by the operator as well.

11.5 Conclusion

This chapter presents a generalization of the composite saconvergence schemes
with respect to the number of master and slave systems. Firgpossible interactions
between the master and slave systems are considered, anddlwesed-loop composite-
master and composite-error systems are computed. Seconte tcomposite-error
systems are made autonomous, and the desired responses asigaed to both the
composite-master and composite{error systems, giving eigo a total of k + | + 2Kkl
design conditions. MATLAB simulations show that the proposg scheme can success-
fully synchronizel slave systems with the references set by master systems. In
the future, the robustness of the scheme to parametric un¢ainties will be analyzed
by considering multi-degrees-of-freedom teleoperatiogstems.
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Figure 11.6: Semi real-time experimental setup for 1x3 syste
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Figure 11.7: Reference tracking by slaves in 1x3 teleopematisystem

Figure 11.8: Force re ection behaviour of 1x3 teleoperatiogystem



Chapter 12

An Improved Composite State Convergence Architecture
with Disturbance Compensation for Multilateral
Teleoperation Systems

Composite state convergence is a novel scheme for bilatgratontrolling a teler-
obotic system. The scheme o ers an elegant design procedarel employs only three
communication channels to establish synchronization beégn a single master and a
single-slave robotic system. This chapter expands the cdplity of the composite
state convergence scheme to accommodate any number of maatel slave systems.
It proposes a disturbance observer-based composite stateneergence architecture
wherek master systems can cooperatively contrdl slave systems in the presence
of uncertainties. A systematic method is presented to comfrithe control gains,
while observer gains are determined in a standard way. MATLABimulations are
performed on symmetric and asymmetric arrangements of siegdegree-of-freedom
teleoperation systems to validate the proposed architeater Finally, experimental
results are obtained using Quanser's Qube-Servo systemQWARC/Simulink envi-
ronment.

12.1 Improved CSC Scheme for Multilateral Teleoperation Systems

The proposed scheme o ers an improvement over the existingraposite state con-
vergence scheme in that the lumped uncertainties can be estited and compensated
to improve the tracking performance. In addition, measureent of velocity signals
is not required as disturbance observers also estimate thesignals. The proposed
enhancement transmits composite variables constructedfn the estimated position
and velocity signals. However, measurement of operators'daenvironmental forces
is still required for the implementation of the controller. The block diagram of the
proposed scheme is shown in Figu2.1. Let us consider a single-degree-of-freedom
master and slave system as:

168
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. . )
| - |
Xm1 = Xmz o o =120k (12.1)
Xm2 = 8m1Xm1 * 8noXmz + Baun + f
XL, = X )
msl o s =120 (12.2)

Xgp = algXg + apXg, + Hug + fg
where, subscript ' is used to denote either master = m) or slave @ = s) systems,
and superscript ' is used to number the masteri( = 1;2;:::;k) and slave { =
1;2;:::;1) systems. The termf! contains lumped uncertainty i.e.

i — i i i i i i i j i
fz_ azlo azl le+ a220 azZ X22+ L‘jzo tjz uz

|
i i i i
Un = g, k‘j:iklz]‘,:sin(amf’%‘; KR j=t TicSho * Fiy
Ay = Xz * oy Oy R (12.3)
B, = i + Sk * i+ o (s Z)+ '
fﬁrﬁ = I3 X1 Rina) ’
=120k

NN ©

The objective of the proposed controller is to make the slavgystems follow the
combined motion of the master systems in the presence of uniaeties. Precisely,
the position of I slave system will converge to the weighted position d&fmaster
systems in the presence of uncertainties following the iatduction of control inputs
and disturbance observers in Eq12.3 and Eq (12.4), and the application of the
method of state convergence.

