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Abstract

A teleoperation system extends the human capability to operate in a remote environ-
ment. Humans use this framework to work in hazardous conditions using remotely
operated robotic systems. In recent years, teleoperated systems have shown great
potential in space, underwater, military, industry, robotic-assisted surgery, and min-
ing applications. In case of manipulation tasks, a teleoperation system is required to
be bilateral to execute the task remotely in the presence of time delays. A bilateral
teleoperation system is comprised of five elements namely human operator, master
robot, communication channel, slave robot, and environment. The control objective
in a bilateral teleoperation operation system is defined as the position and force track-
ing error reduction, which can be achieved using an array of control techniques. This
thesis concerns the development of a class of state convergence architectures to de-
velop bilateral control systems. State convergence belongs to a family of model-based
control architectures for establishing bilateral communication between the master
and slave robots in a teleoperation system. The method provides a systematic pro-
cedure to determine the control gains in an elegant way. Originally developed for
linear teleoperation systems with small time delays, the method has been extended
to nonlinear systems with time-varying delays. However, reliance on the model pa-
rameters and a higher number of communication channels remain a limiting factor
for the wide adoption of this bilateral control architecture. This thesis addresses
these limitations and proposes enhancements in the existing state convergence con-
trol architectures to deal with parameter uncertainties and reduce the number of
communication channels. The former task is achieved using extended state and non-
linear disturbance observers while the latter objective is accomplished by introducing
composite variables. The extension of the proposed bilateral control architectures to
the case of multilateral teleoperation systems is also covered. Resultantly, families
of robust state convergence control architectures and composite state convergence
control architectures are obtained. While constructing the improved control architec-
tures, the elegancy of the state convergence design procedure is retained. To validate
the proposed control architectures, simulations, and semi-real-time experiments are
conducted in MATLAB/Simulink/ QUARC environment using the geomagic haptic
device on a single-degree-of-freedom time-delayed teleoperation system. In order to
perform semi-real-time experiments, a haptic device is operated along the x-axis to
generate a time-varying force for the teleoperation system running inside the com-
puter’s Simulink/MATLAB environment. The Simulink model is designed such that
the reflected force, as generated by the proposed controller, is also directed to the
haptic device and felt by the operator. In this way, the loop is closed around the
operator, and the operator can feel the slave’s interaction with the environment.
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Chapter 1

Introduction

Teleoperation Systems attract a significant amount of interest from engineering and
healthcare researchers. In the Canadian healthcare system, robot-assisted surgery
is becoming popular in recent times and has many benefits for patients and our
healthcare system. Nova Scotia’s healthcare professionals are able to conduct their
first spinal robotic surgery in Canada using Medtronic’s MAZOR™ X Stealth Edi-
tion. The surgeons are able to perform spinal surgeries through an innovative robotic
arm that offers unparalleled accuracy and consistency leading to less pain, less dam-
age to healthy tissues and structures, shorter recovery times, and fewer complica-
tions. Moving further, Nova Scotia Health’s QEII Health Sciences Centre installed
the Mako SmartRobotics system the second surgical robot of its kind in Canada
to perform arthroplasty surgeries. Surgeons generate motion commands through an
innovative robotic arm to perform hip and knee surgeries and offer unprecedented
precision for the placement of a joint implant [120]. There are numerous applications
of teleoperation, ranging from repairing nuclear plants, exploring underwater ma-
rine environments, space exploration, surgical operations, and monitoring industrial
tasks [0], [5], [121], [79], [29], [30], [76], [102], [163], [139]. Some of the teleoperation

systems are shown in Figure 1.1.

Bilateral teleoperation systems have become increasingly popular and used in diverse
telerobotic applications due to their sense of telepresence. Recently, multilateral tele-
operation systems beyond the bilateral one can be used in telerobotic applications
where more than one robotic device is involved in performing the task. Instead of
using one hand, two hands can help to perform a task using the cooperative ma-
nipulation technique. This thesis explores novel control techniques based on state
convergence methods to control linear and nonlinear bilateral teleoperation systems

and extend to a multilateral teleoperation framework.



Figure 1.1: Different applications of teleoperation. (A) Operator of a space robot
arm, (B) the space robot arm [30]. (C) telesurgery with a research da Vinci surgical
system [130], surgeon side. (D) remote patient side, (E) ground robot control with
aerial view [1106] —operator controls ground robots using eye-tracking and (F) the
ground robots [116].



1.1 Thesis Contributions

The contribution of this thesis can be classified into two parts. The first three chapters
include improved versions of state convergence architectures for bilateral and multi-
lateral teleoperation systems while the rest of the chapters include reduced complexity
versions of state convergence architectures for bilateral and multilateral teleoperation

systems. The following contributions are reported in this thesis:

1. Improved version of the bilateral state convergence architecture has been pro-
posed to counter the effect of parametric uncertainties using disturbance ob-

Servers.

2. Improved version of the bilateral state convergence architecture has been pro-
posed based on TS fuzzy models to counter TS fuzzy model approximation

errors and parametric uncertainties using disturbance observers.

3. Improved version of the multilateral state convergence architecture has been

proposed to deal with parametric uncertainties using disturbance observers

4. A novel composite state convergence architecture with a reduced number of

communication channels has been proposed for bilateral teleoperation.

5. A composite state convergence architecture has been proposed with a feedback

linearization scheme for nonlinear bilateral teleoperation.

6. An enhanced version of bilateral composite state convergence architecture has
been proposed to counter parametric uncertainties through disturbance ob-

Servers.

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

8. Proposed a composite state convergence controller for teleoperating a multi-

degree-of-freedom manipulator.

9. A composite state convergence architecture with a reduced number of commu-

nication channels has been proposed for multilateral teleoperation.

10. An enhanced version of multilateral composite state convergence architecture
has been proposed to counter the effect of parametric uncertainties through

disturbance observers.



1.2 Thesis Outline

The thesis is organized into eleven chapters. The current chapter presents an overview
of teleoperation systems and their contributions. The remainder of the thesis is

organized as follows:

Chapter 2: Literature Review
This chapter briefly presents various techniques available to control teleoperation
systems. The state convergence method and composite state convergence method are

presented in detail, as the rest of the thesis is based on this method.

Chapter 3: An Enhanced State Convergence Architecture Incorporating Distur-

bance Observer for Bilateral Teleoperation Systems

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

Chapter 4 : Disturbance observer-supported fuzzy-model-based controller with ap-

plication to bilateral teleoperation systems

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

Chapter 5: Disturbance Observer-Based Extended State Convergence Architecture

for Multilateral Teleoperation Systems

This chapter presents an improved version of extended state convergence architecture
through the use of disturbance observers. MATLAB simulations as well as experimen-
tal results, prove the validity of the proposed architecture in establishing multilateral
communication between k-master and l-slave systems. To the best of the authors’
knowledge, robustness improvement of extended state convergence architecture has
not been reported in the literature. This work has been published in the International
Journal of Robotics and Automation, ACTA PRESS, Canada vol 37, no. 6, pp. 1-10,



2023.

Chapter 6: A Composite State Convergence Scheme for Bilateral Teleoperation

Systems

The chapter will discuss a novel composite state convergence scheme that will reduce
the complexity of the state convergence algorithm. This chapter is published in
IEEE/CAA Journal of Automatica Sinica, vol. 6, no. 5, pp. 1166-1178, September
2019.

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

Systems

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

Chapter 8: A Composite State Convergence Architecture for Multi-Degrees-of-

Freedom System

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

Chapter 9 : Disturbance Observer Supported Three-Channel Composite State Con-

vergence Architecture

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

ture

This chapter explores the possibility of extending the transparent bilateral state con-
vergence architecture to accommodate multiple systems. In addition, we want to
keep the channel complexity at a minimum when multiple systems are communicat-
ing. The proposed work is validated through MATLAB simulation by considering a
single-degree-of-freedom tri-master-single-slave system. This chapter is published in
Communication and Control for Robotic Systems. Smart Innovation, Systems, and

Technologies, vol 229, Aug 2021 Springer, Singapore.

Chapter 11 : A Generalized Composite State Convergence Architecture for Multi-

lateral Teleoperation Systems

This chapter aims to generalize the composite state convergence scheme so that 1-
slave systems can follow the weighted motion of k-master systems. To validate
the findings, simulations and semi-real-time experiments are performed in MAT-
LAB/Simulink/QUARC environment by considering different configurations of tele-
operation systems. This chapter is published in Studies in Informatics and Control,
vol. 30, no. 2, pp. 33-42, 2021.

Chapter 12 : An Improved Composite State Convergence Architecture with Dis-

turbance Compensation for Multilateral Teleoperation Systems

This chapter expands the capability of the composite state convergence scheme to
accommodate any number of master and slave systems. It proposes a disturbance
observer-based composite state convergence architecture where k-master systems can
cooperatively control I-slave systems in the presence of uncertainties. MATLAB sim-
ulations are performed and experimental results are obtained using Quanser’s Qube-
Servo systems in QUARC/Simulink environment. This chapter is 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 presented in Chapters 3

through 12. In addition, future work directions are also provided.
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Chapter 2

Literature Review

2.1 Teleoperation System

Teleoperation systems were invented in the mid-1940s by Geortz to enable humans
to manipulate dangerous tasks remotely in hazardous environments via robotic ma-
nipulators with enhanced safety at a lower cost or better accuracy as shown in the
Figure 2.1. However, the remote environment has uncertain and unknown factors
that could degrade any teleoperation system’s performance. Thus human interven-
tion becomes necessary to prevent damage, reduce task completion time, to enhance
the performance and sense of telepresence. It will improve the user’s ability to per-
form complex tasks. The human-in-the-loop system is known as a teleoperator and

has found a wide range of applications ranging from medical and entertainment to
large-scale industries [11], [179], [105], [185], [77], [20], [162], [151], [106], [61], [10],
[182], [87], [152], [181], [100}, [60], [62], [7], [49], [131], [66], [95], [4], [19], [59]. A tele-

operation system generally consists of five components: an operator sends the motion
commands to operate the remote task via a master hand controller. A communica-
tion channel (wired/wireless) is used to transmit those motion commands to a slave
robot that will perform the task in a remote environment. In a unilateral teleopera-
tion system, the slave is unable to send the information back to the master; however,
if the slave robot can send the force and position signal back to the operator and
the operator is kinesthetically coupled to the environment and flow of information
is bidirectional, then the teleoperation system is called bilateral. In both cases, the
slave robot is placed at a distant location and exchanges information over a commu-
nication channel which can cause delays and instability in the whole teleoperation
system. Furthermore, a teleoperation system can be classified as either bilateral or
multilateral depending upon the number of the robotic system involved in executing
the required task. Thus, the prime objective of any teleoperation system is to ensure
stability and accuracy in performing the task in the presence of time delays and force

-feedback from the environment [56].



Operator

Master Slave

Communication-Channel
- —_—

m

Figure 2.1: Schematic of a teleoperation system [50]

Performance Measures in Teleoperation System

The prime goal of any bilateral teleoperation system is to maintain stability under all
circumstances to accomplish a desired performance. Many researchers have employed
various techniques to investigate the issue of stability of bilateral teleoperation sys-
tems [57], [138], [134], [48], [3], [17], [129], such as Lyapunov theory [173], passivity
based tools [115], [122], Nyquist criterion, routh-hurwitz criterion [67] and Root Lo-
cus. Like stability, transparency or telepresence is another major goal in the design
process of teleoperation systems. It will help the operator better understand the re-
mote environment in the presence of uncertainties and time delays. [$8], [135] or in
other words it can be interpreted as precise rendering of the remote environment to
the operator side to fulfills the prime objective of teleoperation. However, there are
certain limitation on achieving the transparency, for instance, system hardware, re-
quired bandwidth, master and slave workspace issues, motion scaling and time-delays
in the communication channel. According to Lawrence, transparency can be defined
as impedance, a quantity that could map input velocity to the output force of the

system [25].
2.2 Control Architectures for Bilateral Teleoperation Systems

Various bilateral control architectures have been proposed in the literature to design a
stable and transparent teleoperation system. These architectures can be categorized
based on the number and type of signals (position, velocity, and/or force) of both
master and slave sides exchanged over communication channels. Therefore, different

sets of signals resulted in two, three, and four-channel architectures.
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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 versa. Based on the type
of signal which is being exchanged between the master and slave side, it has been

classified into four further categories.

1. Position-Position Architecture
In this architecture, position signals of master and slave are transmitted across
a communication channel, and Geortz first implemented it in the 50’s [13]. One
of its variants is position error-based architecture (PEB) which transmits the
function of the position states of both master and slave over communication
channel [I18]. In addition, both ends have their local position tracking con-
troller, which ensures that the slave will track the master manipulator [38].
Some other well-known bilateral teleoperation algorithms based on position-
error-based architecture (PEB) are proposed by [15], [I19]. The key benefit of
these approaches is to provide the system with a sense of force feedback without
requiring any force sensor. Similarly, a slave tracking error can be used as feed-
back to the master instead of any force measurement signal. In an ideal case,
there would be no tracking error transmitted to the master side because the
slave is able to track the master perfectly, and hence no environmental forces
are perceived on the master’s side. However, in real-time, the slave tracking
error would grow because of its contact with the environment. This error is

translated as a force acting on the slave manipulator to the operator side.

Transparency analyses of position-position architecture are performed by [35]
and [103] to identify the shortcomings of this approach. The findings show
that it does not provide a high degree of transparency even when the slave
is in free motion. Thus, the operator still feels the additional 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 sense of sluggishness
to the system. Hence, the drawback of this architecture is that it exhibits poor

performance at hard contact.

2. Position-Force Architecture
In this architecture, the environmental contact force is sent to the master as

shown in Figure 2.2, and discussed by many researchers [15], [50], [176], [L83].

In [52], an impedance controller is used to transmit the reflected forces from
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Figure 2.2: Schematic of position-force architecture [150]

the slave to the master manipulator. To perform the trajectory tracking tasks,
the slave is provided with all the master states information, such as position,
velocity, and acceleration. The control objective for the master manipulator
is to provide a desired closed-loop impedance and apply the reflected force.
Considering the case of free motion, there will be no additional inertial effects
felt on the operator; hence, it provides a better sense of telepresence [103].
In [38], stability analysis is performed and notes that the feedback loop gain is
proportional to environmental stiffness. It means when a slave makes contact
with stiff surfaces, the system experience oscillations, which can be minimized
by reducing the force-feedback gain. Acquiring force feedback requires force
sensors which can complicate implementation, for instance, additional hardware
resources and increased cost [I18]. In addition, stability is often an issue in
this architecture due to noisy force sensor measurement, which is addressed
using feedback linearization technique to guarantee the stability of a nonlinear

teleoperation system [174], [189)].

. Force-Force Architecture

This architecture was first introduced [10] in which only the forces of master
and slave are transmitted across a communication channel. The framework
lacks coordination between master and slave positions due to the absence of

position feedback [35].

. Force-Position Architecture
This architecture is used for haptic simulation systems and rarely implemented

on real-time systems [54].
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Three-Channel Architectures

As discussed earlier, two-channel architectures are preferred due to their simplic-
ity [53]; however, not all two-channel CA are transparent, and achieving the necessary
trade-off between stability and transparency is difficult. The three-channel control ar-
chitecture (3CH CA) has been proposed in the literature, aiming to provide increased
robustness against time delays with increased transparency [158]. In addition, 3-CH
CA offers better optimal transparency than four-channel architecture in the presence
of time delays [117], [34]. In [128], transparency of 3CH CA is improved under time
delays by eliminating one of the position channels rather than the force channels.
In [157], a type of 3CH CA has been tested for multiple robot configurations, known
as a multilateral teleoperation system. In [l], authors presented analyses of all the
3CH CA presented in [53], [55] based on passivity-absolute stability and impedance
bandwidth. It showed that it is impossible to guarantee the absolute stability of any
of the 3CH CA for all sets of frequencies. Furthermore, a comparison of 3CH CA
with two-channel architecture is also reported in the literature [10], [I10]. The 3CH

CA has been classified into four categories.

1. Position-Position Force Control Architecture (P-PF)

This architecture has already been used in medical application [11]. It is proved
experimentally that it has better fidelity [L0] 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 different teleoperator parameters on

P-PF architectures as shown in Figure 2.3 (a).

2. Force-Position Force Control Architecture (F-PF)
In [13], the author did analyses in terms of absolute stability margin and trans-
parency for the first time. This architecture, as shown in Figure 2.3 (b), can be
derived from the Extended Lawrence architecture (ELA) by setting the force
feedforward controller on the master side to zero, i.e., C; = 0. The author
carried out some simulation studies to visualize the characteristics of F-PF CA.
It turns out that this CA has a low stability margin, and the presence of time
delays and efforts to improve the stability margins will reduce the system’s

transparency.

3. Position-Force Position Control Architecture (P-FP)
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This architecture is discussed in [53]. It is a special case deduced from opti-
mized Extended Lawrence architecture (ELA) by applying Cs = —1 as shown in
Figure 2.5. In [13], the author considered impedance-impedance type master-
slave network for performing the absolute stability and transparency analyses.
In addition, the study aims to test three-channel architecture on the surgical
application, which normally requires low impedance and negligible time delay.

This architecture suffers from low stability and performance measure.

4. Position-Force Force Control Architecture (P-FF)
This architecture is derived from Extended Lawrence architecture (ELA) [53]
by setting force feedback gain (slave to master) Cy = 0 as shown in Figure 2.5.
This architecture seems to have a satisfactory performance in terms of stability

and transparency, which is very close to 4-CH [13].
Four-Channel Architecture

In any teleoperation system, stability and transparency are vital in bringing safety
and improving users’ telepresence. However, the presence of a communication time
delay will make it challenging to achieve precise position tracking and high-fidelity
force feedback. In literature, various techniques using four-channel architecture as
shown in Figure 2.5, such as time domain passivity control [93], [130], [94], sliding
mode control (SMC) [99], [165] and disturbance-observer-based sliding mode con-
trol [153], are developed in the presence of time-varying delays, uncertainties, and
external disturbances in order to achieve good performance for bilateral teleoperation
systems. Furthermore, the four-channel architecture is also implemented to control
the multilateral teleoperation to handle dangerous, unknown, and complicated tasks
remotely under time-varying delays in the communication channel. 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 literature that used either
two-channel or four-channel architectures as a baseline to counter time-varying delays,

model parameters, and environmental uncertainties, etc.
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Time-Domain Passivity Based Control Schemes

In [130], the author proposed an extended version of the time-domain passivity frame-
work using four-channel architecture. The controller can stabilize the teleoperation
system for constant time delays and in the presence of data loss. The approach offers
better performance in terms of transparency and other existing time-domain passivity
architectures. In [119], a new wave-based time-domain passivity approach is applied
to a non-linear four-channel control architecture. This new wave transformation will
help to enhance transparency while maintaining stability in the presence of time-
varying delays. The proposed scheme is validated on a 3-DOF teleoperation system.
In [177], a time-domain passivity approach is proposed for a bilateral teleoperation
system to deal with the instabilities caused by time delays in the communication
channel. In [150], the authors used a neural network to propose a new 4-CH wave-
based time-domain passivity control scheme to address the nonlinear uncertainties
related to the system’s dynamic model. The neural network estimates and eliminates
those uncertainties in the presence of time-varying delays to improve the position and
torque tracking performances. In [27], a study is proposed to minimize the chattering
phenomenon due to time-domain passivity architecture. The authors introduced a
non-zero velocity threshold which will use adaptive damping of the TDPA to miti-
gate the chattering while maintaining stability. The proposed method is validated on
a time-delayed bilateral teleoperation system. The signal flow diagram of TDPC is

shown in Figure 2.6.
Prediction-Based Control Schemes

The concept of prediction-based control in bilateral teleoperation was proposed in
1957 to deal with delays in a chemical plant. The main idea behind the smith con-
trollers is to build a local model on the master side based on the response from the
slave and the environment. The predictive model will help to identify the remote
object, taking out the negative effects of time delay. The basic concept of prediction

control is shown in Figure 2.7.

In most cases, prediction-based control schemes have been designed to reconstruct
the slave robot and remote environment to help model the plant on the master side.
Various types of predictors have been used to identify the model of the master robot.
Some of the popular methods include the smith predictor [115], Kalman filters, linear

predictors [111], adaptive linear predictors, passivity-based predictive control [125],
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[111], model predictive control [95] and neural network estimation [58]. Other papers
in the literature predict other parts of the system, such as states of the master robot
[15], operator input [110], or environment [180] only. There is also a growing interest
in combining passivity-based control with prediction-based control. Using predictive

control will improve transparency, and wave variables ensure the system’s stability

[168], [137], [25].

Disturbance Observer-Based Control

Disturbance observers (DOBs) have gained popularity in recent years to improve the
system stability and transparency in telerobotic applications [44], [], [9], [127], [31],
[114]. Parametric and model uncertainties and nonlinearities can severely compromise
the system stability, which must be guaranteed at any cost. In addition, disturbance
rejection capability is of critical importance while designing any teleoperation system
to counter the unknown disturbance. A promising approach would be to use nonlinear
disturbance observers (NDOBs) to suppress those effects. The general structure of
the DOBs is shown in Figure 2.8.

! Disturbance Robot
—~ v Position and/or Velocity
——| Controller —>’+ \,_ A I ».and/or Acceleration
Desired SN N q
Trajectory

Estimated disturbance

Disturbance
Observer | g

Figure 2.8: Schematic of disturbance observer based control [109]

In [51], [151] a sliding mode control is combined with a disturbance observer for
trajectory tracking application of surgical manipulator. The proposed scheme will
compensate for the disturbances arising from uncertainties of the dynamic model,
frictional forces, and external interaction forces in the control law and eventually
enhances the robustness of the system. In [22], authors developed a new robust
adaptive nonlinear teleoperation system using an improved extended active observer
(IEAOB), adaptive Smith predictor (ASP), and sliding mode control to mitigate the

time-delays and model uncertainties. The proposed scheme showed robustness against
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robot inertial parameter variations, friction, unmodeled dynamics, and measurement
noise. In [187], authors designed a bilateral controller for nonlinear teleoperation
systems to deal with external disturbances. This new composite nonlinear bilateral
control method is proposed to regulate the nonlinear feedback and compensate for

feed-forward disturbances in position and force-tracking error dynamics.
Model-Based Control Design

In the literature, various control schemes used the concept based on master and
slave robot model dynamics. The controllers were built for teleoperation applica-
tions through this method including identified delayed data in their equation. It is a
different strategy a s compared to prediction-based control in which time delay is com-
pletely ignored to preserve stability. The main challenge is to accurately identify the
model of the system despite external disturbances, frictions, payload variations, and
parametric uncertainties. The desired outcome of the controller heavily depends on
accurate model identification. A linear dynamic model of the system can be written

as follow in Eq 2.1: [188]

Msis+Bsis+sts+ffs:fe+fsc .
where M, B, K are system mass, viscous, and spring coefficient, x, & and % are the
robot end effector’s position, velocity, and acceleration. The nonlinear model can be

expressed using Lagrange’s equation as follows in Eq 2.2:

(2.2)
Ds (xs) is + Os (xs;jjs) 'jjs + Gs (xs> + ffs = fe + fsc

where D is the moment of inertia, C' is centripetal forces and Coriolis forces, and G
is the gravitational forces. The subscript m 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 technique in which trajectory
tracking is desired to a contact force while considering the robot dynamics. Re-

searchers have combined impedance control with sliding mode control to enhance
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robustness. In sliding mode control, a first-order sliding mode surface S = é + el is
defined for telerobotic applications. The system slide along the designed surface by
first approaching it and then staying on it once it is reached. é here represents the
error rate between master and slave robots. Several researchers have contributed to
the development of controllers in [124], [26], [90], [91], [92]. Matching impedance is

another form of impedance control used to improve system transparency, as discussed

in [96], [142].

H_, Based Control

A telerobotic system in real-time will always be exposed to unknown external dis-
turbances such as noise from the sensors, etc. Eventually, these disturbances could
destabilize the system even if the robot model is well-identified with corresponding
parameters. Scholars have developed some robust control to compensate for those un-
predictable external sources of disturbances by using H,., optimal control, as reported
in the literature [39], [113], [78].

Model Predictive Control (MPC)

Researchers have merged model-based control with predictive control and developed
a very powerful tool known as model-predictive control(MPC) [22], [95], [178], [172],
[78]. In this method, the robot’s internal dynamics are heavily involved. In [144],
the authors proposed a modified version of the model predictive control scheme to
improve the robustness of the bilateral control system in the presence of time delays.
Lyapunov’s method is also used to prove the system stability, as in the case of model

base control.
2.3 State Convergence Architecture

State Convergence architecture presents an elegant and simple model-based control
technique to design controllers for bilateral teleoperation systems. This method uses
state space formulation of the master and slave robot, allowing the slave to follow the
master in the presence of communication time delays. This method can also assign de-
sired dynamics behavior of the teleoperation systems. This scheme is originally used
for linear systems with either no time delay or minimal time delays. Despite these
limitations, the SC method is worth investigating due to its simplicity, modeling eas-
iness, and achieving desired dynamic behavior [73], [72], [71], [I7]. Furthermore, the
SC method is also used to control the nonlinear teleoperation system. The literature
has also addressed various techniques such as Lyapunov theory [65], [70], [63], [6],

adaptive control theory [97], feedback linearization techniques [70], fuzzy logic, and
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neuro-fuzzy techniques [164], [169] to control the nonlinear-teleoperation-system using
SC method.
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Figure 2.9: State convergence control architecture [72]

Figure 2.9 shows the state convergence architecture. Operator force is provided to
the slave manipulator through the matrices G5 and R, which are unknown param-
eters. Slave tries to mimic the master motion commands while interacting with the
environment. The model of the remote environment consists of stiffness k. and vis-
cous friction b.. The reaction forces from the slave F; and force feedback gain k; are
transmitted back to the master via the R,, matrix. R,, is known due to the prior
knowledge of the remote environmental parameters. The stabilizing gains K,,, and K
of the master and slave robot are unknown parameters. The 3n+ 1 unknown parame-
ters are to be determined through a solution of a set of following design equations [73],

which will help assign desired dynamic behavior of the teleoperation system.
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By — By =0,A11 — Ay + A1g — A =0

(2.3)
|sI — (An + Awz)|[s] — (A2 — Ap)| = [sI + Pl[s] + Q)

where matrics P and @) are the desired slave and error poles while other entries are

as follow [30]:

All = As + B3K57 A12 = BsRs’ A21 = BmRTm A22 = Am + B K, (2 4)
By = B,G», B, = By, '
Considering small time delays in the communication channel, the matrix entries in

Eq 2.4 are replaced as:

Ay =S (As+ BsKs — TBsR B, Ryy,) , A1o = S (BsRs — TBsRs (A, + B Ki))
Ay = M (B Ry, — TB Ry (As + BsKy)) , Ay = M (A, + B K,y — T B Ry BsRy)

By = S (B,Gy — TB,R,By,) , Bo = M (Byy, — T Biy Ry BsGo)
(2.5)

Where matrices S and M can be determined as:

1

S = (I —=T?ByRB,R,)™ ,M = (I — T*B,R,B,Ryy)~ (2.6)

Variants of State Convergence Architecture

Transparency Optimized SC Method : Transparency-optimized state conver-
gence is developed to enhance the transparency of bilateral teleoperation systems in
the presence of time delay. The modified version of state convergence aims to reflect
full environmental forces to the operator and achieve desired dynamic behaviour si-
multaneously, which is a bit challenging. This problem is rectified by limiting the
allowable range of time delay and closed loop behaviour [36]. The block diagram of

the transparency-optimized state convergence is shown in Figure 2.10.

SC Method for Unknown Environments: The state convergence method initially
used a known environmental model to compute the telerobotic system’s control gains.

In [68], the authors proposed a modified version of the state convergence architecture
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Figure 2.10: Transparency-optimized standard state convergence control architecture
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to address the limitation of using it when the environment’s model or parameters are
unknown. In this version, 3n + 2 control gains are needed to control a telerobotic
system modeled by a pair of nth order linear differential equations. The detailed
design procedure to compute the gains is refereed to [73], [68]. The modified version

is shown in Figure 2.11.

Fuzzy-based SC Methodology: In [37], a Takagi-Sugeno (TS) fuzzy model is
used to design a state convergence (SC) based bilateral controller for a nonlinear
teleoperation system. In this method, master and slave systems are represented by
TS fuzzy models. The use of appropriate fuzzy control law makes it capable enough
to control and impose the desired dynamic behaviour of the teleoperation system
in the presence and absence of communication delays using state convergence. The
proposed scheme as shown in Figure 2.12 is validated in MATLAB and compared with
the existing linear scheme. Using this scheme, there is no need to design a Lyapunov

function to prove the system’s stability.

Km A
H!" .y”]'
EIT % Cm .
Xm = Amxﬂik + Bl?i um
Yu =Cox,
y
T T:
e G e
éin Gz R_\. ¥
3
yx
Uy
j— | B C.\' _b
-fs xs = A x, +B,u,
¥, = C,x,
Ks‘ |

Figure 2.11: State convergence control architecture for unknown environments (5]
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2.4 Control Architectures for Multilateral Teleoperation System

The literature on bilateral teleoperation systems is rich, and many researchers have
investigated several algorithms and architectures to address and improve such sys-
tems’ stability, transparency, and performance measures. The extended versions of
these existing architectures to cover the case of multilateral teleoperation systems
have also been reported in the literature. A passivity control scheme based on the
wave variable method [12] has been extended to control dual master/single slave sys-
tem [21] to perform a therapeutic task. It empowers the therapist to perform remote
therapy for patients located at distant locations. In another study [32], the wave
variable approach is used to control the multilateral teleoperation system. In this
control scheme, the authors proposed an architecture with a wave node that con-
nects multiple wave variables transmission lines and a formulation to realize the wave
node. In addition, wave integral error feedback is used to compensate 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 n number of masters
remotely. A time-delay compensator is built using the wave transform method and
four-channel architecture to handle the communication among multiple masters and
slaves in the presence of time-varying delays. Furthermore, the time-domain passiv-

ity concept primarily used for bilateral teleoperation systems is extended to control

multilateral teleoperation systems [34], [12], [133] such as multi-master/single slave
(MM/SS) [101], dual-master/dual-slave [32], and multi-master/multi-slave (MM /MS)
teleoperation systems [126]. The use of disturbances observers to estimate the envi-
ronmental forces is proposed in [107].In [107], the concept of model decomposition is

used to design a multilateral teleoperation system. A position and force control of
master and slave is integrated into the acceleration dimension based on the distur-
bance observer. This type of control is very important in human adaptive mechatron-
ics. In [$3], a novel control design is proposed for a multilateral teleoperation system
to solve the problem of motion integration of different DOF and structure through
the use of spatial mode coordinate systems. In [167], a novel passive four-channel
architecture (PFCA) is designed to ensure the system’s stability independent of time
delay. The scheme is tested on dual-master/single-slave and single-master /dual-slave
systems. Similarly, other techniques such as H,, optimization, adaptive control [13],
sliding mode control [166] and intelligent control [118] are used to control multilateral

teleoperation systems.
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Extension of SC Architecture For Multilateral Systems:

An alpha-modified version of the standard state convergence architecture is developed
for a single-master/single-slave teleoperation system. This method is then extended
to control a multi-master/multi-slave teleoperation system as shown in Figure 2.13.
The proposed multilateral controller is able to control k -master/l -slave nth order
teleoperation system and requires the solution of n(k+1)+ (n+ 1)kl design equations.
The controller gains will ensure the synchronization of k-master and [-slave systems

in a desired dynamic way [33].
2.5 Summary

In this chapter, various control schemes and architectures for bilateral and multilat-
eral teleoperation systems have been presented. Initially, various control architec-
tures were discussed to give an overview of all the available architectures to control
the time-delay and delay-free teleoperation system. Control schemes such as time-
domain passivity-based approaches and predictive control, adaptive control, etc., were
discussed. Shortly after describing these control schemes, a concept of disturbance
observer-based control was introduced to counter parametric uncertainties and un-
known disturbances while designing a stable teleoperation system. Model-based con-
trol designs were also presented and analyzed the stability of the system considering
the master and slave robot model dynamics. This approach’s major challenge is ac-
curately identifying the system’s model. Other approaches are also presented, such
as impedance, robustness, and model predictive control. Control schemes related to
the multilateral teleoperation framework are also introduced. Finally, the state con-
vergence method, a novel architecture to control a bilateral teleoperation system, is
discussed. Some variants are also developed to enhance transparency and extend their
capability when the environment’s model or parameters of the bilateral teleoperation
systems are unknown. Table 2.1 and Table 2.2 compare different model-based and

model-free control architectures for bilateral teleoperation systems.
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Figure 2.13: Proposed extended state convergence architecture for k& -master/ [ -slave
systems [35]



Table 2.1: Model-based teleoperation control approaches [117]
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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 [73]
wave-variables | pated [132] environment
(uand v) [112] parame-

ters [171]

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

nals signal for force | energy be- | force feedback | velocity  sig-
rendering [12] | tween the two | signal [170] nals

end ports [132]

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

real-time

Effects of | Presence of | If the obser- | Due to com- | Difficult to

model errors wave reflec- | vation period | plex modeling | get the exact

tions decreases
the usefulness

is longer than
the width of

environments
and confined

model of the
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 | fixed time | regulated by | estimated lays can affect
case delay [112], | PO/PC union | model matches | the system’s
energy  dissi- the remote | stability [68]
pated from environment
time-varying structure [171]
gains [39]
Performance Performance Transparency | Improved Pre-assigned
criteria in the | deteriorated under  time- | performance performance
presence of | due to large | varying delay | guaranteed by user
time delay time delays is affected 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 [117]
Model-free Control
Criteria NN-based Fuzzy-based
Input variables | Variables such as (Position, ve- | Vector space (Z = [z1...2n]"

locity, and acceleration) are
weights ¥ from the hidden layer
to the output layer [153]

also called linguistic variables

Feedback sig- | Estimated environment values | Environment/slave displace-
nals We ment, velocity, and acceleration
Model type Mathematical model of neurons | Human reasoning/ linguistic
iny(t)=o <Z?:1 vjz;(t) + vo) rules (if-then)
[56]
Effects of | RBFNN method takes care of | System errors are reduced by in-

model errors

system uncertainties, tracking
errors and force feedback errors

[153]

troducing adaptive neural meth-
ods

Stability un-
der time-delay

case

NN-based controllers are robust
to external disturbances and un-
modeled dynamics [171]

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

Performance
criteria. in the
presence of
time delay

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

Affected 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 achieved

[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 elegant way to design control gains
through a solution of 3n+1 equations. These design conditions are obtained by allow-
ing the master-slave error to evolve as an autonomous system and assigning the de-
sired dynamic behavior to the slave and error systems. The controller, thus obtained,
ensures the motion synchronization of master and slave systems with adjustable force
reflection to the operator. Although simple to design and easy to implement, the
state convergence method suffers from its dependence on model parameters. Thus,
the controller’s performance may degrade in the presence of parametric uncertainties.
To address this limitation, we propose to integrate an extended state observer in the
existing state convergence architecture, which will compensate for the modeling inac-
curacies by treating them as a disturbance and providing the estimates of the master
and slave states. These estimated states are then used to construct the bilateral
controller, which is designed by following the method of state convergence. In this
case, 2n + 2 additional design equations are required to be solved to fix the observer
gains. To validate the proposed enhancement in the state convergence architecture,
simulations, and semi-real-time experiments are performed in MATLAB/Simulink

environment on a single-degree-of-freedom teleoperation system.

3.1 Review of State Convergence Architecture

State convergence architecture [73], shown in Figure 3.1, establishes a bilateral con-
nection between the master and slave systems which can be represented by n** order

linear differential equation and modeled on state space as:

.z = Az z Bz z
T Ty + byu (3.1)
Y. = szz

31
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where, subscript ‘2z’ is to be replaced with ‘m’ for the master system and with ‘s’ for

the slave system. Various matrix entries in Eq (3.2) are given as:

\

Fn-' xm = Amxm +Bm umw xml
Ym = mem J

x=4dx +Bu ) X,

J”S = CSxS J
(K )«

Figure 3.1: State convergence architecture [73]

kA
\

_ 0 - _ -
0 1
AZ - : 7BZ == .
(3.2)
0 0 0 o 1 0
—Qz0 —Qz1 —Qz2 - —Azp—1 sz
C,=(100 ---0 ]

Various parameters forming the state convergence architecture are defined as: K,, =

[ ki km2 - kmn ]is the feedback stabilizing controller for master system, K, =
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S

[ E: ke ki +be - kg }is the feedback stabilizing controller for the slave sys-
tem which also includes the stiffness (k.) and damping (b.) terms of the environ-
ment to counter the environmental force, R,, = [ k¢ke kgbe --- 0 |transfers the
scaled effect of slave’s motion to the master system as the slave interacts with the
environment where scaling is achieved through the force feedback gain (ky), Ry =
[ Ts1 Tsa **° Tsn ]transfers the effect of master’s motion to the slave system, and
(35is the force transmission gain from the master to the slave system when the operator
exerts a force (F},,) to move the master system. Of these parameters, Gy, K, K, R
are unknown and found through a solution of 3n+1 design conditions, as described

in appendix A.