9
Ug = é a Ry (@, + DAL+ ks, fl %
P> .
+ L TSShia * e GaFai =
=Xt laa ) (12.4)
2L, = al iRl + AR + UL+ I (xR + ]

=1 (x  RY) ’
1 =1;2 0051

Let us now perform a closed-loop analysis to verify the clagnLet us rst introduce
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the composite variables for the master systems as:

so=x o+ Lx =152k (12.5)

Taking the time derivative of Eq (12.5 and introducing the control inputs yields the
following closed-loop composite master systems:

. D o
Sm = kism+ B, syt B Fmt m€ni =120k (12.6)
j=1

where
o ho iy h o S A
€n = €n1 G2 Eng = X1 A1 Xmz Rz Xmz Rhs

i =1;@; :;k constitute observation errors for the master systems with

= a., a.,+ I 1 . The observer error dynamics of master systems can be
written as:
. . . 9
€1~ Imi€mit €2 2
€2 = (@n1  Im2) €1+ Enolma + € 1= 1,205k (12.7)

€s= a8y + fh '

Linearizing the time delayed terms in Eq {2.6), we obtain:

T =
Sm= KnSmt o rmiSt B o i TSt B P+ e

12.8
i=1:2:0k ( )

By stacking composite master systems in EdLR.9, we obtain Eq (C.1). This can be
conveniently written as:

Sm = KmSm + BmSs  bmr Ss+ bnFm + mén (12.9)

Combining the closed loop composite master system in E§A. 9 with observer error
dynamics in Eq (12.7), we obtain:
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" # " #" # " #" # " #
§m - km m Sm + brm brmT Ss + bm Fm
& 0 O En 0 0 > (12.10)
0 .
+ f
hy

It can be seen that observer design can be carried out sepaigtfrom controller
design. It is assumed that lumped disturbance is slowly vang and therefore con-
vergence of observation error to origin is ensured by compay the characteristic
equation with the desired polynomial which yields the obseer gains.

P (8):S*+(lhy  a@na)S®+(lhy @n:  Anolmy) S*lng =051 =1;200k
(12.11)
Now, we de ne composite variables for the slave systems as:

sk=xL,+ WxL:i=1;2u0 (12.12)

S

Time-derivative of Eq (12.12 along with control inputs yields closed loop composite
slave systems as:

. P o P - N
S = KgsSg + B ]!(21 M5iSia + b jk=1 GyFhnig + €1 =121 (12.13)
h i
wheree, = xi, 2 xR, XL% R, ;i =1;2;:11 constitute observation er-
|
rors for the slave systemswithl = al, al,+ L. 1 . The observer error dynamics

of slave systems can be written as:

ey = Ige + e,
eh= ay lp e+ ape,+ e, (12.14)
ey= e, + fy

wherei =1;2;::::1

The linearization of time-delay entities in Eq (2.13 leads to:
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kg b K dd BTk b7+ K Gl 4+ i
Ss = KsSs Us j=1 I'siSm Us ji=1 Isi !siSm bs j=1 “si’ mi svs (12 15)
i=1;2:10 '

By stacking the composite slave systems in Eq.2.19, we obtain Eq (C.2). This can
be written in compact form as:

Ss = KsSs+ BsSm BstSm + bigFm + s& (12-16)

By augmenting closed loop slave composite systems in B (16 with observer error
dynamics, we obtain:
n # n #II # n #II # n # n #

(12.17)

The above system implies that observers for slave systems dee designed separately
from controllers. To determine the observer gains for slagystems, the characteristic
equation is compared with the desired polynomial. The conngence of observation
error follows from the assumption of slowly varying lumpedncertainties.

Ps(s) i SP+(ly al,)s?+ (I, al; ally)stliy=0;i=1;2::1 (12.18)

Now that observer design is performed separately for the masiand slave systems, we
can manipulate composite master and slave system withoutrtgidering observation
error terms for the purpose of designing control gains. Toithend, we plug Eq {2.19
in Eq (12.9 and rearrange to obtain closed loop composite master sysie as:

2
(km brmT brs) Sm
sn=(1 barber) '8 +(bn  burke)se 5 (12.19)
+(bm brmT bsG) Fm

We now plug Eq (12.9 in Eq (12.1§ and do some algebraic manipulations to get:

2
(ks brsT brm)ss
Ss=(1 bmrbst) 19 +(bs Bbst Km) Sm £ (12.20)
+ ( bsG brsT bm) Fm
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Let contain the authority factors for the slave systems. Now, wentroduce com-
posite state convergence error as:

Se=Ss Sm (12.21)

By taking time-derivative of composite state convergencearer and using Eq (12.2)),
we obtain:

(I brmT brsT ) ! (ks brsT brm )
(I brmT b’sT) ! (brm brmT kn)l

Se =
0 1
(I brml brsT ) (ks brsT brm )
1
% (I brmT brsT) 1(brm brmT ks) + E S+ (12.22)
(I brmT brsT) (brs brsT km)
(I borbst) *(Kn B Bs)

I
(I brmT brsT) ' (QG brsT bmm)
(I brmT brsT) ! (bm brmT bsG)

e

We now let the composite state convergence error to behaveaasautonomous system.
This leads to the following conditions:

(I bmrbst) Y(ks  bsrhbm) (I bBmrbsr) "(Bm Bt Ke)
1 L (12.23)
+( I brmT brsT) (brs brsT km) (I brmT brsT) (km brmT brs) = 0

(I Barhst) "(be bstby) (I Burhst) '(Bn bmrbe)=0  (12.24)

We now write augmented system comprising of composite mastsd composite error

systems as:
#0" #" # " L #
S 1 a S I
2m - 11 12 m + ( brmT brsT) (bm brmT bsG) Fm (12.25)
Se Ay ax Se 0
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Figure 12.1: Detailed diagram of disturbance observer-b@aseomposite state conver-
gence architecture
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Figure 12.2: Wiring diagram of 2x2 composite state convergenarchitecture

where,

ap = (I BrmT BrsT) ! (km Bt bs + b BT Ks)
ap= (I BrmT BrsT) ! (brm BT Ks)
a1 =0

dxp = ( I brmT brsT) ! (ks brsT brm) (I brmT brsT) ! (brm brmT ks)

We now impose desired dynamic behavior onto this augmentegsgem which results
in the following additional design conditions:

(l b’mT brsT) ! (km brmT brs + brm brmT ks) = p (12-26)

(I bBmrber) "(ks bsthBm) (I Barbst) "(Bm  bmrks) = q (12.27)

The design conditions lead to the conclusion that composigrrors converge to zero,
implying that composite slave states converge to the weighd composite master
states while their derivatives converge to zero. Based onish we arrive at xg, +

Xs1= (Xm2+t mXm1). In addition, closed loop analysis reveals thats, + sXs1 =
Ss;Xm2 * mXm1i = Sm. Therefore, velocity states converge to zero which implies
Xs1 = <% mXm1. By assuming unity scaling factors, the convergence of stapo-
sitions to the weighted positions of master systems is ensdrin the presence of
uncertainties.
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12.2 Simulation Results

The proposed enhanced composite state convergence schesr&mulated in MAT-
LAB/Simulink environment on a 2x2 teleoperation system. Theominal parameters
for the master and slave systems are given as:

" # " #
0 1 0
a = 0 78572 B = 0:3187
" : 4 0 "
0 1 0
g 6:4286 = 0:2125
(12.28)
al = 0 1 = 0 _
w0 7500 .0:3275
0 1 0
2: - =
% 0 81250 g 0:3275

In addition, slaves interact with environments having stiness ak?! = kI = 20Nms=rad.
The closed loop poles of the augmented system are placedpat diag(2;4), q =
diag (2; 10) and design conditions in Eq12.23, Eq (12.29, Eq (12.29, Eq (12.27)
are solved which yields the following controller and obsexw gains:

0, = 0:6813¢2 = 0:1947 ¢, = 0:584Q g3, = 0:2595
kL= 46967k3 = 24294kl= 14661k>= 94077 (12.29)
ri, = 4:628%rZ =0:3438rl, =10:8245r2, = 9:7045

h i
L&m = | 0:0082 02055 270 10"
L2, = 00084 02163 270, 1C*

h i (12.30)
L§ =, 0:0083 02081 270 10%

h
L2,= 00082 02035 270  10°

After computing the gains, we run simulations with the followng plant parameters:

" # " #
0 1 0
all = a2 = b= B =
" 7:14 " 2
0 Tz 0% zay
Ir — [2r — Chlr = 2 =
&% 0 625 =k 0:2729
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In Eq (12.3]), superscript 'r' is added to denote real plant parametersyhich di er up
to 30% from the nominal parameters. The simulation resultsitih constant operators'
forces of 0.5N are depicted in Figuré2.3and Figure 12.5 It can be seen that the
composite reference is well-tracked by the composite slasgstems, and the slave
positions also converge to the composite reference, whishn line with the theoretical
results.

Figure 12.3: Reference tracking by rst slave system

The proposed scheme is also compared with the existing corape state convergence
scheme for the multilateral teleoperation systeml[L.(J. The existing composite state
convergence scheme does not utilize disturbance observefee same control gains
are used to simulate both the proposed and existing schemesile the former scheme
employs observer gains as well. The uncertainty levels ingltontrol input coe cients
of both slaves are increased, and simulations are performetihe position tracking
errors of the slaves are recorded in FigurE2.5and Figure 12.6 It can be seen that
the proposed scheme o ers fast transient performance as quemed to the existing
scheme. In this way, the superiority of the proposed scheme established over the
existing one.
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Figure 12.4: Reference tracking by second slave system

Figure 12.5: Tracking error for the rst slave by the proposednd existing schemes
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Figure 12.6: Tracking error for the second slave by the propss and existing schemes

12.3 Experimental Results

The proposed scheme is veri ed through experimentation omtee Qube servo-2 plat-
forms which are arranged to form a 1x2 teleoperation systems ahown in Figurel?2.7.
In order to determine controller and observer gains for the aster and slave systems,
the following nominal models are utilized:

Figure 12.7: Experimental setup to test improved CSC architture on multilateral
teleoperation system
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| = H = 12.32
% 0 667 0 14934 ( )

It is assumed that slaves are interacting with a soft enviranent having a sti ness
of INms/rad. It is further assumed that time delay between thenmaster and rst
slave is 0.1s while it is 0.2s between the master and secoravsl The closed loop
poles are selected g3= 27:4; qu = 10; o = 40 and design conditions are solved using
MATLAB symbolic toolbox which yields the following control cains:

kL = 180025k!= 8445k2= 17:938
GL, =0:09Q G, = 0:1292 (12.33)
rl,= 0:0339rL,= 00098

In order to compute the observer gains, we utilize the nomihanodels and place all
the observer poles at 30 which yield the following master arslave observer gains:

h i
Lo, = 0:.0083 02144 270 10 (12.34)

The teleoperation system is now set up in Simulink/QUARC envonment such that
the master system communicates its composite signal on thiene-delayed channels
to the two slave systems via two stream serves having IDs "Qidp : ==localhost:
18000eer="Cany9 and *1' (udp : ==localhost: 18001 peer="any9. In addition to
the composite signal, the master system also sends the opiera force on the time-
delayed channels to the slave systems via two stream serveshiave IDs "2' (udp :
==localhost: 18002peer =%any? and *3' (udp : ==localhost: 18003eer =° any9.
In response, slave systems send their composite signals be tmaster system via
stream clients having IDs "4' ¢dp : ==localhost: 18000) and "6' (dp : ==localhost:
18001). Slave systems also send force feedback to the mastemtem using stream
clients having IDs '5' (udp : ==localhost: 18002) and 7' ¢dp : ==localhost: 18003).
The data received by stream servers is demultiplexed to readmposite and force
signals from the two slave systems. Two additional streamrsers having IDs "10'
(udp : ==localhost: 18004peer="any% and "11' (udp : ==localhost: 18005eer ="
any9 are installed on the master side for the purpose of recordjnslave position
signals. This also needs the deployment of two additionalream clients at the slave
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sides with IDs "8' udp: ==localhost: 18004) and "9' (idp : ==localhost: 18005).