Remark 3.1. State convergence scheme employs the model parameters in Eq (3.2)
for the design of control gains. In practice, parametric uncertainties cannot be avoided
and may degrade the performance of the controller. The effect of these uncertainties
has been numerically evaluated on the performance of the state convergence controller
in [73], [100]. It is found that the bilateral controller is quite robust to more than
50% wariations in the model parameters. However, the effect 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 enhanced version of the state
convergence architecture, shown in Figure 3.2, where extended state observers are
used to estimate the uncertainties present in the master and slave systems. These
observers also provide estimates of the master and slave systems’ states. The distur-
bance and state estimates are then used to form the bilateral control law. We proceed
by considering the following nonlinear model of the master (z = m) and slave (z = s)

systems:

Ty = Tao
Ty = T3

(3.3)
Ton =[5 (22) + bus

Y = Tz1
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Toel = Tze2
Tre2 = Xze3
(3.4)
Tzen = Lze(n+1) + bzuz
j:ze(n—i-l) = hz

Yz = Tzel

In Eq (3.3), f. is considered to be completely unknown and will be estimated by
using the disturbance observer along with other systems’ states. To this end, we first
rewrite Eq (3.3) by considering the disturbance d, = f, as an additional n+1%" state.
Note the slight change of notation in Eq (3.4) where subscript ‘e’ is added to denote
the extended system. Further, the time derivative of the disturbance also appears in
Eq (3.10) i.e., h. = d.. Before further development, we write systems in Eq (3.3) and
Eq (3.4) in compact form as in Eq (3.5) and Eq (3.6):

ilz = AZJIZ + BZUZ + Ezdz (35) w'ze - Aze$ze + Bzeuze + Ezehz

3.6
yz - szz yZ - CZCxZB ( )
where,
(0010 --- 0] [0 ] [ 0]
0 0 1 0
0 0
0 b,
(3.7)
[0 1 0 1 [0 ] [0 ]
0 0 1 0
Aze: 7Bze: 7EZ€:
000 - 0 0 (3.8)
000 -0 1 b,
_O 0o o0 - 0 0_ _0_ | 1
C.=|100 -0 0]
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Figure 3.2: State convergence architecture incorporating disturbance observer
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Considering the virtual extended system of Eq (3.6), we construct the real extended

observer as: _
Lre = Azeq:ze + Bzeuz + LzeCze (Ize - xze)

. (3.9)

In Eq (3.9), &,. are the estimated states and L., is the observer gain given as

T
L. = [ Liet liea lses =+ lien L1y | - Let us define the observer error for the

master and slave system as:
€20 = Lze — i'ze (31())

Observer error dynamics can now be written using Eq (3.6), Eq (3.9) and Eq (3.10)

as:
ézo = (Aze - LzeCze) €20 + Ezehz (311>

We now construct the bilateral state convergence controller using estimated states as:

1
Um = _b iij(TH*l) + Km'@m + Rmi's (t - T) + Fm (312)
1
Us = __fse(nJrl) + KsZs + Ry, (t - T) + Gafop <t - T) (313)

bs

By plugging Eq (3.12), Eq (3.13) in Eq (3.5) and using Eq (3.10), Eq (3.11) and

noting Bz/bz = F., closed loop augmented slave-master system is found to be:

[T A [% ] _ [ A Avsa [xz ]+ Are Arae lema n
i Ay I Tm Aga  Agza Tm Agge  Anze €moo
_ h _
0 Apn - By o
i Anp 0 i By
(3.14)

Where, Alla = As + BSKS7 A12a - BsRsv A21a - BmRm, A22a: Am + Bme,
Alle - - ( BsKs _Es >7 AlQe - < TBSRS O )(Ame - Lmeome) - ( BsRs O >7

Ag, = ( TB, R, 0 ) (Ao LseCse)—( B,R, 0 ) Ao = — ( B,K, —E, )
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At = TB,Ry, Azt = TByBon, Aun = ( TBR, 0 ) Ee,
Aoy = < TBnRy, 0 ) Esea By, = BSG27 and By = By,.

By pre-multiplying Eq (3.14) by the inverse of matrix[ I Ay Agyy 1 ] and

combining the resulting expression with the observer dynamics in Eq (3.11), we have:

T Ay A Ay Ay Ts By En Ep
i Ay Agy Ay A m B Ey E hs
1? _ 21 22 23 24 xz I 21 F, + 21 22
€so 0 0 A34 0 €so 0 Egl 0 hm
émo 0 0 0 A44 €mo 0 0 E42
(3.15)

A = AnAie + Andoe, Az = AinAisa + ApAg, A1z = AnAie + Ao,
Ay = ApArze + AinAnse, Aot = AizAriatAinArsa, Aza = AzAroa + AigAaze, Aoz =
AizAvie+ AigAsie, Aoy = AizArge + A Aoze, Azg = Ase — LseClse, Aas = Ae — LineCne,
By =Au By + ApBs, By = AgBy + AuBy, By = ApAon, Eia = AnAion, Eor =
AuAoin, Er = AizAron, E31 = Eee, Eyp = Epe, Ay =1 + A1nZ Aoy, Aip =—A1nE,
Ajz = —ZAoy, Au=2,=2=(I— AgltAlgt)il. Following the method of state conver-
gence, we replace the master system in (3.15) with the slave-master error system. To

achieve this, we introduce the following linear transformation:

T I 0 00 T
Te I -1 0 0 T
= (3.16)
€so 0 0 I O €s0
€mo 0 0 0 I €mo

The time derivative of Eq (3.16) in combination with Eq (3.15) yields the following

augmented system:

Ts 12111 /112 12113 A14 T By En By

e Ay Ay Ay A . B B E h,
i‘U _ 21 22 ~23 24 X i 21 Fo+ ~21 12

€so 0 0 A34 0 €so 0 E31 0 hm
Emo 0 0 0 Ay Emo 0 0  FEyp
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Whefez‘in = A + A127/~112 = —A12,/~113 = Als,zzlu: A14,/~121 = A — Ao + A —
Ao, Agy = —Ag + Agg, Aoy = Arz — Agy, Agy = Arg — Aoy, Asz = Asy,As = Asa, By =
Bi1,Byy = Bi1—Bo,Eyy = By, By = Eig,Ey = Eyy — Eo,Esy = By — Egy By =
E31,E42 = F4. By eliminating the effect of the slave system’s states and operator’s

force on the error system in Eq (3.17), we obtain the following n+1 design conditions:

Ay =0,By =0 (3.18)

Note that the effect of observers’ errors is ignored on the slave-master error system
as fast dynamic behavior will be assigned to the observers. Further, the effect of
disturbance terms is not considered in the design phase which can be associated
with the slow varying nature of the disturbance [74], [75]. Now, by comparing the
characteristic polynomial of the augmented system in Eq (3.17) with the desired

polynomials, we have:

s — Ay = 8"+ pp 18" .+ pis+po

sl — 12122 = 8"+ g 15" g5+ Qo
. (3.19)
sI — Agy| = 8"+ 118" 1+ .+ 1541

sl — 12144 = 5" 4+ W,_18" T+ ..+ wys + wy

In Eq (3.19), ps, ¢;, 73, w; are coefficients of the desired polynomials for the slave, error,
slave observer and master observer systems, respectively. Eq (3.18) and Eq (3.19) form
together a set of 5n+3 design conditions which can be solved to find 3n+1 unknown
controller gains (Gq, K, Ky, Rs) and 2n+2 unknown observer (L., L) gains of the

enhanced state convergence scheme.

3.3 Simulation Results

In order to validate the proposed disturbance observer-based state convergence con-
troller, we perform simulations in MATLAB/Simulink environment by considering a

single-degree-of-freedom master and slave systems as:
j:zl = Tz2
T = fo(22) +u. (3.20)

fz = —Qzx sin (m,ﬂ) — Q2T + (bz - 1) U,
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Thus, we have the following model for the design phase:

01 0 010 0
z - 7B,2: — 7Aze - O O 1 7BZ€ — 1 (321)
00 1
000 0
We assume various parameters of the teleoperation system as [73]:
A1 = ]_, Am2 = 7.1429
as1 = 0.9, a5 = 6.25
(3.22)
by, = 0.2656, b, = 0.2729, T = 0.25s
kf =1,k. =20Nm/rad,b. = 0.1Nms/rad
Further, we select the coefficients of polynomials in Eq (3.19) as:
po=2,pm =15
qo = 64,q1 =16
r =w = 2700
9 = Wy = 90
Now, by solving the design conditions [175] and [ 13], we obtain the controller and
observer gains as:
Go = 13436, K = | —40.40 ~11.40 |, K, = [ ~15.4079 —20.7101 | -
3.24

T
R, = | 7.0981 1.8524 ],Lme — L. — [ 00 2700 27000 }

Note that control gains K in Eq (3.24) contains the environment information also,
as pointed out in section 3.1. In the absence of such information, a steady-state
error will exist between the master and slave positions as the slave interacts with the
environment. We now perform simulations of a time-delayed nonlinear teleoperation
system under the control gains of Eq (3.24), 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 addition, environmental
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force is also reflected to the operator whose amount can be adjusted through the

coefficient pyg.

Master (rad/s)

Slave (rad/s)

Disturbance Estimation

-0.2
-04

T TR ==

-06¥

o
[$,]

10 15 20
Time(s)

*,
A

-0.2
-04

M ranpay
lﬁqki
~,

2T TEATA VL T LR

t

(F

T
L/

-0.6

-0.8 :

Figure 3.3: Disturbance estimation
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Comparison of Proposed Scheme with RBFNN

In order to show some advantage of the proposed scheme, a comparison has been

made with a recently proposed tele-controller based on radial basis function neural

network (RBFNN) |

control laws here:

]. For the sake of completeness, we mention the RBFNN based

u, = 1,8, + thz (x) +n.s9n(s,) — 1.,z =m, s

s, =¢é,+ke,,z=m,s

W, = észhz (x,),z2=m,s

(3.25)
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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 different parameters of RBFNN controllers as:

Nm = Ns = 0.25,

Om = Om = 0.05,

Iy =13 =15k, = ks = 15,

75 = 0.025, sat = +£0.05,n =5
b;j =05,C;=-1:05:1
M,=1,C, =4,G, =4,

(3.26)

We simulate the same time-delayed telerobotic system under the control of Eq (3.25).
Various states recorded in Figure 3.6 depict the position error between the master
and slave systems yielded by both the proposed and RBFNN controllers. It can be
seen that the proposed controller offers better transient performance as compared to
the RBFNN controller for the same final master position. However, the 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 QUARC/Simulink environ-
ment using the geomagic haptic device. To this end, the haptic device is oper-
ated along the x-axis to generate a varying time force for the teleoperation sys-
tem running in the Simulink environment. This force is governed by the relation
Fo (t) = kop (zop (t) — o). Here, the scaling factor is assumed to be k,, = 5 while the
operator’s position (z,,) lies in the range [0.1,0.2] which corresponds to the motion
of the link between points ‘2’ and ‘8’ on the cardboard, as shown in Figure 3.7 and

Figure 3.8. The proposed controller parameters are presented in Table 3.1.

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 reflected force, as generated
by the proposed controller, is also directed to the haptic device. In this way, the
loop is closed around the operator as he will be able to feel the slave’s interaction
with the environment. Now, by using the control gains of Eq (3.24), the nonlinear
time-delayed teleoperation system is run under the control of the haptic device, and

the results are shown in Figure 3.9, Figure 3.10 and Figure 3.11.

It can be seen that the observer has remained successful in estimating the distur-
bance and the observer-based controller has established the convergence of master
and slave states. Further, environmental force is also felt by the operator. These
results suggest that the proposed methodology has indeed enhanced the capability of

state convergence architecture to deal with uncertain nonlinear teleoperation systems.
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Figure 3.11: Experimental results: control input torques and force reflection behavior

Controll Simulation in MAT- | Semi Real-time
OHtroTer 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 Stiflness

k. (Nm/rad) 20 20
Environment Damp-

ing b, (Nm/rad) 0-1 0-1
Feedback gain K 1 1
Scaling factor K,, 0

Time delay (Sec) 0.2 0.2

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

ment

3.5 Conclusion

This chapter introduced an enhancement in the state convergence architecture for bi-
lateral teleoperation systems through the use of disturbance observers. The proposed

scheme suggests treating uncertainties in the master and slave systems as disturbances

and employing extended state observers to estimate them. State convergence control
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laws are then updated with these estimates. Closed loop stability of the teleoperation
system is finally established by following the method of state convergence. To vali-
date the proposal, simulations and semi-real-time experiments are also performed in
MATLAB/Simulink environment by considering a single-degree-of-freedom nonlinear
time-delayed teleoperation system. Future work involves designing and integrating
the operator and environment estimation laws in the proposed framework with the

consideration of time-varying delays in the communication channel.



Chapter 4

Disturbance Observer Supported Fuzzy-Model-Based

Bilateral Control Architecture

This chapter presents a disturbance observer-supported Takagi-Sugeno (TS) fuzzy
model-based control scheme for uncertain systems. The baseline controller is a guar-
anteed performance fuzzy-model-based parallel distributed controller (PDC) con-
structed using the nominal system’s parameters. The model approximation error
and parametric uncertainties are treated as a lumped disturbance and a nonlinear
disturbance observer (NDOB) is introduced to counter the lumped disturbance. The
applicability of the proposed scheme is demonstrated in the bilateral 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 affine n'® order single input single output (SISO) nonlinear system as:

.jflz.]?g

Zi‘gzl‘g

= o () + gn (x) u + Af (2) + Ag () u

where f, () and g, (z) are nonlinear functions with nominal system parameters while

Af(z) = f(z)—fu(x), Ag(x) = g (x) — g, () represent the respective uncertainties.

An ‘r’ rule TS fuzzy model of nonlinear system in Eq (4.1) can be constructed as:

T = Tg
To =2

o (4.2)
Ty = 3 iy hi (2) D052y —aias + bau + 6

48
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where h; () is normalized firing strength of i fuzzy rule i.e. h; (2) = p; (2) /> i_ pi
and f; (2) is determined as minimum of the degrees of memberships of z;(x) (j =

1,2,...,1) in fuzzy set A;; for the it ruleie. p; (2) = Ay (21) X Agg (22) X ... X Ay (7).
Note that z; (z) (j = 1,2, ...,1) is a scheduling variable. In Eq (4.2), § contains the

modeling error and uncertainties as:

6 = ((fu (@) + g (@) w) = (S0 b (0) Xy —asgay + b)) +(AS (@) + Ag () w)
(4.3)
In Eq (4.3), the first term on the right-hand side is the model approximation 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 of [36]. This PDC
controller provides the desired closed-loop performance by introducing time-invariant
coefficients. However, parametric uncertainties are not considered in the design proce-
dure. To address this limitation, we propose to integrate an NDOB that can estimate
the lumped disturbances and ensures robust closed-loop performance. NDOB-based

fuzzy PDC controller is proposed as:
u:—ihi (Z>i%%_5 (4.4)
i=1 j=1 bir

0=¢&— Ay, (4.5)
E = (5= S0y () S ag + b |

In Eq (4.4), the denominator part of the control law, b;; is a known nominal plant
parameter while the numerator part, d;; is to be designed against a desired closed-loop
performance. In Eq (4.5), A is a negative constant whose magnitude can be selected
to be sufficiently large. By substituting Eq (4.4) in Eq (4.2), we obtain the closed
loop system as:

T1 = T2

LEQIIg

o = = X0 b (2) S (A ) 4

In Eq (4.6), 0. is the disturbance estimation error:
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5o =06—10 (4.7)

Let ¢j,7 = 1,2,...,n be the coefficients that do not depend upon the time-varying

membership functions, i.e.:
Cj :dij—i—aij,j: 1,2,...,7’1, (48)

By substituting Eq (4.8) in Eq (4.6), we obtain the differential equation representation

of the closed-loop system as:
™ 4,z 4 4 et + oz =6, (4.9)

Now the coefficients c;,j = 1,2, ...,n can be chosen according to the desired dynamic
response, and the fuzzy implemental gains can then be determined using Eq (4.8).
Eq (4.9) implies that regulation error is governed by the estimation error of NDOB.
Thus, bound on the estimation error translates to the performance of the fuzzy PDC

regulator. Estimation error dynamics can be written as:

0o = M0 + 0 (4.10)
Provided that disturbance and its derivative are bounded as ||0]| < ¢, (5” < g, We

can find a bound on the disturbance estimation error as in |

t .
be = Moo + / A6 (1) (4.11)
0
t
S €¢1€>\t + 5@52/ GA(t_S)dS

0 (4.12)

= e + % (eM—1)

4.3 Application to Bilateral Teleoperation

Bilateral teleoperation is a key framework to allow human interaction with a remote
environment by providing the force feedback present in the remote environment. Over
the decades, many algorithms have been proposed to improve the time delay present in
the communication channel, uncertainties related to the environment, and modeling

errors, and improve decision support mechanisms [113], [14].
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Consider a single-degree-of-freedom teleoperation system as:

Jmém + Bmém + My gl sin 0, =

) j ‘ (4.13)
JsOs + B0y + mgglssin 0, = ug

Let the state variables be z; = 6,25 = §. By selecting the scheduling variable as
z = sin(x;/x1) and using the nominal system parameters, a two-rule T'S fuzzy model

of a system described by Eq (4.13) is constructed as:

Tml = Tm2

o 2 mmnglmn Brmn (414>
Tm2 = — Zi:l hml (Zm) szzxml T me + um + 5

Ts1 = T2

. (4.15)
Ts2 = — Z?:l i (Zs) mst]n—glmzszxsl - %l’s + ﬁus + 05

The degrees of memberships in Eq (4.14) and Eq (4.15) are computed as:

()_ 1 ZE1:0
R (4.16)

Zmax—Zmin ’

po(2) = 1= (2)

where minimum value of the scheduling variable (zp;, = 0.827) corresponds to the
link operation around x; = 7/3 while maximum value (z.x = 1) corresponds to the
operation around x; = 0. The definition and numerical values of different master and

slave systems’ parameters in Eq (4.13) - Eq (4.15) are provided in Table 4.1.

To establish bilateral communication between the master and slave systems, the
method of state convergence is used and proposed NDOB fuzzy PDC regulators are
deployed on both sides, as shown in Figure 4.1. Observer-based control laws for the

master and slave sides are defined as:

U, = I Z (zm) dezja:m]+27“mjx5] T)+ F, —J O (4.17)



{ &n = fm - )\mme

. _ < 2 mmnglmn B 1
gm - )\m <5m - Zz‘zl hmz Trmn Zmilml — J::: Tm2 + Tn Um,

Table 4.1: Numerical values for fuzzy controller parameters

No | Definition of Master/Slave Param- | Actual Nominal
eters Value Value

1 Mass of master link (kg) My, = 2.2 My, = 2.0

2 Length of master link (m) l,, = 0.35 Ly = 0.5

3 Inertial of master link (kg-m?) Jm =0.0898 | J,.,, =0.16

4 Viscous friction coefficient of mas- | B,, = 5.2 B, = 5.0
ter link (Nms/rad)

5 | Mass of slave link (kg) me = 7.8 Men = S0.

6 Length of slave link (m) l, =0.75 lg, = 1.0

7 | Inertial of slave link (kg-m?) J, = 14625 | J,, = 2.6

8 Viscous friction coefficient of slave | B, = 10.5 B, = 10.0
link (Nms/rad)

9 | Acceleration due to gravity (m/s?) | g = 9.8 g =298

2 2 n
Up = Jsp Z hi (zn) Z dsijTnj + Z TsjTm;(t —T) 4+ goFp(t = T) — Jan0s
j=1 j=1

=1

55 = 53 - )\SxSZ
: N 2 Msmgllm B 1
gs = )\s (55 - Zi:l hsi Jg/ Znilsl — Jnyill Tpo + T us)

m

52

(4.18)

(4.19)

(4.20)

The definition of various parameters in these control laws is included in Table 4.2.

With the help of the above control laws, closed-loop master and slave systems are

computed, and time-invariant coefficients are introduced, as described above:

Cmj = Amij — Qmij, Csj = dsij — Qsij

(4.21)

where a;1 = 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 state convergence to be

applicable. Interested readers are referred to [160], [161] for details on this bilateral
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scheme. To determine the control gains of the scheme including the NDOB-integrated

fuzzy PDC regulators, the following design conditions need to be solved:

g2 (Jmn + TTmZ) - (an + TTSQ) =0

(Jmn + T'rm2> (rsl + Csljsn> -

(an + TTSQ) (Tml + lejmn) =0

(Jmn + Ter) (TSZ + CsQan) - (an + TrsQ) (TmZ + CmQJmn>
=T (Jmn + Trm?) Ts1 + T (an + TTSQ) Tm1 = 0

Jmn (Tsl + ancsl - TTSQle) + b1 (Jmnjsn - T27Am27ﬁs2) = O

2
JmnTSQ - Trs2rm2 + JananSZ - TJmnT526m2 - ijnrsl+T T's2Tm1

+p2 (Jansn - T2rm2r52) =0

(Jmn + Trm2) Ts1 — Jmn (an + TTSQ) Cm1 — 1 (Jansn - T2rm2r52> = O

(Jmn + Trm2) (Ts2 - TTSl) - Jmn (an + Trs2) Cm2—G2 (Jmn

Table 4.2: Parameters of fuzzy state convergence scheme
No | Parameters Description
F, Operators force
2 | Gy Force feed-forward gain

3 Rm = | "m1 Tm2 J
Tm1 = ]%fke7rm2 = kfbe

Force feedback gain vector

4 | Chn=1 Cm1 Cmo2 Stabilizing gain for the master

5 | Cs=|ca ce Stabilizing gain for the slave
Dypy = | dmi1 dimrz ) )

6 s 1 | Fuzzy implemental gains for master
Dpo = | dma1 dmaz
DSI - dsll dsl? X .

7 - - Fuzzy implemental gains for slave
D82 = dsQl d522

8 | Rs=|rg re Effect of master’s motion in slave

9 T Time delay of communication channel

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

an - T27”m27”52) =0

(4.28)
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Figure 4.1: NDOB based fuzzy-model-based state convergence controller for bilateral
teleoperation system
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4.4 Simulation Results

By assuming the stiffness of the environment as k. = 5Nm/rad with k; = 0.1 and
selecting the desired response of the slave as well as error systems as s2+20s+100 = 0
(p1 = q1 = p2 = g2 = —10), we obtain following control gains as a solution of Eq (4.22)
and Eq (4.28).

¢m1 = —103.00, ¢, = —19.70

cs1 = —97.0, cso = —20.30 (4.29)

rs1 = —8, 1750 = 0,90 = 16

Control gains for fuzzy PDC regulators are derived using Eq (4.21) along with nominal
parameters as:
dm11 = —44.14, d 12 = 10.30
o1 = —54.32, d 00 = 10.30
ds11 = —67.57,ds10 = —16.55
dso1 = —72.66, dgso0 = —16.55

(4.30)

We now simulate fuzzy PDC-driven bilateral teleoperation by applying a constant
operator’s force of 1N. First, an uncertain teleoperation system is run without utilizing
NDOB, and the system response is plotted in Figure 4.2. It can be seen that position
error exists between the master and slave systems due to the discrepancy in actual
and nominal parameters. Also, differences can be seen in the desired and actual slave

responses.

Now, NDOB ()\,, = A\; = —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 with zero steady-state er-
ror and exhibits the desired behavior. Disturbances on the master and slave sides
are well estimated and compensated by NDOB as displayed in Figure 4.5 and Fig-
ure 4.6. Results in Figure 4.2 and Figure 4.3 - Figure 4.6 also serve the purpose of
comparison of proposed disturbance observer-based fuzzy PDC technique with fuzzy
PDC. Comparison with other fuzzy PDC techniques involving disturbance observer
is not provided as they do not offer desired dynamic performance and thus state
convergence controller with desired slave response cannot be constructed 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 convergence controller under pa-

rameter variations without NDOB [31]
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Figure 4.3: NDOB-integrated fuzzy model-based control: position 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: velocity tracking

Disturbance Estimation on Master Side
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Figure 4.5: NDOB-integrated fuzzy model-based control: disturbance estimation on
master side
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Disturbance Estimation on Slave Side
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Figure 4.6: NDOB-integrated fuzzy model-based control: disturbance estimation on
slave side

4.5 Experimental Results

Finally, we perform semi-real-time experiments using QUARC/Simulink environment
using a haptic device and a virtual slave system. The experimental setup is shown in
Fig 4.7. The experiment is initiated by the human operator who drives the haptic de-
vice. The resulting motion and force commands are transmitted over a time-delayed
communication channel to the slave system, which interacts with the environment
and provides force feedback to the master side. The reflected force is provided to
the operator through a haptic device. NDOB-based fuzzy PDC controllers are imple-
mented on both the master and slave sides with the control gains of Eq (4.29) and
Eq (4.30). The recorded position tracking, velocity tracking, disturbance estimation,
and force reflection results are shown in Figure 4.8 - Figure 4.12. The proposed scheme
provides excellent position tracking and disturbance estimation performance and pos-
sesses force reflection ability. The proposed controller parameters are summarized in

Table 4.3.
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Figure 4.7: Experimental setup to implement NDOB TS fuzzy controller
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Figure 4.8: NDOB-integrated fuzzy model-based control: position tracking

29



Figure

Figure 4.10:
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Disturbance Estimation on Slave Side
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Figure 4.11: NDOB-integrated fuzzy model-based control: disturbance estimation on
slave side

Force Reflection Behavior in Bilateral Teleoperation System
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Figure 4.12: NDOB-integrated fuzzy model-based control: force reflection behavior



Controll Simulation in MAT- | Semi Real-time
OoHtroTer 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 Stiflness

62

k. (Nm/rad) g g
Environment Damp-

ing b, (Nm/rad) 0-1 0-1
Feedback gain K 0.1 0.1
Scaling factor K, 0 )
Time delay (Sec) 0.2 0.2

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

4.6 Conclusion

This chapter presents the design of a disturbance observer-based fuzzy PDC controller
for the regulation task in uncertain nonlinear systems. A numerator-denominator type
PDC controller can offer desired dynamic performance. However, its performance de-
teriorates in the presence of parametric uncertainties. To recover its performance,
a nonlinear disturbance observer is designed, which considers the parametric uncer-
tainties and modelling errors. The proposed NDOB-based fuzzy PDC controller is
applied to a bilateral teleoperation system where a slave manipulator is required to
track the master manipulator while exhibiting a desired behaviour. Simulations and
experimental results confirm the validity and effectiveness of the proposed robust
regulation scheme. The proposed regulator will be used to control more complex

systems.



Chapter 5

Disturbance Observer Based Extended State Convergence

Architecture for Multilateral Teleoperation Systems

In the existing extended state convergence architecture [159], 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 systems’ parameters
leads to degraded control performance in the presence of significant parameter vari-
ations. In this study, we have integrated extended state observers in extended state
convergence architecture [159] to counter the effect of uncertainties, which has re-
sulted in a more practical architecture for multilateral teleoperation systems. In
order to validate the proposed enhanced architecture, simulations are performed in
MATLAB/Simulink environment by considering a symmetric (2x2) as well as asym-
metric (2x1) teleoperation system. A comparative assessment with the existing state
convergence architecture proves the superiority of the proposed architecture. In ad-
dition, hardware experimentation is carried out on Quanser QUBE-servo systems by

setting up an asymmetric (1x2) teleoperation system in the QUARC environment.

To the best of the authors’ knowledge, robustness improvement of extended state
convergence architecture has not been reported in the literature. This chapter is
structured as follows: Section 5.1 describes the proposed architecture, and the as-
sociated design procedure is presented in Section 5.2. Simulation and experimental

results are presented in Sections 5.3 and 5.4, followed by conclusions.

5.1 Proposed Architecture

In extended state convergence architecture, n(k +1) + (n+ 1)kl design conditions
are required to be solved to determine the same number of control gains. In the
proposed version, an extra (n + 1) kl design conditions are required to be solved to
determine disturbance observers’ gains. Although computational cost is increased
in the proposed architecture, however, its ability to deal with parameter variations
is greatly improved. The proposed architecture is shown in Figure 5.1. We include

various notations describing the architecture in Table 5.1.

63
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Table 5.1: Notations describing observer-based extended state convergence architec-

ture

Notation | Description Notation Description

Fui Force exerted by | Gy Effect of k** oper-
k" operator on k" ator’s force in [**
master system slave system

Koke Stabilizing ex- | Kge Stabilizing ex-
tended gain for k" tended gain for [t
master system slave system

R Effect of motion of | Ry Effect of motion of
™" slave system in k' master system
k' master system in ["" slave system

Loke Extended state ob- | L. Extended state
server’s gain for k™" observer’s gain for
master system I slave system

5.2 Design Procedure

The design methodology is a two-stage procedure in which an augmented system

containing closed loop master and error systems is formed at the first step. Then the

augmented system is stabilized by placing the poles in the left half plane with error

systems set as autonomous systems. Let master and slave systems (z = m, s) be mod-

eled on state space given in Eq (5.1). In Eq (5.1), system and input matrices contain

nominal plant values, whereas parametric uncertainties are included as disturbance

terms. We form extended master and slave systems by considering disturbance terms

as additional states given in Eq (5.2):

jjzi = Azixzi + Bziuzi + dzi

(5.1)

Lzie = Aziezzie + Bzz’euzi

Yz = Cziexzie

(5.2)

To estimate master and slave systems’ states, including disturbances, extended state

observers are designed as follows:

Lzie = Aziexzie + Bzieuzi + ine (yzz - yzz>

N N
Yzi = Cziexzie
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Fy |::| Ty = A Xt Bt tdy, c Fy T = Ao T Bty T,y c
| z 1 CLm i [T 3 i
Yt = S m \‘ —| Yot = Coni Xt w
L -{}ﬂu = A Fe + By + Lo Oy (B =% ) LI L {mh =N + Biths Ly Cote ( Xuze = X,
= G | Vot = ot Ve
- )

l
T T
=1 |
X =A, 1B, +d, ] Lo=datBugtd, |
Ya=Ca¥y —‘ Y =Cox
L X = Ao + Bagliy + Ly, Cop (0, — 3, ) L Koy = ARy + By + L, Co (3, — 3, )
— j’:l = C:ll'{-:la Vot = Coo¥ae
l Rsll | RSJI
g % |
. .
R:li R:ll’

Figure 5.1: Proposed disturbance observer-based architecture for multilateral teleop-
eration systems

The control inputs for the £ master and I** slave systems are introduced as:
!
Umk = Kmke:%mke + Z Rmkzt%sz (t - ka)l) + Fhk (54)
i=1
k k
Us) = Ksle:%sle + Z Rsliﬁ:mi (t - Tsli) + Z GsliFhi (t - Tsli) (55)
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 (5.4) and Eq (5.5) in Eq (5.1), closed loop

master and slave systems are obtained as:

!
Tk = (Amk + Bk K k) Tk + Z Bk Rinki®si (t — Tingi) + Bk Fnie + €ami - (5.6)

i=1
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k k
j:'sl = (Asl + leKsl) Tg + Z leRslixmi (t - Tsli) + Z leGsliFhi (t - Tsli) + €4s1

i=1

=1

(5.7)

In Eq (5.6) and Eq (5.7), €4,; contains estimation error terms. Using Taylor expansion

on time-delayed signals in Eq (5.6), Eq (5.7) and discarding higher order terms, we

get:

2 [ Api + B K1 - 0 BniRm11 B Ry
Tk | 0 Ak + Bk Kk Bk Rk Bk Rk
Ts1 Bg1Rs11 B R Agq +BaKg ... 0

| Ta i By Ry By Ry Ag+ BgyKg |
Tm1l 0 0 BriTmi1 Rt B TR
Tmk | 0 0 Bk Tk Rk Bk Tkt Rk
Ts1 Bs1Ts11Rs11 Bs1Ts11Rs1k 0 0

| zst | | BsiTsnRsn B Tgik Rk 0 0 ]

Tl B 0 €dm1

_ Fh1

-T'mk . 0 Bk : | camk

Ts1 B G leGslk €ds1

Fhi
| g | | BaGsn BaGa | | edst |
(5.8)
Let us define the following matrices:
T T .

T = | Tm1 - Tmk } , g = |: Tg1 Tyl ,Am :dlag (AmlAmk:)

Ay, = diag (Aq, . ... Ag), By = diag (B - - -
K, = diag (K1, ..., Kn) , Ks = diag (K, - . .

7Bmk) ) Bs = dlag (le, R 7Bsk) (59)

7Ksl)
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lel s lel Rnll s Rslk Tmll s Tmll
Rm = 7Rs = 7Tm -
Rmkl s Rmkl Rsll s Rslk kal s kal
Tar .. Tag . Gor .. Ga
T = : ,Fh—[Fm Fhk] G = :
Tar ... Tak Gar ... G
T T
€dm = | €dm1 --- €dmk ] y €ds = [ €ds1  --- €dsl :|
(5.10)

With the help of Eq (5.9) and Eq (5.10) we can write Eq (5.8) in compact form as:

-

Ts o (BsRs) Inl BSRS As + BSKS ] (5 11)
T B, Cdn ] '
+ Fot+ |
.235 BSGS ed’U

In Eq (5.11), operator ‘o’ denotes Hadamard product. By defining, D,, = T}, o
(BmRn), Ds =T, o (BsR,),we can further simplify Eq (5.11) as:

i.m _
Mk
An = (Ig — DyuDy) " Kyy — Dy (Iy — DyD,y)) " B, R,
Arg = (L — DmDs)_l B Ry — Dy, (It — Dst)_l s
Ay = =Dy (L, = DD,) " Ky = (L = DyDy) ™" BoR,
Asy = =Dy (L = DuDy) ™ BB — (I = DoDy) ' K,

Bl - (Ink - DmDs)_l Bm - Dm (]nl - Dst>_1 BsGs
BQ = _Ds ([nk - l)ml)s)_1 Bm - (Inl - Dst)_l BsGs

All A12
A21 A22

B,
B,

Ty F, (5.12)

Ts

(5.13)

We now transform the augmented system Eq (5.12) into a new augmented system
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with tracking errors defined on the slave systems. To this end, following linear trans-

T, I, O T,
MRV o

In Eq (5.14), matrix Acontains authority factors exercised by master systems to

formation is introduced:

influence slave systems and is given as:

allln C]512In Clfllf[n
A— agil, agl, aorly, (5‘15)
anl, apl, ... agl,

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

system as:

F (5.16)

12111 = All + A12Aa Al? = A127 AQI = (AQI - AAH) + (A22 - AAIQ) A

b h . (5.17)
A22 = A22 - AAIQ; Bl = Bl; BQ = B2 - ABI

According to the method of state convergence, the error should evolve as an au-
tonomous system, and stability of the augmented system is ensured by placing poles
of closed-loop master and error systems on the left half plane. This gives rise to the
following design conditions whose solution returns control gains of the extended state

convergence architecture:

12121 =0, BQ =0, )Slnk - 12111

X ‘SIM — AQQ

= |sl — P| x |sly — Q)| (5.18)

In Eq (5.18), matrices P and () contain poles locations. Observer gains are found

independently of the controller gains and no augmented system is formed to determine
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these gains.