During the experiment, the operator moves the master's sanndisk while slave-servo
disks interact with their virtual environments. The operabr starts experiencing a
greater environmental force as he continues to increase thatational angle of the
servo disk. The experiment is run for 300 seconds, and the oeded results are
displayed in Fig Figure12.8and Figure 12.9 Figure 12.1Q

Figure 12.8: Composite states of 1x2 teleoperation system

It can be seen from Figurel2.8that composite signals of the slave systems follow the
master's composite signal. In theory, this should imply theonvergence of position
signals, which can be veri ed from Figurel2.9 In addition to position tracking, force

re ection results in Figure 12.10suggest that the proposed scheme can be used to
design teleoperation systems.
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Figure 12.9: Position states of 1x2 teleoperation system

Figure 12.10: Force re ection behaviour of 1x2 teleoperatiosystem



183

12.4 Conclusion

This chapter has proposed a disturbance observer-based esde for controlling a
multi-master, multi-slave teleoperation system through @omposite state convergence
methodology. At rst, composite variables are constructethrough estimated position
and velocity states, and closed-loop composite master andngposite slave systems
are found. By augmenting the composite master and composiggror systems and
employing the method of state convergence, control gainsndiobserver gains are
determined. The stability of the scheme is guaranteed undexed-time delays. The
proposed scheme is validated through simulations as well@gperimentation in MAT-
LAB/Simulink/QUARC environment by considering di erent arra ngements of master
and slave systems. Comparison with the existing scheme slsothat the proposed
scheme can indeed counter the e ect of disturbances whileseming the tracking of
references by slave systems, which are set by the master eys$. Future work in-
volves designing force observers to eliminate the dependerof design procedures on
environmental parameters.



Chapter 13

Conclusions and Future Work

13.1 Conclusions

This thesis presents modi ed versions of state convergenagchitecture for control-
ling bilateral and multilateral teleoperation systems. Inaddition, a novel composite
state convergence architecture to reduce the complexity existing state convergence
architecture for both bilateral and multilateral teleopeation systems is presented.
In the rst part of the thesis, modi cations in SC architecture have been proposed
to address the shortcomings in the original SC architectureThe rst modi cation

is proposed to counter the e ect of parametric uncertaintie using disturbance ob-
servers. Secondly, a nonlinear disturbance observer isroduced to ensure large
range operation of SC architecture based on TS fuzzy desc¢igm of master and slave
systems. The same extended state observer-based approachsed to develop state
convergence architectures for multilateral teleoperatiosystems. The second part of
the thesis discusses the novel composite state convergesceeme, which lowers the
complexity by reducing the number of communication channglin the existing SC
architecture for a bilateral teleoperation system. Furthemore, the CSC architecture
is investigated with a feedback linearization scheme for ndinear bilateral teleoper-
ation. Moreover, another enhancement is proposed in CSC httecture to counter
parametric uncertainties through disturbance observers.The CSC architecture is
also extended to a multilateral teleoperation framework wh reduced communication
channels to testify to its e cacy. In conclusion, the promirent features of the pro-
posed control architectures are summarized in Tabl&3.1 based on certain criteria
which include mainly the number of communication channelsariables transmitted
over communication channels, number of design equations, deb type, comparison
with other architecture, the impact of time delay, positiontracking behavior, state
estimation and disturbance compensation, force re ectiobehavior, motion scaling
feature, and extension to a multilateral teleoperation sysm. The comparison be-
tween the proposed architectures and their advantages anichltations is also stated
in Table 13.1
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13.2 Future Work

1.

In the future, potential research will be to estimate the arameters of the re-
mote environments and consider those parameters in the casitdesign. These
parameters will be fed back to the master controller to impnee a better contact
sensation to the user in the presence of time delays. This appch to design-
ing a controller will have direct access to the model of the meote environment
rather than sending slave sensory data to the operator, wihiovill eventually

provide a better sense of telepresence for improved userdtesck without any

lag under communications delays.