5.3 Simulation Results

In order to validate the proposed architecture, simulations are performed in MAT-
LAB/Simulink environment by considering symmetric and asymmetric configurations
of teleoperation systems. The following master and slave systems are considered where

1 2 o, . . .
x,,and o7, are position and velocity signals:

N ——
mz : me me
2, = =By sin (z1,) — 7.142922,; + 0.26561,;

me

(5.19)

L= g2
SZ . St S
12, = —Bgsin (x},) — 6.252% + 0.2729u,

st

First, consider a symmetrical 2x2 teleoperation system. To compute the controller

and observer gains for this configuration, following nominal models are assumed:

0 1 0 1
Aml = 7Am2 = 7Asl -
0 —-7.0 0 —5.0

0 0
Bm = aBm =
! 0.2 ] 2 [ 0.1

0 1 1
7A82 - 0
0 —4.0 0 —6.0

0
0.3

Further, slaves are interacting with environments having stiffness as k.; = 10Nms/rad

0

7Bs ==
o4

7852:

(5.20)

and force feedback gains are assumed to be 0.1 which yields, R, = [ 0.1 O }
Time delays are ignored during the computation but will be considered during the
simulations. Characteristic polynomial for the closed loop master system is selected
as st + 28s% + 292s% + 1344s + 2304 = 0 while for error systems, it is selected as
s* + 3153 + 354s% + 17645 + 3240 = 0. Design conditions in Eq (5.18) are solved using
MATLAB symbolic toolbox with nominal models Eq (5.20) and authority factors,

a; = 0.6, a10 = 0.4, ag; = 0.7, ago = 0.3, which yields the following control gains:
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Gsll == 03, Gslg = 01, GsQl = 04667, GSQQ == 01

Ky = | ~3205036 —45.0226 | , Ko = | ~360.4730 —69.9548 |

K= | —2206373 ~375033 |, Ko = | ~119.4145 199956 | (5.21)
Ry = | 388513 44952 | Ryo = | 540875 7.0058 |

Ron = | ~65.7082 —9.3470 |, Ron = | 0.1736 0.0032 |

Observer gains are determined by placing the poles of the extended master and slave
systems at (s +30)°. This, in combination with Eq (5.20), yields the following ob-

server gains:

T T
Lunte = [ 83 2119 27000 ]T Lo = [ 85 2275 270001
(5.22)

Ls1e:[86 2356 27000] Lo = [84 2196 27000]

Simulations are now performed by considering constant operator forces of 1N and
communication time delays as {0.1s, 0.2s}. Results of the proposed as well as ex-
isting architecture are recorded for various levels of disturbances and displayed in
Figure 5.2 and Figure 5.5. It can be observed that existing architecture, which does
not have disturbance observers, offers good tracking performance in the presence of
parameter mismatches of Eq (5.19) and Eq (5.20) with 8,; = 0.1 as shown in Fig-
ure 5.2 and Figure 5.3. However, as the magnitude of [3,; is increased, the reference
tracking performance of the existing extended convergence architecture is affected
while the proposed disturbance observer-based version of the said architecture main-
tains good performance as demonstrated in Figure 5.4 and Figure 5.5. Note that, in
these simulations, reference for the slaves are set as xil,mf = a1}, + arazl 5, and

1 _ 1 1
Lsoref = X21Tmy T+ Q2T

Now, we consider an asymmetrical 2x1 teleoperation system Eq (5.19) with the fol-

lowing nominal plant models:



71

0 1 0 1 0 1
Aml = 7Am2 - 7Asl =
0 —9.2858 0 —8.5715 0 —=5.0
. : ; (5.23)
Bml = 7Bm2 = 7le =
0.3187 0.3187 0.2183

Let the stiffness of the slave’s environment be k. = 20Nms/rad and let the force
feedback gain be 0.1. This gives rise to R,,11 = Rpni2 = [ 20 0 ] Let desired
polynomials for the master and error systems be p (s) : s*+1353458.25524+110s+75 =
0 and ¢ (s) : s> + 15s + 54 = 0. Communication time delays are assumed to be 1ms

during the design phase while authority factors are taken to be a7 = 0.6, a5 = 0.4.

3
= = =Reffor Slave 1
Slave 1 with DoB
25+ Q¢ |me=——— Slave 1 without DoB
—_ 2 B
§o)
©
=
0o
=15
7]
0
o
1
0.5
O | 1 | 1 1 |
0 1 2 3 4 5 6 7

Time(sec)

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

Disturbance observer gains are computed based on nominal models in Eq (5.23) and
a desired polynomial of o (s) : (s + 30)* = 0:
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«103  Symmetric Teleoperation Configuration (2x2)

3.5

= = =Reffor Slave 2
Slave 2 with DoB
== mum Slave 2 without DoB

Position(rad)

Time(sec)

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

«102  Symmetric Teleoperation Configuration (2x2)

3 B . - -
= = =Ref for Slave 1
Slave 1 with DoB
e I - e Slave 1 without DoB | |
]
I
L ] |
5 21
© 1
“g’ 1
=151 i
8 I
o
o 1
1
1 M |
1
]
051 4
1
[}
0 1 1 1 1 Il 1
0 1 2 3 4 5 6 7

Time(sec)

Figure 5.4: Symmetric teleoperation system: (c) slave systems tracking performance
with increased disturbance activity
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«10%  Symmetric Teleoperation Configuration (2x2)

35

g - - -

= = = Ref for Slave 2
Slave 2 with DoB
————— Slave 2 without DoB

Position(rad)

0 L | 1 1 1 L
0 1 2 3 4 5 6 7

Time(sec)

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

1T
Lot = [ 80.71 1950.5 27000
1T
Loy = [ 81.43 2002 27000 (5.24)
1T
Lo, = [ 85 2275 27000

Simulation results with operator’s forces of 0.2N, time delays of {0.1s, 0.2s} and
varying levels of disturbances are included in Figure 5.6 - Figure 5.9. It can be seen
that the proposed architecture can establish communication between master and slave

systems with good position tracking and force reflection abilities.

We also evaluate the tracking performance when time-varying delays exist in the
communication channel. To this end, the asymmetric teleoperation system in Eq
(5.23)- Eq (5.24) is simulated in the presence of time-varying delays and time-varying
operators’ forces, and results are depicted in Figure 5.10 and Fig 5.11. It can be seen
that the proposed scheme can establish communication between master and slave

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

0.012
001 F P =
7 = = =Ref for Slave 1
4 Slave 1 with DoB
0.008 | ," ————— Slave 1 without DoB | |
5 [/
o
S 0.006 1 _
’Jg' 1
D_ '
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 position tracking performance
with parameter mismatches (5,; = 0)

Asymmetric Teleoperation Configuration (2x1)

0.012 ‘ :
001 - - T —e— =
.” N R
'/
K = = =Ref for Slave 1
0, Slave 1 with DoB
0.008 /A Slave 1 without DoB
£}
o
= Y
S 0.006 - ! .
-‘g !
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 disturbance (3,; = 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)

o
~

Figure 5.8: Asymmetric teleoperation system: force reflection ability of proposed
scheme

0.35 Asymmetric Teleoperation Configuration (2x1)

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

03

0.25
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0.15

Control Inputs(N)
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Figure 5.9: Asymmetric teleoperation system: control inputs



Time Varying Delays in Communication Channel
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Figure 5.10: Asymmetric teleoperation system with time-varying delays (a) time-
varying delays of the communication channel

?gymmetric Teleoperation (2x1) Subjected to Time Varying Delays
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: Slave position tracking performance with variable time delays
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5.4 Experimental Results

Finally, experimental results are obtained using Qube-Servos manufactured by Quanser.
Here, the asymmetric configuration is set up by using two real Qube-Servos while the
master is a virtual device. The following nominal models are used for the controller

and observer design:

0 1
Aml = ] 7Asl = A82 -

0 1
0 —8.6710 0 —6.67

[0
Bml = 7le = Bs2 = 0
179.208 149.34

(5.25)

By assuming a soft environment with a stiffness of 1Nms/rad, force feedback gain of
0.1, unity authority factor, no communication delays, p(s) : (s + 5)2 = 0 as desired
polynomial for master, ¢ (s) : (s + 10)4 = 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:

Ga1 = Geo1 =12

Ky = [ 03395 —0.0074
Ka=| —1.0705 —0.1293
Ko=| —0.2687 —0.0492
Ron = | 0.9031 0.1070
Ren = | 0.1013 0.0269

(5.26)

T
Lo, = [81.329 1994.8 27000}
T
Lt = Luye = [ 83.33 2144.2 27000 }

To evaluate the performance of the proposed architecture, a time-varying opera-
tor force profile is generated using ramp signals and time-delayed communication
(T111=Ts11=0.1s, T,,10=T421=0.28) is set up using UDP server and client blocks
among three separate QUARC files. Only position signals and force signals are trans-
mitted on the communication channel, while velocity signals are obtained through

derivative filtering of time-delayed position signals with a cut-off frequency of 30rad/s.
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Results of experimentation are recorded using QUARC blocks and displayed in Fig-
ure 5.12 - Figure 5.14. It can be seen that slaves are tracking the motion of the master

system in the presence of uncertainties which validates the proposed enhanced archi-

tecture. The proposed controller parameters are summarized in Table 5.2.

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

SiIXulation/ in SirXulation in Semi  Realtime

Controller MATLAB MATLAB .

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-varyin

Operator  Force 0.2 (constant) 0.2 (constant) force usir}lfg 2%)rnni

(N) Bundle

Environment

Stiffness ke | 10 20 1

(Nm/rad)

Environment

Damping be | 0.1 0.1 0.1

(Nm/rad)

Feedback gain Ky | 0.1 0.1 0.1

Scaling factor K, | 0 0 5

Time delay (Sec) | 0.1,0.2 0.1,0.2 0

Table 5.2: Proposed controller parameters for simulation and semi-real time experi-

ment
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Figure 5.13: Experimental results on ATS:
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5.5 Conclusion

This chapter presented the design of a disturbance observer-based extended state con-
vergence architecture for multilateral teleoperation systems. A systematic procedure
is presented to determine the controller and observer gains for synchronizing k-master
and [-slave systems. The proposed architecture has been validated through MATLAB
simulations on teleoperation systems’ symmetric and asymmetric configurations. Fi-
nally, experimental results are also presented using Quanser’s Qube-Servos platforms.
Comparison with the existing extended state convergence architecture proves the su-
periority of the proposed architecture in dealing with uncertainties. In the future, the

proposed architecture will be tested on multi-degrees-of-freedom systems.



Chapter 6

A Composite State Convergence Architecture for Bilateral

Teleoperation System

The original version of the state convergence controller is applicable to bilateral tele-
operation systems modeled on state space where both the master and slave devices
are considered to be n'™ order systems [73], [72], [71]. In practice, this controller is
designed for each joint of the master and slave devices, where the joint’s motion is
modeled as a second-order system. To this end, consider a single joint model of the

master and slave systems as shown in Eq (6.1), Eq (6.2):

j';ml = Tm2 (6 1)

Tm2 = Am1Tml + AmaTm2 + bmum

j';sl = Ts2 (6 2)

Ts2 = As1Ts1 + As2Ts2 + bsus

Where (1, Tm2)and (x4, ) are the states of the master and slave systems respec-
tively while (a1, @mz, b)) and (a1, ase, bs) are the systems’ parameters of master and
slave devices, respectively. To establish the motion synchronization of master and
slave systems, the state convergence scheme considers all the possible interactions

between these systems.

Lowering the complexity of state convergence architecture is proposed here by reduc-
ing the number of communication channels which subsequently reduces the number
of control gains. In addition, it is demonstrated that the method of state convergence
can still be applied to compute the gains of the proposed reduced complexity state
convergence architecture. It is also shown that the attractive feature of assigning the
desired dynamic response is preserved in the proposed scheme. It is further shown
that motion scaling can also be achieved in the proposed scheme, a feature that is

not offered by its standard counterpart.

81
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The proposed scheme is verified through simulations and semi-real-time experiments
in MATLAB/Simulink/QUARC environment by considering a single degree of free-
dom teleoperation system. The proposed scheme is also compared with an equal
complexity error force compensated bilateral control scheme where control parame-
ters of both the schemes are found through a Genetic algorithm by minimizing the

integral time absolute error (ITAE) criterion.

This chapter is structured as follows: The proposed composite state convergence
scheme is presented in Section 6.1. Simulation and experimental results are included

in sections 6.2 and 6.3. Finally, conclusions are drawn in the end.
6.1 Proposed Composite State Convergence Scheme

The essence of the proposed composite state convergence scheme is to reduce the
number of design variables while achieving the objective of motion synchronization of
master and slave systems in a desired dynamic way by following the state convergence
algorithm. The proposed way of reducing the design variables helps transmit fewer
variables across the communication channel and paves the way for motion scaling of
the slave system. This feature is desired for a class of teleoperation systems. The block
diagram of the proposed composite state convergence scheme is shown in Figure 6.1,

and various scalar parameters forming the scheme are defined below:
F,,: This represents the force applied by the human operator onto the master system.

G5: This unknown scalar represents the influence of the operator’s 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 is defined as: s, =

Tmo + AmTmiwhere A, is a positive constant.

ss: This is the composite variable for the slave system and is defined as: sg = x4 +

Aszgiwhere A is a positive constant.

kn: This unknown parameter represents the feedback gain of the master composite

system.

ks: This unknown parameters represents the feedback gain of the slave composite

system.

rm: This known scalar variable feeds the motion of the slave system back to the master

system and is computed as: r, = kfkcwhere k.is the stiffness of the environment



83

whilek¢is the force feedback gain.

rs: This unknown parameter feeds the motion of the master system back to the slave

system and will be determined as a part of the design procedure.

T: This known parameter represents the small constant time delay of the communi-

cation channel.

_Gmlx.'r:l L (Hml + ’z‘fw )X.‘r.'i‘, Bl k'r'sx-
b.‘.l’.'
Fo Zx Master System
> > iy, dx, m=Xmz+ AmXm1

e ?=am2T+am1xm

T bl
|

! y 4

‘ Communication Channel

fs G,
< Slave System - l =
$5= X5zt Ao Xs szs ey e I a— Z )
ar? Ys2 g 178 N
i g,

X — (@, + A%, Hs,
b,

Figure 6.1: Proposed composite state convergence architecture for 1DoF teleoperation
systems

Note that, in the proposed composite state convergence scheme, composite variables
(Sm, Ss)are transmitted across the communication channel instead of full master and
slave states, which is the case in standard state convergence methodology. These
composite variables are indeed scalars, and consequently, the motion-feedback vari-

ables (r,,7s)are also scalars. Thus, only unknowns in the proposed scheme are



84

Go, kp, ks, 5. To determine these parameters, a design procedure is presented in
this section to ensure that the states of master and slave systems converge in the
absence and presence of small time delays and the desired dynamic behavior of the

teleoperation system is also achieved. To this end, we present two theorems here.

Theorem 6.1. In the absence of time delays, the slave system in Eq (6.2) 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:

b — bogs = 0 (6.3)

kp — bsrs + bty — ks =0 (6.4)
km + bprm = —p (6.5)
bntm — ks = q (6.6)

Proof. Recall the definitions of composite variables for the master (s,,) and slave (ss)
systems:
Sm = Tm2 + >\m$m1 (67)

Ss = Tg2 + )\swsl (68)
By taking the time derivative of master composite variable in Eq (6.7) and using Eq

(6.1), we have:
Sm = Am1Tm1 + (am2 + >\m) T2 + bmum (69)

The time derivative of slave composite variable in Eq (6.8) in conjunction with Eq
(6.2) yields:

$s = as1Ts1 + (g2 + As) Tso + bstis (6.10)

Let us introduce the control inputs for master and slave systems as:

1

= (—m1Tm1 — (Gm2 + Am) Tmz + kmSm) + TmSs + Fin (6.11)
1

Us = b_ (—a51$81 - ((152 + >\s> Ts2 + ksss) + TrsSm + GQFm (612)

By plugging Eq (6.11) in Eq (6.9), we obtain the closed loop composite master system
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as:

S$m = kmSm + bmTmss + by o, (6.13)
Similarly, by substituting Eq (6.12) in Eq (6.10), we obtain the closed loop composite
slave system as:

$g = kgsg + bsrss,, + bsGoF,, (6.14)

Let us form an augmented system using composite master in Eq (6.13) and composite

slave in Eq (6.14) systems as:

.m km bm m m bm
mo) = g o) 4 F (6.15)
S bsrs ks Ss bsGo

Now, we convert the composite master-slave augmented system of Eq (6.15) into a

composite master-error augmented system. For this purpose, we define the following

(Z):(ii)(Z) (6.16)

where s, is the composite error between composite master and composite slave sys-
tems. By taking the time derivative of Eq (6.16) and using Eq (6.15) and Eq (6.16),

we obtain the composite master-error augmented system as:

Sm km + bmrm _bmrrm Sm bm
= + F,,
se km - bsrs - ks + bmrm ks - bmrm Se bm - bsGQ

(6.17)

linear transformation:

Now, to ensure that the composite error evolves as an autonomous system, following
conditions must hold:
by — bsGa =0 (6.18)

kyy — bsrs — kg + bpyry, =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 Eq (6.17). The desired
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dynamic behavior for Eq (6.17) is specified by selecting the pole for composite master
(s = —p) and composite error (s = —q) systems. Thus, we have obtained the following

polynomial:

(5 — (K =+ b)) (8 — (ks — b)) = (s +p) (s + @) (6.20)

Eq (6.20) leads to the following design conditions:

ks — byt = —q (6.22)

Thus, we have four design equations i.e. Eq (6.18), Eq (6.19), Eq (6.21) and Eq (6.22)
which are the same as Eq (6.3) - Eq (6.6). The solution of these equations will yield
the unknown control gains G, k,,,, ks, 7s. Now, we analyze the convergence of master
and slave states under these control gains. Since composite error has been made
a stable system with dynamics $. + ¢s. = 0 so ‘s.” will vanish in a finite time as
determined by the position of the pole ‘¢’. This implies that during steady state,
we have s, = ss and $,, = $s = 0 (under the assumption of constant force). By
plugging the master control law Eq (6.11) in Eq (6.1) and using Eq (6.13), we obtain
the closed loop master system as Z,,2 + ApZme = S = 0 which shows that x,,, will
converge to zero in a finite 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
as Tg + ATy = §¢ = 0 which implies that x4, will also approach zero in a finite
time. Now, s, = s, implies (T9 — Zs2) + (AmTm1 — Asxs1) = 0 which further implies
that A\,x,1 — Asxs1 = 0 as states x,,9, 5 have been shown to be zero at steady
state. Thus, by selecting the constants \,,, As to be unity, the convergence of states is
ensured, and the slave system will now follow the motion of the master 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-modified version of the state convergence controller is pro-

posed in [2]. 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
complezity solution as fewer design equations are involved. In principle, motion scal-
ing can be achieved by adjusting the constants X\, and)s. This follows from the steady
state analysis of the proposed composite state convergence controller, which yields the

following expression:

Am
Ts1 = /\_Sxml (623)

Remark 6.2. In a standard state convergence scheme, desired dynamic behavior s
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 Eq (6.20), 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 behavior (s +p = 0) along with com-
posite error system (s +q = 0). To analyze the behavior of actual master system, we
compute its closed loop dynamics using Eq (6.1), Eq (6.7), Eq (6.11), Eq (6.16), and
FEq (6.21) as:

:i‘ml + <)\m + p) :tml + pAmxml - _bmrmse + bmFm (624)

Since composite error evolves as an autonomous system, the motion of the master

system is governed by the following polynomial:

24+ (A +p)s+pAp =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 values of p’and ‘\,,°. A similar analysis
for the slave system reveals that it also possesses the dynamic behavior determined by
the values of ‘p’ and ‘N,” as s> + (s + p) s + pA; = 0.

Remark 6.3. To counter the effect of environmental force, the control input for the

slave system in Eq (6.12) is modified as:

((—as1 + bske) 51 — (asa + As) Tsa + ksSs) + TsSm + GaFy, (6.26)

=

Us =
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Note that the above modification in slave control law will not affect the design proce-

dure.

Remark 6.4. The force reflection behaviour of the proposed composite state con-
vergence controller is imperative to be analyzed. Given that environmental force is
described by F, = k.xs1 and with the knowledge of Eq (6.5) and steady state values of
the composite-master and slave variables i.e. S, = ApTpm1 = bmFm/p, Ss = AsTs1, WE

can write steady-state control input of the master system as:

1
U = —— (% + bmrm) Fpo + kAGF, (6.27)
P\ Am

It is evident from Eq (6.27) that human operator will feel the true environmental
force in a steady state if force feedback gain, k; is set as the inverse of motion-
scaling constant, s and desired pole of the composite master system is chosen as
p = ‘i\iml + byrm. In this way, the operator’s perception of the remote environment

will be tmproved.