There is a need to search for a new composite variable thaiutd be transmitted
over the communication channel to reduce the number of desigariables. It
will help in reducing the complexity of overall architectue.

There is room to update the method of state convergence Witi erent safety
limits keeping in view the workspace of manipulators for derent applications.

Di erent variants of state convergence can be introducetb perform collabora-
tive tasks such as multi-master/multi-slave (MM/MS) and shgle-master/multi-
slave (SMMS).

. Linear matrix inequalities (LMI) can be used to perform tle stability analysis

of the state convergence method for a multilateral teleopation system.

. Di erent optimization techniques can be used to computehe control gains for

the state convergence method.

. More rigorous analysis is required for the force-trackgnbehavior of the state

convergence method.



Table 13.1: Proposed state convergence-based teleop@mattontrol architectures during Ph.D.

Criteria

Enhanced SC
Arch with Distur-
bance Observer

Improved SC
Architecture with
TS-Fuzzy Control

Composite SC
Architecture

Composite SC
Architecture for
Nonlinear System

DoB-based
Three-Channel
Composite SC
Architecture

Number of Comm
channel

Five

Five

Three

Three

Three

Variables trans-
mitted over
Comm Channel

Operator's Force,
Master Position,

Master Velocity,

Slave Position,
Slave Velocity

Operator's Force,
Master Position,

Master Velocity,

Slave Position,
Slave Velocity

Operator's Force,
Master Compos-
ite, Slave Com-
posite

Operator's Force,
Master Compos-
ite, Slave Com-
posite

Operator's Force,
Master Compos-
ite, Slave Com-
posite

Numb_er of Design 50+ 3 an+1 Four  (indepen- | Four (indepen- 50+ 3
equations dent of n) dent of n)
Model Tvpe n® order SISO| n™ order SISO| n" order SISO| n™ order SISO| n™ order SISO
yp nonlinear system | nonlinear system | linear system nonlinear system | nonlinear system
Radial basis | No Fuzzy PDC Genetically. Opti-
. . ) . Three-Channel . . mized PD Based
Comparison With | function Neu- | with DOB tech- Comparison is not
. : . . Error Force Com- . L Error Force
Other  Architec- | ral Network | nique exists with carried out in this
tures (RBFNN)  con- | desired dynamic pensated (EFC) stud Compensated
y Control Scheme y (EFC-PD) Con-
troller feature troller

Impact of Time
Delay

System is stable
under small con-
stant time delay
by virtue of pole
assignment

System is stable
under small con-
stant time delay
by virtue of pole
assignment

System is stable
under small con-
stant time delay
by virtue of pole
assignment

System is stable
under small con-
stant time delay
by virtue of pole
assignment

System is stable
under small con-
stant time delay
by virtue of pole
assignment
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Criteria

Enhanced SC
Arch with Distur-
bance Observer

Improved SC
Architecture with
TS-Fuzzy Control

Composite SC

Architecture

Composite SC
Architecture for
Nonlinear System

DoB-based
Three-Channel
Composite
Architecture

SC

Position tracking
behavior

Position tracking
is established un-
der constant oper-
ator's force

Position tracking
is established un-
der constant oper-
ator's force

Position tracking
is established un-
der constant oper-
ator's force

Position tracking
is established un-
der constant oper-
ator's force

Position tracking
is established un-
der constant oper-
ator's force

State Estimation
and Disturbance
Compensation

ESO is used
to estimate the
states and com-
pensate for the
disturbances on
the master and

slave sides

Nonlinear Distur-
bance Observer is
used to estimate
the states and
compensate the
disturbances on
the master and

slave sides

State estimators
and disturbance
compensators are
not deployed

State estimators
and disturbance
compensators are
not deployed

ESO is used to es-
timate the states
and compensate
the disturbances
on the master

and slave sides

Force Re ection
behavior

Reaction force is
displayed to the
operator through
a haptic device

Reaction force is
displayed to the
operator through
a haptic device

Reaction force is
displayed to the
operator through
a haptic device

Reaction force is
displayed to the
operator through
a haptic device

Reaction force is
displayed to the
operator through
a haptic device

Motion Scaling

Motion  Scaling
feature is not
available

Motion  Scaling
feature is not
available

Motion  Scaling
feature is avail-
able

Motion  Scaling
feature is avail-
able

Motion  Scaling
feature is not
available
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Criteria