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 form T,,1 = Tma, Tmo = Tm3, Tm3 = Ami1Tmi + GmaTme +
Am3Tms + bnty,. The composite variable for this system can be defined as s,, =
Tm3 + Am2Tma + Am1Tm1 which gives rise to the composite master system as $,, =
Q1 Tm1 + (Am2 + A1) T + (@ms + Am2) Tms + bt,.  Appropriate master control
input can now be selected to transform this composite master system to Eq (6.13) and

thus, the rest of the procedure remains the same.

Theorem 6.2. In the presence of constant time delay, slave system Eq (6.1) will
follow the master system Eq (6.2) if control gains of the composite state convergence

scheme are found as a solution of the following design conditions:

bn — (Thobs + bs) go + Thyrsbm = 0 (6.28)
K (14 Thgrs) — ks (14 Thyrm) — bsrs + by, = 0 (6.29)
ky — Toprmks — T (1 + pT') byyrimbsts + p + byry = 0 (6.30)

(L+Tbyrm) ks — T (1 +qT) byyribsrs + q — by, =0 (6.31)
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Proof. Let us define the control inputs for the master Eq (6.1) and slave Eq (6.2)

systems in time-delayed composite state convergence scheme as:

1
Um = b_ (_amlxml - (amQ + Am) T2 + kmsm) T+ TmSs (t - T) + Fm (632)

Ug =

. (—as1s1 — (aso + As) Tao + ksSs) + 158 (t —T) + GoF, (t —T)  (6.33)

By plugging Eq (6.32) in Eq (6.9), we obtain the closed loop composite master system
as:
Sm = kmSm + bprmss (t —T) + by Fry, (6.34)

Also, by substituting Eq (6.33) in Eq (6.9), we obtain the closed loop composite slave

system as:
S = ksSs + bsTsSpm (t —T) + bsGoF,py (t —T) (6.35)

Under the assumption of small time delay and constant operator’s force, we approx-

imate the time-delayed variables in Eq (6.34) and Eq (6.35) using Taylor series as:

ss(t—T) ~ sg — T,
S (t —T) & 8 — Téim (6.36)
Fo(t—T)~ F,

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

master-slave system, we have:

Smo\ 1 km — Thyrinbsrs byt — Thyri ks Sm
§, ) OTTmrabsr ) \ oy Thirikn ks — Thrsbmrm S
(6.37)
) ( b — ThyTmbsGa

m

R S
(1=T2bmrmbsrs) bsGo — Thrsb,,

Now, we convert the above augmented system of Eq (6.37) into a composite master-

error augmented system using the transformation in Eq (6.16) as:
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Sm 1 a1 a2 Sm 1 bll
— _ +—— F, (6.38
< ée ) (1=T2byrimbsrs) ( Ao Qoo ) < Se ) (1=T2bmrmbsrs) ( b21 > ( )

where,

a1 = (km — ThmTimbsts) + (bt — Thyrmks)
a1y = —by,rm + Tormks
azr = (km — Tbprmbsrs) — (bsts — Thsrskm) + (b — Tomrmks) — (ks — Tbsrsbyrm)
sy = — (bt — Thrimks) + (ks — Thersbynt'm)
b11 = by, — Thy, b Go
bot = (b — TomTmbsG2) — (bsG2 — Tbyrsbyy,)
(6.39)

If the composite error system in Eq (6.38) is to evolve autonomously, the following

conditions must be satisfied:
(b — ThprimbsGa) — (bsGoy — Thrshy,) =0 (6.40)

(km — Thprmbsrs) — (bsrs — Thgrsk,,) + (6.41)
(DT — Thrimks) — (ks — Tbsrsbpry) =0 '

We now impose the desired dynamic behavior on the composite master-error system
which is specified by the polynomial (s + p) (s + ¢) = 0 where left-hand plane poles ‘p’
and ‘q’ fix the behavior of composite master and composite error systems respectively.

This pole assignment procedure results in the following conditions:

(km — Thprmbsrs) + (bmrm — Thprmks) = —p (1 — T2bm7“mbsrs) (6.42)

— (byrm — Thprmks) + (ks — Tbsrsbprm) = —q (1 — TQbmrmbsrs) (6.43)

The design conditions Eq (6.40) - Eq (6.43) are the same as Eq (6.28) - Eq (6.31)

which can be solved to find the control gains (G, ki, ks, 7s) of the composite state
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convergence scheme. These control gains are displayed in Appendix 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 completes the proof O

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 delay as s* +
A+ Um) S+ An¥m = 0, 82+ (\s + 05) s+ Abs = 0. In addition, the force reflection
behavior of the proposed controller under time delay is also investigated following the
lines of Remark 6.4 of Theorem 6.1. It is found that for full force reflection at steady
state, condition (_aﬁ: + km) i—z = —2 must be satisfied. Note that 1,,, Vs, and B,

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 slave systems are adopted
from [71]:
a1 = 0, o = —7.1429, b, = 0.2656 (6.44)
as1 = 0,as = —6.25,b, = 0.2729
It is assumed that the slave system interacts with a soft environment having k., =
10Nm/rad. Let motion scaling constants be unity, i.e., \,, = As = 1, so force feedback
gain is unity as well. Thus, r,, is the same as k.. First, we study the performance of
the proposed controller when no time delay exists in the communication channel. To
this end, control gains of the composite state convergence controller are found as a
solution of the design conditions Eq (6.3) - Eq (6.6) where desired pole locations are
selected as p = 2, and ¢ = 6:

Ga = 0.9733
k,, = —4.6560
(6.45)
ks = —3.3440
7y = 4.9249

By assuming zero initial conditions for master and slave systems, we simulate the
proposed bilateral tele-controller under the control of Eq (6.45), and the results are

shown in Figure 6.2 and Figure 6.3.

It can be seen from Figure 6.2 that composite master and slave variables are indis-

tinguishable and exhibit the desired dynamic response (s + 2 = 0) as well. It is also
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Figure 6.2: Convergence of states with delay-free composite state convergence con-
troller
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gence controller with no communication delay
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evident that the slave system follows the master system as their position and veloc-
ity states remain synchronized. Further, as pointed out in Remark 6.2, the master
system should possess the dynamic behavior of Eq (6.25), which, in the present case,
is s> + 3s + 2 = 0 and has been plotted in Figure 6.2. The analysis reveals that
the master system indeed displays this behavior, and so does the slave system. The
control inputs for the master and slave system are shown in Figure 6.3 along with the
force reflection behavior of the proposed controller. It can be seen that the proposed
controller indeed establishes a kinesthetic link between the operator and the environ-
ment. However, the environmental force is not fully reflected to the operator even
though the product Asky is unity. This is because of the fact that pole ‘p’ has not
been selected to exactly cancel the term in the parenthesis of Eq (6.27). When exact
cancellation occurs, i.e., the pole is placed at p = 2.6560, operators and environmen-
tal forces match at steady state, as shown in Figure 6.4. 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)

0 5 10 15
Time(s)

Figure 6.4: Improved force reflection behavior of composite state convergence con-
troller

We now investigate the motion scaling property of the proposed controller. Suppose
that we want the slave system to acquire and maintain a final position that is half
of the master’s final position. To achieve this, we change the slave’s motion scaling

constant to Ay = 2, which, according to Remark 6.4, also scales the force feedback
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gain to ky = 1/)\8 = 0.5 and therefore r,, = k¢k. = 5. By solving the design conditions
Eq (6.3) - Eq (6.6) using the parameters in Eq (6.44) and p = 2.6560,q = 6, A, = 1,

we find the control gains as:

Go = 0.9733
k,, = —2.6560
(6.46)
ks = —4.6720
rs = 12.2536
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Figure 6.5: Motion scaling property of composite state convergence controller with
no communication time delay

Now we consider the case when constant time delay exists in the communication
channel. We assume that the slave system is interacting with a much stiffer environ-
ment (k. = 50Nm/rad)than the previous case, and the communication channel offers
a time delay of T' = 0.5s. By setting the motion scaling constants and force feedback
gain as unity and selecting the pole locations as p = 1.7, ¢ = 4.0, we solve the design
conditions Eq (6.28) - Eq (6.31) for the teleoperation system in Eq (6.44) and obtain

the following control gains:

Gy = 0.0857
ko = —26.2680

(6.47)
ks = —0.4903

rs = —2.3961
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Composite State Convergence Scheme
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Figure 6.6: Control inputs and force reflection behavior of composite state conver-
gence controller with scaled slave motion of Fig 6.5

The teleoperation system is now simulated under the control gains of Eq (6.47), and
results are shown in Figure 6.7 and Figure 6.8. It can be seen that the slave system is
able to follow the master system in the presence of time delay, and a good amount of
environmental force is also reflected to the operator. As pointed out earlier, force error
at steady state can be eliminated by properly choosing the location of pole ‘p’. We
also evaluate the motion scaling performance of the proposed composite controller.
To this end, let the reference for the slave system be set as xsi,ef = 0.252,,1. Thus,
the motion scaling constant of the slave system and force feedback gain must be
selected as A\s = 4,k; = A\;'. To ensure proper force feedback, we roughly select the
pole ‘p” as p = 1.3 while keeping all other system parameters the same. The solution

of design conditions Eq (6.28) - Eq (6.31) yield the control gains as:

Gy = 0.3116
ko = —6.7780

(6.48)
k, = —0.8108
ry = —1.0865

We now simulate the teleoperation system under the control of Eq (6.48), and results
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are shown in Figure 6.9 and Figure 6.10. It can be seen that the slave system has
achieved the set point, and the force reflection behavior of the controller is also

promising.
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Figure 6.7: Convergence of states with CSC controller under time-delayed communi-
cation

Comparative Study

In order to show the superiority of the proposed scheme, a comparative study is per-
formed in MATLAB/Simulink environment. Note that the proposed scheme forms
three-channel control architecture owing to the transmission of the operator’s force
as well as composite master and slave variables across the communication channel.
Therefore, three-channel architecture, namely error force compensated scheme [53],
is selected for the purpose of comparison. In this scheme, velocities of the master and
slave systems as well as an environmental force, are transmitted across the commu-

nication channel, and the control laws are defined as:

um:(1+06)Fh_0mvm_02F6_04‘/3

(6.49)
Us = _(1+C5>Fe_os‘/s+clvm
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Figure 6.8: Control inputs and force reflection behavior of CSC controller under

communication delay
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Figure 6.9: Motion scaling results of CSC controller under communication time delay
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Figure 6.10: Control inputs and force reflection behavior of CSC controller with scaled
slave motion of Figure 6.9

where the compensators C, are proposed [38] as:

C,, = (2§mwm + %) I, Oy = (2£sws + %2) Js
Cy = (253w5 +4 4 s) Iy, Cy = — (ngwm b S) . (6.50)
Cs=—1,Co =1+ C4 #0

where &,,, &, wm, ws, Cy, Cg are the parameters to be determined. It is important to
mention that the proposed composite state convergence scheme offers a systematic
procedure to determine associated control gains, while no such design procedure exists
for the error force compensation scheme. Thus, for a fair comparison, the design
parameters of both schemes are found through a genetic algorithm by employing the
ITAE criterion as:

t
foy = / (e + [es]) dt (6.51)

where e, = x, — x; is the position error while e; = F,, — F, is the force error.
We now revisit the teleoperation system of Eq (6.44) with a time delay of 100ms

and an environment stiffness of 50Nm/rad. By executing the genetic algorithm with



99

default parameters and a population size of 50 chromosomes, design parameters of
the two schemes are found through minimization of objective function Eq (6.51) as
Em = 0.3855, &5 = 0.983,w,, = 0.0348, ws = 3.0386, Cs = 0,0y =1, Gy = 0.5377, k,;, =
—10.9353, ks = —7.4588, rs = 0.4489, r,,, = —8.8197.

Q

With these optimized control gains, simulations are run under a constant operator’s
force of 1N, and the resulting position as well as force errors are recorded which
are depicted in Figure 6.11. Analysis of Figure 6.11 reveals that the composite state
convergence scheme offers better transient performance as compared to the error force

compensated scheme.
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Figure 6.11: Comparison of error force compensated and proposed composite state
convergence schemes

6.3 Experimental Results

To further validate the proposed composite state convergence controller, semi-real-
time experiments are performed using the geomagic haptic device in QUARC/Simulink
environment. Since a mathematical model of the haptic device is not available, we
use a haptic device to generate the operator force for the virtual master-slave tele-
operation system. Along with this, reflected environmental force, as generated by
the controller, is also displayed to the haptic device so that the person driving the

haptic device can feel the environment. This implementation framework is depicted
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in Figure 6.12. As the operator moves the device along x-axis between the positions
2 and 8 on the cardboard, force is generated proportional to the position information
as F,, = kopop where ko, = 5 and x,, € [0.1,0.2]. This force is applied to the virtual
master system and the reflected environmental force is provided to the haptic device
in addition to the virtual master system. In this way, the loop is closed around the
operator as reflected force is felt by the operator. We use this setup to perform ex-
periments in the absence and presence of time delays. In both cases, the stiffness
of the environment is considered as k. = 10Nm/rad while motion and force scaling
constants are assumed to be unity. Pole ‘p’ is placed at the position p = 2.6560 in case
of no communication delay while it is placed at the position p = 1.15 in case of time
delay, which is assumed to be T" = 0.5s. The location of pole ‘¢’ remains the same
in both cases at ¢ = 6. Using the teleoperation system’s parameters in Eq (6.44),

control gains in the absence of time delay are obtained as:

Gy =0.9733
kp, = —5.3120
(6.52)
ks = —3.3440
rs = 2.5211
Also, the control gains in the presence of time delay are obtained as:
Gy = 0.4336
kpy, = —5.3332
(6.53)
ks = —1.2670
rs = 0.2721

We first evaluate the performance of the proposed controller in the absence of time
delays. By considering the initial position of the master as 0.05rad, the teleopera-
tion system is run in QUARC/Simulink environment under the control of Eq (6.52)
where the operator exerts a time-varying force on the master system using the haptic
device. Note that the composite state convergence controller is designed under the
assumption of constant applied force but here we are evaluating its performance under
variable operator’s force, which is the case in practice. During the operation, various
system trajectories, as well as forces, are recorded, which are shown in Figure 6.13,
Figure 6.14, Figure 6.15.
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Figure 6.12: Experimental framework to implement CSC controller
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It can be seen that composite states, as well as the original states, are converged after
an initial transient, and thus the slave is following the master while the reaction force

is also being displayed to the operator.

We now run the teleoperation system in the presence of time delays. In this case,
control gains of Eq (6.53) are used, and the operator exerts a time-varying force
through the haptic device. The resulting system states and forces 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 variables

It can be seen that the slave system follows the master system, but error exists
between their states. The error is caused by the fact that the operator’s force is
not constant, and the delayed force received by the slave is, therefore, different from
the transmitted force. Any abrupt change in the applied force, along with long-time
delays, is likely to result in increased position error, a case discussed in [71]. Thus,
the state convergence scheme and the proposed one are viable in the presence of small
time delays, although control gains of the scheme can be found for larger time delays.

The proposed controller parameters are summarized in Table 6.1.



Figure

0.1
=)
©
It
@
It
& 005
c
S
."ﬁ
o
o
0 Rd I I I 1 I
0 5 10 15 20 25 30
Time(s)
0.04 ;
"%’ xm2
g Rt xs2
@ 002 g~ -
©
wn
2
S
is]
()
>
_002 | | | | |
0 5 10 15 20 25 30
Time(s)

6.17: CSC controller with time delay: position and velocity variables

z
z
3
o
£
e
IS
Q
O
-1 1 | | | )
0 5 10 15 20 25 30
Time(s)
1 P €] = T v = \"‘ -
I ———t
g o ]
LE ,'r" -.---.." pm————— e,
g _1 "I L o TN ~— -
5
< Operators Force
w Emvironment Force
1 | | ||
_20 5 10 15 e Reflected Force g
Time(s)

Figure 6.18: CSC controller with time delay: external forces

104



105

Controller Simulation in MAT- | Semi Real-time
OHtrote 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 Stiffness

k. (Nm /rad) 10 10
Environment Damping

b (Nm /rad) 0.1 0.1
Force Feedback gain Ky | unity unity
Motion Scaling factor 1 1
Am/ s

Time delay (Sec) 0.5 0.5

Table 6.1: Proposed controller parameters for simulation and semi-real time experi-
ment

6.4 Conclusion

This chapter discussed a composite version of the state convergence controller for
bilaterally controlling a teleoperation system. The composite scheme allows trans-
mitting fewer variables across communication channels while still ensuring the con-
vergence of master and slave states in a desired dynamic way. Control gains of the
scheme are found by constructing an augmented system using composite variables and
applying the method of state convergence to this augmented system. The proposed
scheme has been validated through MATLAB/Simulink environment simulations by
considering a single-degree-of-freedom teleoperation system. Moreover, the proposal
is compared with the error force compensated scheme and offers better transient per-
formance than the latter. Semi-real-time experiments using a geomagic haptic device
are finally 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 channel simplification of state
convergence controller where we have only considered linear telerobotic system [104].
The design of a reduced complex state convergence controller, termed as compos-
ite state convergence controller, is proposed for a single-degree-of-freedom nonlinear
telerobotic system. To this end, we first utilize feedback linearization theory to trans-
form the nonlinear telerobotic system into a controllable linear system. In the second
stage, composite states are constructed for the transformed master and slave systems.
These composite master and slave states, along with the operator’s force, are then
transmitted across the communication channel instead of full states. In this way,
the complexity of the communication structure is reduced. An augmented system
comprising composite master and slave states is finally constructed, and the method
of state convergence is applied to compute the control gains of the proposed scheme.
It has shown that the position and velocity states of the master and slave systems
still converge in the absence and presence of time delays, even though the design
is based on the reduced-order composite system. In order to validate the proposed
scheme, simulations are performed in MATLAB/Simulink environment where both
the delay-free and delayed communication is considered. Semi-real-time experiments

using the haptic device are also conducted.
7.1 Problem Definition

Consider a single degree-of-freedom nonlinear teleoperation system as:

{ Master : J0u + bybm + My Gl Sin b, = ul + F,, = uy, (7.1)

Slave : J,0, + by + msglssin Oy = ul, — F, = u,

where my, l,, by, JI,QI,éx,ém g,u, are the mass, length, friction coefficient, inertia,
angular position, angular velocity, angular acceleration, acceleration due to gravity

and torque inputs for the master (x = m)/slave (x = s) systems, respectively. Also,
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F,, and F, are the operator’s and environment forces, respectively. By defining the
angular position and angular velocity as state variables i.e. xy, = 0,, 19, = éx, Yo =

Z1., nonlinear dynamics of Eq (7.1) can be written as:
(

Tim = Tom
Master : Qi = — 58 sin 2y, — bn20,, + oty
Im JIm Im
Ym = T1im
\
\ tin = (7.2)
T1s = T2s
Slave : Tos = —mf]—gls sinxs — 3—5:@5 + Jius
S S S
\ Ys = T1s

The objective of the present study is to design control inputs for the master and slave
system such that the slave is able to follow the master system and the environment
force is also reflected to the operator as the slave interacts with the environment.
Mathematically,

tlirgoxlm —axys =0

. (7.3)
limF,, + BF., =0
t—o0

where «, 5 are scaling constants for the position and force responses, respectively.
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 force tracking task in Eq (7.3) are
developed using feedback linearization and composite state convergence theories. To

start with, we recall the fundamentals of exact linearization.

Theorem 7.1. For a nonlinear system @ = f (z)+g () u,y = h (x) having a relative
degree n where x € R", there exists a transformation ¢ (x) such that the resulting
system z = Az + Buv is linear and controllable in new coordinates. The coordinate

transform, nonlinear input, and the resulting linear system are given as [70]:

z1 ¢1(z) h(z)
N S B RO N B 0 -
Zn Pn () L’}_l.h(x)
W= (1) + o) (7.5)
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where Lyh (x) is lie-derivative of h (x) in the direction of f (z) and is determined as

Lh(x) = 30, 5 fi ().

The application of Theorem 7.1 on the nonlinear master and slave models in Eq (7.2)

yields the following linearized tele-robotic system:

( T
qu: |::U1m Tom i|

Z1m = 22m
Master : o = Uy

U = by Tom + MGl SIN T + JnUm

Yn = Tim = Z1m
) T (7.7)
¢s - |: T1s Tas ]
215 = 225

Slave : < Sy = Vs

Us = bsTos + mysglssinx s + J5vs

\ Ys = T1s = Z1s

After the master and slave systems are exactly linearized through Eq (7.7), commu-
nication between them is established using the composite state convergence method-
ology proposed by the authors. The overall control scheme is shown in Figure 7.1.
We now show the convergence of master and slave systems’ states as well as the force

reflection 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:

Go—1=0 (7.8)
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b,

Figure 7.1: Proposed Scheme using feedback-linearization and CSC theory

ke+1s—kp—1,m=0 (7.9)
ks+1rs = —p (7.10)
km —1s = —q (7.11)

Proof. Let us define the composite states for the master (s,,) and slave (s;) systems

as:
m =2 i (7.12)
S = Tos + AsT1s
The time derivative of Eq (7.12) along with Eq (7.7) yields the composite dynamical
system as:
Sm = Um + AnTm2

. (7.13)
Ss = Vg + )\sxs2

Let us define the control inputs for the feedback-linearized telerobotic system as:

Um = _Amme + kmsm + rmSs + Fm

(7.14)
Vs = _)\S'TS2 + ksss + TsSm + G2Fm
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By plugging Eq (7.14) in Eq (7.13), we get:

Sm = kmsm + TmSs + Fm

. (7.15)
Ss = ksss + 7sSm + G2Fm

Let s, = s;—s,, be the composite error. The composite error dynamics can be written

using Eq (7.15) as:
Se = (ks + 75 = Ky — 1) 85 + (ki — 75) 8¢ + (G2 — 1) Fy, (7.16)

We now form an augmented system comprising composite slave and error systems as:
$s ks +1s —7s Ss

[Se ] - ks+rs —kyp —1rm km — T ] [se

We now allow the composite error to evolve as an autonomous system which yields the

Go

+
Gy —1

F, (7.17)

design conditions Eq (7.8) and Eq (7.9). The characteristic equation of the remaining
augmented system is finally compared with the desired polynomial (s + p) (s +¢q) =0
which yields the design condition Eq (7.10) and Eq (7.11). Now, it is left to show that
states of the slave system converge to the states of the master system with the control
gains in Eq (7.8) - Eq (7.11). These control gains yield the closed loop master as well
as slave system as &1, + (A, + p) 1. + \.p = F,,, which implies that slave position can
be made to track the master position with the scaling factor as a = )‘m/ )\, Which also

implies the zero convergence of the velocity states. This completes 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:

Go(14+Try) —Trs=1 (7.18)
ks + (1 — Thy) 1y — ki + (Ths — 1) 7y = 0 (7.19)
ks —Trsry +rs — Trik, = —p (7.20)

rs — Trik, — 1, +Trpks = —q (7.21)
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Proof. Consider the tele-robotic system of Fig. 7.1 with time delay, T in the commu-
nication paths. Let the virtual inputs for the master and slave systems be introduced
as:

Um = —AmTm2 + kmSm + Tmss t = T) + F,, (7.22)

Vs = —Asga + ksSs + 155m (t —T) + GoF, (t = T) (7.23)

The delayed dynamical composite master and slave systems can be derived as:

Sm = kmSm + rmss (t = T) + F,,

, (7.24)
$s =ksSs +158m (t =T) + GoFy, (t —=1T)

Let us now use the first-order Taylor series expansion on the time-delayed signals

with the assumption of constant operator force i.e.

Se (t=T) = sp — Tz, x=m,s

. (7.25)
Fp(t—T) ~ Fp —TE,, = Fy,

Based on the above Taylor expansion and using the definition of composite error, the

closed loop delayed composite master and slave systems can be written as:

1
Sm = ((km — TT’S’I’m + T'm — Tkas) Sg — (Tm - Trmké:‘) Se
(L =T%rsry) (7.26)

+ (1 - T’I"mGQ) Fm

1
(ks = Trsrm + 15 — Trskpm) ss — (rs — Trsky,) Se
(1 =T%rsry) (7.27)

+ (GQ — T?"S) Fm

Sg =

We now write the composite slave-error augmented system:

Ss | 1 ai a2 Ss
s | (L=T2rgrm) (a1 ) (agxn) Se

where,

b1
(b2 )

Fm> (7.28)
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al = ks - Trsrm +rs— TTskmy Q12 = —Ts + TTsk’rrm
as1 = ks + 1y —Triky,, — kp—rm + Trpks, aso =15 — Trikpy,—ry, + T ks,
bll = G2 — T?"S, b21 = G2 — T?“s — 1+TTmG2

The composite error system is now allowed to evolve as an autonomous system which
leads to the design conditions Eq (7.18) - Eq (7.19). The rest of the augmented system
is then assigned the desired dynamics formed from the poles s = —p, s = —q. This
assignment leads to the design conditions in Eq (7.20) - Eq (7.21). An analysis similar
to Theorem 7.2 reveals that the slave system indeed follows the master system. The

proof is now completed. 0

7.3 Simulation Results

The proposed composite nonlinear state convergence controller is simulated in MAT-
LAB/Simulink environment to evaluate its effectiveness in motion synchronization of
master and slave systems. For the purpose of simulations, parameters of the teler-

obotic system are adopted from [69]:

Master : my, = 1,1, = 0.2,b,, = 10, J,, = 0.33m,,,[2,
Slave : mgy = 10,1, = 1,by = 15, J, = 0.33m,l? (7.29)
Environment : k. = 10,k; = 1

We first perform simulations when no time delay exists in the communication channel.
To this end, let the desired poles be placed at s+p = s+ 2,54+ ¢ = s+ 20 and let the
motion scaling constants be selected as unity. The design conditions in Theorem 7.1

are then solved, and the following control gains are obtained:
Gy=1,kp,=—-12,ks=—10,7r, =8 (7.30)

By assuming zero initial conditions for both the master and slave systems, the teler-
obotic system is simulated under a constant operator’s force of 0.2N and the control
gains of Eq (7.30). The result is depicted in Figure 7.2 and Figure 7.3. It can be
seen that the composite states converge, and this leads to the convergence of master
and slave systems’ states. The motion scaling property of the proposed controller is
also evaluated in simulations. It is desired that the slave’s motion converges to 50%
of the motion of the master system, which leads to the selection of the slave’s scaling
constant as A; = 2. The simulations are now run with the control gains of Eq (7.30),

and the result is shown in Figure 7.4. It can be seen that the slave’s position response
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is indeed 0.5 times the position profile of the master system.

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

We now test the proposed controller when a time delay exists in the communication
channel. Let the time delay be 0.2s in each direction. With the parameters of the
telerobotic system in Eq (7.29) and using the same desired dynamics as in the delay-
free case, control gains are found based on the design conditions of Theorem 7.3

as:

Gy = 0.3521, k,,, = —16, ks = —2.3944, r, = 0.2817 (7.31)

By selecting x,, (0) = x5 (0) = 0, A, = As = 1 and with a constant operator’s force of

0.2N, we run the time-delayed telerobotic system under the control gains of Eq (7.31)

5 and Figure 7.6. The analysis reveals that

and the results are shown in Figure 7.5
the composite slave system follows the composite master system, which leads to the
convergence of the position and velocity states of the master and slave systems. The
motion scaling ability of the time-delayed telerobotic system is also investigated. To
this end, the reference for the slave system is set as 0.25x,,;, which implies \; = 4.
The simulation result, as obtained under the control gains of Eq (7.31), is shown in

Figure 7.7. It can be seen that the motion of the slave system has been achieved as

desired.
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Velocity Synchronization with No Communication Delay
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Figure 7.3: Velocity synchronization with no communication time 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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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 proposed nonlinear controller,
which are obtained using the haptic device in the QUARC/Simulink environment.
A time-varying operator’s force is generated by operating the haptic device along a
single axis, and trajectories of the resulting master and slave systems are recorded in
a time-delayed environment under the control of Eq (7.31). The results are shown in

Figure 7.8 and Figure 7.9 and controller parameters are summarized in Table 7.1.

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) 0.2 (constant) ing Omni Bundle

Environment  Stiffness

ke (Nm/rad) 10 10

Environment Damping

b, (Non/rad) 0.1 0.1

Force Feedback gain Ky | unity unity

Scaling constant A, /As | 1 1

Time delay (Sec) 0.2 0.2

Table 7.1: Proposed controller parameters for simulation and semi-real time experi-

ment
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Position Synchronization with Communication Delay
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Figure 7.8: Position synchronization with communication time delay under time-
varying applied force
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7.5 Conclusion

This chapter presented the design of a composite state convergence controller for a
one-degree-of-freedom nonlinear telerobotic system. To deal with the nonlinearity
in the master and slave systems, a feedback linearization algorithm is used. The
exactly linearized master and slave systems are then used to form the lower complexity
composite systems. Through the use of a similarity transformation, a composite slave-
error augmented system is constructed. After the composite error is made to evolve as
an autonomous, desired behavior is assigned to the telerobotic system. This results
in four design conditions which are solved to determine the four unknown control
gains. Simulations, as well as semi-real-time experiments, are finally performed in
MATLAB/Simulink environment, which shows good performance of the telerobotic

system in the absence and presence of communication time delays.



Chapter 8

A Composite State Convergence Architecture for

Multi-Degrees-of-Freedom System

This chapter is devoted to exploring the applicability of the composite state conver-
gence scheme for multi-degrees-of-freedom bilateral teleoperation systems. The com-
posite state convergence scheme presents an elegant design procedure for computing
the control gains by allowing the composite error to evolve as an autonomous system
and imposing the desired dynamical behavior to the augmented composite master-
error system [104]. Here, the composite variables corresponding to the joints of the
master and slave manipulators as well as the operator’s force, are transmitted across
the communication channel. A similar design procedure has been followed to com-
pute the gains for a multi-degrees-of-freedom teleoperation system and have shown
that the closed-loop system is Lyapunov-stable. The control laws for the master and
slave systems are defined according to the composite state convergence scheme with
the addition of cancellation terms containing the nonlinear dynamics of master and
slave manipulators. It is shown that the convergence of composite variables of respec-
tive master and slave joints guarantees the convergence of respective joint positions
of the master and slave systems under the composite state convergence control laws.
To validate the proposed extension, simulations are performed in MATLAB /Simulink

environment on two-link manipulators with time delay in the communication channel.

8.1 Composite State Convergence Scheme

Consider a bilateral teleoperation system that is comprised of second-degree-of-freedom

robotic manipulators as:

g N (8.1)
Ms (QS) qs + Cs (QSa QS) qs + Gs (QS) = Us — Fe

119
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where inertia, coriolis/centrifugal, and gravity matrices are given as:

V- Mo %+ (mys + ma.) 12+ 2ma.l? cos (qo.)  mal? + mo.l? cos (¢2.) (58.2)
o Mo 1% + mao,l? cos (qa.) mo, [ .

C _ _Qsz2zl§ Sin (q2z) - (q1z + q2z) m2zl§ SiIl (q2z) (8 3)
’ _QIszzlz sin (q2z) 0 .
GZ _ ngle sin (q1z + q22) + g (mlz + m2z) lz sin (le) (84)

ngzlz S11 (q1z + q2z)

where subscript ‘z’ represents either master or slave manipulators, my, is the mass
of link 1, ma, is the mass of link 2, [, is length of both links, ¢. = (¢1., qu)T are the
)T

joint angles, ¢, = (g1, q'gz)T are the joint velocities, and ¢, = (§i, Go.)  are the joint

accelerations.

To establish the bilateral communication between master and slave manipulators as
per the composite state convergence scheme, composite variables are transmitted
across the communication channel along with the operator’s force from the mas-
ter side. Thus, a total of 6 variables are transmitted over the channel, i.e., S,, =
(Sm1, Smg)T ,Ss = (81, SSQ)T and F,, = (Fu, Fmg)T. The composite variables for the

master and slave are defined as:

Ss - QS + Ast (86)

where A, = diag (A1, Am2) , As = diag (A\s1, As2) are the auxiliary constants. The
time derivative of composite variables in conjunction with manipulator dynamics

yields the following composite master and slave systems:

Sy = M1 (=Cyfs — Gy + us — F.) + Ayds (8.8)

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

Um = Con + G + (M, By — I) Fri+ My, (—AGn + Ky S + B R Ss)  (8.9)
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Us = C'sqs + Gs + Fe + Ms (_ASQS + KsSs + BsRsSm + BSGQFm> (81())

where K, = diag (km1,kn2) and K; = diag (ks , ks2) are the stabilizing gains for
the master and slave manipulators respectively. The force feedback gain matrix is
R, = diag (ry,1,7me2) while force feed-forward gain matrix is Gy = diag (Ga1, Gag).
The motion-affecting gain matrix from the slave to master is R, = diag (rs1,7s2)-
Here, we need to determine K,,, K,, R;, and G5 gain matrices to synchronize the
master and slave manipulators while calculation of R,,is based on the environment

information, R,, = K;K..

By plugging Eq (8.9) in Eq (8.7) and Eq (8.10) in Eq (8.8), we obtain the following

closed-loop composite master and slave systems as:

Sm = KunSm + B R Ss + B Fon, (8.11)
S, = K,S; + ByR,S,, + B,GoF,, (8.12)
Now, let us define the composite error as:
Se = Sm — S (8.13)
By re-writing Eq (8.11) in terms of the composite error, we have:
Sin = (Km + BmRp) S — BmRmSe + B Fn (8.14)

Let S, ss denote the steady state values of the composite master states. As will be
shown later, the composite error can be driven to zero by the appropriate selection
of control gains. Thus, the steady-state value of the composite master state can be
computed as:

Smiss = — (K + BmRpn) ™ B Fp (8.15)

Let S,, be the deviation of the composite master state from its steady state value:
Sm = Sm - Sm,ss (816)

The time derivative of the perturbed composite master system Eq (8.16) along with
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Eq (8.14) and Eq (8.15) yields:

S = (Ko + BiRon) Sn — B RonSe (8.17)
The time derivative of Eq (8.13) along with Eq (8.12), Eq (8.14) - Eq (8.17) yields:

Se = (K + BnRy — Ky — BoR,) Sy + (Ky — By Ryy) Se—
(K 4 BmRy — Ky — BsR,) (Ky + BRp) ™" By Fopt (8.18)
(Bm - BSGZ) Fm

Next, we show that the composite master and slave systems can be synchronized by

selecting appropriate stabilizing gains, force feed-forward, and motion-affecting gains.

Theorem 8.1. The convergence of the composite error Eq (8.18) and perturbed com-
posite master systems Eq (8.17) to zero is guaranteed after the gains of the composite

state convergence scheme are selected as:

K,=—-P—-B,R,
Ks=—-Q + BRy,
R,=B;'(-P+Q — B,R,)
Gy, = B;'B,,

(8.19)

Proof. Consider the Lyapunov function as:

L1
S + 5578,

(55) -1

The time derivative of Lyapunov function yields:
V=525, +STS.

By plugging the closed loop composite systems of Eq (8.17) and Eq (8.18) in V', we

obtain

V’zgg(UQf+BmRm)$¢—BmRW$>+
sgQK@+BW&W—Ky<&393ﬂ+ug—3mm059—
ST (K + BB — Ky — BoRy) (Ko + BiRi) ™ B F) +

ST (B,, — B.Gs) Fy,

e
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By substituting the control gains of Eq (8.19) and using the matrix inequality, XY +
YIXT <§XXT +67'YTY we have:

V=-5TPS,, —STB,R.S. — STQS.

Since V < 0, the errors (S’m, Se> are bounded and (S’m, Se> — 0 as t — oo. This

implies that the composite slave system does converge to the composite master system
i.e., Sy — Spss and Sy — 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 iff 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:

Theorem 8.1 states that S,, = Sy = Sy, ss are in a steady state with the assumption
of constant operator’s force. Thus, joint velocities converge to zero since S,,, S5 — 0.
Recall that S, = Gm + Anlm, Ss = ¢s + Asqs and G, Gs — 0, 80 g5 = A A g If
the auxiliary matrices are the same, then ¢, = ¢,, 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 verified for the
master system by plugging the control gains in E£q(8.19) in Gm+NmGm = (Km + B Rim)
Sm + B Fy, with the assumption that composite error system is driven to the origin.
Thus, we have: G + MnGm + PAnGm = B Fy.