Enhanced SC
Arch with Distur-
bance Observer

Improved SC
Architecture with
TS-Fuzzy Control

Composite SC
Architecture

Composite SC
Architecture for
Nonlinear System

DoB-based
Three-Channel
Composite SC
Architecture

Extension to Mul-
tilateral System

Extension to mul-
tiple systems is
carried out

Extension to mul-
tiple systems is
not carried out

Extension to mul-
tiple systems is
carried out

Extension to mul-
tiple systems is
not carried out

Extension to mul-
tiple systems is
carried out
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Appendix A

State Convergence Design Equations

The solution of design conditions Eq&.29 - Eq (6.31) yields the following control
gains:

2 B (Tpe ZTmrngg:pa + T2 qrm + 1) A0

Kn= p bnrm  Tpharm (A.2)

‘= bnpgmT?  pgqT g+ bnrm (A3)
Tp+2Thyrm + T2phnrm + T2qhrm +1

P+q bnrm  Tphrm (A.4)

ST b+ Tph+2TBbnrm + TZpBbnlm + T2000n
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Appendix B

Stability of 2x2 and 1x3 Teleoperation Systems

Proposition 1 :

The closed loop composite master-error system of Egjl(17 under the control gains
found as a solution of Eq {1.19, Eq (11.20 is Hurwitz-stable if and only if there
exists a symmetric positive de nite matrix P2R&+D (k+) gych that

n #
I:)ll PlZ >0
n P]-.I—Z P22 n n n
#e # # # (B.1)
A-11 A'12 Pll P12 + P11 I:)12 A-11 A-lz <0
KZl KZZ P]TZ P22 P]-_rz P22 KZl A-ZZ

The Hurwitz stability of composite master-error system Eq11.17 implies the sta-
bility of master-error system as closed loop analysis yiel) = X,o+ X, (Z = m;s).
Therefore, the teleoperation system with small constantriie delays of the communi-
cation channel remains stable as long as Eg.(l) is satis ed.

We will investigate the stability of 2x2 and 1x3 teleoperatin systems through the
application of Eq (B.1) in section11.3 By plugging the control gains of Eq {1.2]) in
Eq (11.17 and considering time delays, the system matrix of a compoésimaster-error
system of 2x2 teleoperation setup is obtained as:

3
8:1069 02066 (07583 15217

2
A = g 3:0295 2:1322 08564 08796
129114 07136 34446 05139
5:0248 21746  1:6064 115093

(B.2)

The feasibility of LMI in Eq (B.1) yields the following symmetric positive de nite
matrix, which establishes the stability of a closed-loop teoperation system:
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0:3062
0:0150

0:1533

00150
03529
00575

0:1533
00575
01693
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3
00186

00367

B.3
0:0096 (B.3)

0:0186 00367 0:0096 00531

Now, let us analyze the stability of the 1x3 teleoperation sep. By substituting
Eq (11.2) and time delay values in Eq {1.17), following system matrix is obtained:

° 1:6160 05751 11244 30831 °
_ 0:6857 6:5578 1:5904  4:3608 (B.4)
0:4994 0:7471 50551 4:0054
2:4295 1:4340 2:8037 167554

The solution of LMI in (B.1) yields the following symmetric positive de nite matrix,
and hence stability is veri ed under small time delays:

3
0:5292

2
0:0215
P =
g 0:0528

0:0799

00215
00908
0:0119
0:0132

00528
0:0119
01378
0:0182

00799
0:0132
0:0182
00544

(B.5)



Appendix C

Composite Master and Slave Systems for Multilateral
Teleoperation Systems
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