Let us now consider that time delay exists in the communication channel with the
assumption of constant operator force. The control inputs in this case are modified

as:

(8.21)
Ug = Csds + Gs + Fe+Ms (_Asts + KsSs + BsRsSm (t - T) + BSGQFm) (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 operator’s forces can be written



124

as:

: T
7= A7+ AZ(t—T), 7 = ( S, S, )
K, 0 By Ron — By R (8.23)
A= JAg =
0 K, B, R, — B;R;, —B,R,
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
definite matrices Ly, Ly such that the following LMIs are satisfied [75]:

L1 > 0, L2 >0
AL+ LA+ L Lida | _, (8.24)
ATL, L

Proof. Consider the following Krasovskii-Lyapunov function:
t
Vi(z) =7Z" (t) LW Z (t) + / 72" (1) Lo Z (7)dr
t—T

The time derivative of V' along the trajectories of Eq (8.23) and imposing V <0
yields the LMIs in Eq (8.24). The detailed proof can be found in [33]. 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 Eq (8.24) to find the matrices
Liand Ly. In case of success, the control gains Eq (8.19) can also be used in case of

time delay in the communication channel.
8.2 Simulation Results

In order to validate the theoretical findings, simulations are conducted in MAT-
LAB/Simulink environment on a time-delayed teleoperation system. The parame-
ters for the master and slave manipulators are chosen as mi, = m;, = 2kg and
[, = 1m. The control gains for the composite state convergence scheme are found
to be K,, = diag(—2.2,-2.2), K; = diag(—5.8,—-5.8), Ry = diag(3.8,3.8) and
Go = diag (0.2,0.2). Simulations are run by considering a time delay of 0.5s in the
communication channel, and recorded results are displayed in Figure 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 master and slave manipula-
tors

Figure 8.1 shows that composite variables for joint #1 of the master and slave manip-
ulators converge in the steady state with a constant operator’s force of 1 N. A similar
trend can be located in Figure 8.2 for joint #2 of master and slave manipulators. The

convergence of velocity states can be seen in Figure 8.3.

The stability of the composite state convergence controller is confirmed through LMI
conditions Eq (8.24), which yield the following positive definite matrices as shown in
Eq (8.25) and Eq (8.26):

10.8258 0 0.1672 0
0  10.8258 0  0.1672
Ly = (8.25)
01672 0 31263 0

0 0.1672 0 3.1263

23.2592 0 0.4458 0

0 23.2592 0 0.4458
0.4458 0 19.4699 0

0 0.4458 0 19.4699

(8.26)

[N}
I
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and slave manipula-

and slave manipulator
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8.3 Conclusion

This chapter presents the extension of the composite state convergence scheme for
teleoperation systems to multi-degrees-of-freedom manipulators. The structure of
control laws for the master and slave systems is in line with the composite state
convergence scheme. The convergence of composite variables of the master and slave
manipulators leads to the convergence of respective joint positions under the proposed

framework. MATLAB simulations are performed to validate the proposal.



Chapter 9

Disturbance Observer Supported Three-Channel Composite

State Convergence Architecture

Based on composite variables, three-channel state convergence is a novel architecture
for the bilateral control of teleoperation systems modeled on state space. Although
simple to design and easy to implement, this bilateral control algorithm relies on
model parameters. To lower this dependence, this chapter proposes a disturbance
observer-supported three-channel state convergence architecture. At first, extended
state observers are used to estimate the position and velocity states of the master and
slave systems along with their lumped uncertainties. These position and velocity es-
timates are then fused to form composite variables, which are transmitted along with
the operator’s force. With the knowledge of composite variables and the estimates of
uncertainties, bilateral control laws are developed for the master and slave systems
by following the method of state convergence. To validate the proposal, simulations,
as well as semi-real-time experiments, are performed in MATLAB/Simulink environ-

ment by considering a single-degree-of-freedom time-delayed teleoperation system.

9.1 Review of Composite State Convergence Architecture

Like state convergence architecture, its composite version also establishes a joint-to-
joint bilateral motion between the master and slave robots during the contact phase
of the teleoperation system. Each joint is modeled as a second-order system on state
space:
T, = Az, + B,u, 9.1)
Y. = szz
where subscript ‘2’ is to be replaced with ‘m’ and ‘s’ for the master and slave systems,

respectively, while various matrix entries in Eq (9.1) are given as:

c.=[1 0] (9.2)
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The communication framework provided by the state convergence architecture is

shown in Fig 9.1, and various parameters defining the architecture are listed below:

X = (B2 4,5, + 1,8,

bi i

X tdox ok

m

amlxm — bm um

ANy (("52 T /1: )x.s_‘» i ]‘—55:

Figure 9.1: Composite state convergence scheme [101]

k., is the stabilizing gain for the composite master system, k is the stabilizing gain for
the composite slave system, which also takes into account the interaction of the slave
with the environment where the environment is modeled by a stiffness (k.) element,
rm = ky¢k. transfers the scaled effect of the slave’s motion to the master system as
the slave interacts with the environment where scaling is achieved through a force
feedback gain (k¢), r; models the effect of master’s motion into the slave system, 7 is
the time delay offered by the communication channel, F}, is the force applied by the
operator onto the master system which is assumed to be constant and G5 transfers
the effect of this force into the slave system. Of these parameters, k,,, ks, 7s and Go
are unknown scalars and determined by a design procedure provided 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 establishes bilateral com-
munication between the master and slave systems by transmitting three variables,
namely the operator’s force, the observed composite-master state, and the observed
composite-slave state. At the same time, nonlinear dynamical models of the master
and slave systems are considered as opposed to linear dynamic models in the case
of standard composite state convergence architecture. The lumped nonlinearities are
estimated through extended state observers which also provide estimates of the po-
sition and velocity states. Fig 9.2 displays the proposed architecture, and various

parameters defining the architecture are listed below:

1. Sy = Tymo + ATy is the composite-master state constructed from the observed
master’s position (Z,,;) and velocity (Z,,2) states where \,, serves the purpose

of scaling the master’s position.

2. 8y = Tgo + AT, 18 the composite-slave state constructed from the observed
slave’s position (#) and velocity (Zs) states where A\ serves the purpose of

scaling the slave’s position.

3. Other parameters k,,, ks, 7, s, Ga, Fy,, T are the same as in standard composite

state convergence architecture.

4. The design of control gains k,,, ks, 75, G2 along with disturbance observer gains

is discussed in the sequel.
To this end, we first consider a more general form of the master and slave systems as:

Tz1 = Tz2

. (9.3)
T =d, (1) + bu,

where d, = f, (x,) encapsulates the nonlinearities of the master and slave systems.
By considering d, (t) as an extra state, system in Eq (9.3) can be equivalently written

as:

Y. = szz
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Figure 9.2: Proposed composite state convergence architecture

where h. (t) = d, (t) and various matrix entries are given as:

010 0
A=]001],B= E=|o0|C.=|10 0] (9.5)
00 0 b, 1
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To estimate the disturbance terms as well as the systems’ states of Eq (9.3), we

introduce extended state observers based on Eq (9.4) as:

I, =Ai,+ B, + L.C. (x. — &.)

9.6
g)z = Czi'z ( )
T
In Eq (9.6), L, = | I,; l,» l.3 | are observer gains while other matrix entries are
T
given in Eq (9.5). Let us define the observer error €,, = | €,01 €02 €103 ] as:
Cop = T. — 2, (9.7)

Observer error dynamics can be found using Eq (9.4), Eq (9.6), and Eq (9.7) as:

6o = (A, — L.C.) e2o + E.h, 9.8)

Control laws for the master and slave systems in three-channel state convergence

architecture are proposed as:
1

1 .
s = o (—ds = Nz + ks ) + s (= T) + GoF (0= T)  (9.10)

S

Here, we will construct the augmented system using composite-master and composite—
slave states instead of full position and velocity states of master and slave robots. To

this end, derivative of the composite-master state along with Eq (9.9) yields:

Sm = kmSm + bmrmss (t = T) + by Fon + (Lo + Anlim1) €mot (9.11)

Similarly, by taking the time derivative of composite-slave state and using Eq (9.10),

we get:

SS = ksss + bSTsSm ('[J — T) + bngFm (t — T) + (ZSQ + )\8151) €501 (912)
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By applying first order Taylor approximation on time-delayed signals in Eq (9.11),

Eq (9.12) with constant operator’s force assumption and simplifying the resulting

expressions, we have:

és = Allss + A125m + A13€so + A14€mo + BlFm

Sm = A2185 + A225m + A23eso + A24emo + BZFm

where
All - (ks Tb sTs me) A12 -
Az =
A21 =D (bmrm

D (byrs

(9.13)

(9.14)

— Thgrsky,)

T ) Ay = D( Tbyry (s + And) 0 0 )
— Thyrmks), Ay = D (ks — Thyrmbsrs)

Ay = =D ( Thyry (la+ Mla) 00 ), Az =D (Lo + Al 0 0)

By = D (b,Gs —

Tbs’l"sbm) s _82 =

D (by, — ThyrmbsGa) , D =

(1 - T2bmrmbsrs) -
(9.15)

Now, we form an augmented system using Eq (9.13), Eq (9.14) and Eq (9.8) as:

S A A A
Smo | Ag1 Azp Ags
éso | | 0O 0 As
€mo 0 0 0

Ay
Aoy
0
Ay

Ss Bl 0 O
Sm B 0 0 hs
+| | Bt
€so0 0 Es 0 hm
€mo 0 Em

(9.16)

Let us introduce a linear transformation to replace the composite-master system in

Eq (9.16) with the composite-error system, s, = s5 —

SS
Se
eSO

6’fTLO

S O~ ~

S
0 00 S
-1 0 0 m
i (9.17)
0O I 0 €s0
0 0 I €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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Ss Ay Ay A Ay Ss By 0
3 Agy Ay Ay A . B 0 0 h
iS‘ _ 21 22 ~23 24 S 1 2 F, + A
€so 0 0 A34 0 €s0 0 E31 0 hm
Emo 0 0 0 Ay Cmo 0 0 Eup
(9.18)
where

Zn = A + Ao, le = —Ajp, fzilzs = A3, E14: A, 1121 = A — Ao + Ajg — Ay,
Agg = —Ajg+Agg, Aoy = Ayg— Aoy, Aoy = Ayy— Aoy, Asg = Asg, Agy = Asy, By = By,
By = By — By, Es31 = E, Eyy = E,.

Based on the assumption that disturbance observers have much faster dynamics than
the composite-error system, following conditions must hold for composite-error to

evolve as an autonomous system:

Ay =0,By =0 (9.19)

The characteristic polynomial of the augmented system in Eq (9.18) can now be

compared to the desired polynomial to yield the following conditions:

sl — Avn =Ss+p
_ (9.20)
sl — AQQ =5+q

sl — 12{34 =33 + 7"232 +7ris+rg
B (9.21)
sl — A44 = 53 + w252 + wi1s + wy

Design conditions in Eq (9.20) fix the dynamics of composite-slave and composite-
error systems while disturbance observers for master and slave systems are designed
according to Eq (9.21). The solution of design conditions Eq (9.19) - Eq (9.21) yields
the control gains k,,, ks, 75, Go and observer gains l,,1, L2, lms, ls1, ls2, ls3. Thus, the
composite slave system will follow the composite-master system under the control
laws Eq (9.9) and Eq (9.10). However, the convergence of position and velocity states

of the master and slave systems needs to be investigated. To this end, first note that
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$e = 0= s, = s and s, = s, = 0 under constant operator’s force assumption. This
leads to Ty + A\nZm1 = Ts2 + A\sZs1. Thus, convergence of Z,,2 and T to zero has
to be ensured. By plugging control laws from Eq (9.9) and Eq (9.10) in Eq (9.3) and
using Eq (9.7), Eq (9.11), Eq (9.12), we have:

*ftm _'_)\mxm = Sm + &memo
’ ’ : (9.22)

jjs2 + )\sxSZ = S"s + gseso

where &, — < g — Anly Ay 1 ) and £, — ( B S W ) Since ob-
servers have fast dynamics as compared to the composite states and under the assump-
tion of slowly varying disturbances, we arrive at &,,5+ A Tme = 0 and T4+ Asxee = 0.
Thus, velocity states x,,2 and x4 will converge to zero along with their estimates and
we have: A\, Z,1 = AsZs1 and A\, T,1 = Asxg; which implies that slave system will
follow the master system. These results further suggest that the motion of the slave

system can also be scaled by adjusting the constant A,.

Let us now investigate the closed-loop dynamic behavior of the master system in the
proposed three-channel state convergence architecture. By plugging the control law
from Eq (9.9) in Eq (9.3) and ignoring the effects of composite error plus observer
error dynamics, we have the following simplified closed loop master system driven by

the operator’s force:

Em1 + (Am + D1+ T 1 + Anp (L4 Thynrm) Tt = by (9.23)

This result suggests that master system response can indeed be adjusted by varying
constant A, and pole location p. The selection of pole p also controls the force-
reflection behaviour of the proposed state convergence architecture. By choosing the
pole location to be p = bmrm/u + Thyrm) and ky = 1//\3’ full force reflection can be
guaranteed at steady state. However, this requires the time delay and environment
stiffness to be exactly known. This result can be verified from the steady state analysis

of master control law in Eq (9.9) which yields

b T'm
p(1+ Tbyr.,)
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9.3 Simulation Results

In order to validate the proposed disturbance observer based three-channel state con-
vergence architecture, simulations are performed in MATLAB/Simulink environment
by considering master and slave systems with single degree-of-freedom motion. Let

the nonlinearities in these systems be

fz = —Qz;1Tz sin (le) — Qz2T22 (925)
By assuming the parameters as

Amo = 7.1429, a4, = 6.25

by, = 0.2656, by = 0.2729

ke =50, A\, =1, A, =1 (9.26)
ky=1,T=0.1s,¢q=10,p=5

ro = wo = 27000, r; = wy = 2700, 7y = we = 90

Now solve the design conditions in Eq (9.19) - Eq (9.21) and obtain the controller

and observer gains as:

Gy = 0.3084

kpm = —26.5496

ks = —1.5829 (9.27)
rs = —9.6092

T
Lye = Lge = | 90 2700 27000 ]

The nonlinear time-delayed teleoperation system is now simulated under the control
of Eq (9.27) with an operator’s force of 0.5N and results are shown in Figure 9.3
and Figure 9.4. It can be seen that motion synchronization of the master and slave
systems is achieved. Further, full environmental force is also reflected to the operator

at a steady state.
9.4 Experimental Results

To further validate the proposed architecture, semi-real-time experiments are per-
formed using geomagic haptic device. The device is driven by the operator along

x-axis to generate the time varying-force, F, (t) = kop (24 (t) — zo) with k,, = 10
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Convergence of Teleoperation System States
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Figure 9.3: Simulation results: convergence of teleoperation system’s states
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Figure 9.4: Simulation results: control torques
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and z,, € [0.1,0.2] m. This force is provided as an input to the master-slave teleoper-
ation system running in QUARC/Simulink environment. At the same time, reflected
force as generated by the controller is also fed back to the haptic device. Thus, the
loop is closed around the operator as he/she will feel the virtual environment during
teleoperation. The experimental results are shown in Figure 9.5, Figure 9.6, Fig-
ure 9.7. It is evident that disturbances are well-estimated by the observers and the

systems remain synchronized with proper force reflection to the operator.
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Figure 9.5: Semi-real time results: disturbance estimation
Finally, a comparison of the proposed tele-control algorithm with a proportional-

derivative (PD) controller is drawn to show superiority of the former scheme. Here,

PD controller employs delayed position signals mentioned in Eq (9.28):

(em=¥ys(t—T) = Ymss =Ym (t = T) — ys) (9.28)

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

Um = Kpm€m + kdmému Us = Rps€s + kqsés + Te (929)

For a fair comparison, gains of EFC-PD controller are optimized through Genetic
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Conwergence of Estimated Position and Velocity States
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Figure 9.6: Semi-real time results: convergence of teleoperation system’s states
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Figure 9.7: Semi-real time results: Control torques

algorithm by minimizing an integral-time-absolute-error (ITAE) criterion defined in
Eq (9.31).
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(9.30)

Here, Genetic algorithm is run with a population size of 50 and control gains are

found to be in Eq (9.31)

Kpm = 15.8996
Kgm = 2.3574
ks = 0.0005
kas = 7.1134

(9.31)

With the teleoperation system parameters reported earlier, MATLAB simulations

are performed under a time-varying operator’s force and the results are depicted in

Figure 9.8 and Figure 9.9.
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Figure 9.8: Comparative assessment: EFC-PD controller

It can be seen that the proposed controller offers better position and force tracking

performance than the EFC-PD controller. The proposed controller parameters are

summarized in Table 9.1.
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Position Tracking through Proposed Controller
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Figure 9.9: Comparative assessment: proposed controller

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

System 1-DoF (Master/Slave) 1-DoF (Master/Slave)
Time-varying force us-

Operator Force (N) 0.5 (constant) ing Omni Bundle

Environment  Stiffness

k. (Nm/rad) 50 10

Environment Damping

b, (Non/rad) 0.1 0.1

Force Feedback gain Ky | unity unity

Scaling constant A\, /As | 1 1

Time delay (Sec) 0.1 0.1

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

9.5 Conclusion

This chapter presented the design of disturbance observer-based three-channel state
convergence architecture for bilateral teleoperation systems. It is shown that state
convergence between the master and slave systems can still be achieved by transmit-
ting composite variables instead of full states, which helps in reducing the number

of channels. Further, state convergence architecture is made capable of dealing with
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non-linearities by integrating extended state observers into it. Simulations and semi-

real-time experiments show the effectiveness of the proposed architecture.



Chapter 10

A Multi-Master-Single-Slave Composite State Convergence

Architecture

The aim of the chapter is to explore the possibility of extending the transparent bilat-
eral state convergence architecture to accommodate the case of a multi-master-single-
slave (MM/SS) teleoperation system. In addition, the channel complexity is kept at
a minimum when multiple systems are communicating. To achieve the former objec-
tive, multiple masters-slave interconnections are considered with a new set of control
gains while the later objective is achieved by adopting composite variables from au-
thors’ earlier work [104], [160]. In this proposed architecture, composite variables are
transmitted across the communication channel instead of full systems’ states. In ad-
dition, control gains are defined to consider masters-slave interactions. Through the
method of state convergence, design conditions are derived to determine the control
gains by allowing the tracking error to evolve as an autonomous system. To validate
the findings, a single-degree-of-freedom tri-master-single-slave system time-delayed
system is simulated in MATLAB/QUARC/Simulink environment. It is found that
the proposed architecture can establish communication between multiple systems to

achieve position and force tracking.

This chapter is organized as follows: Section 10.1 describes the architecture of the
proposed multilateral system. Section 10.2 presents the design methodology, while

simulation results are included in Section 10.3 followed by conclusions and references.
10.1 Proposed MM /SS Architecture

The proposed MMSS architecture is shown in Figure 10.1. Interactions between
masters and slaves are modeled by different control gains, which will be determined
by using the method of state convergence. Different parameters associated with the

proposed architecture are defined below:
Fk: Tt represents the force exerted by the kth operator
g% Tt represents the influence of the kth operator’s force on the slave system
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sk . Tt represents the composite variable of k™ master system and is formed by fusing

the velocity and position signals of the respective master system

sl Tt represents the composite variable of the slave system and is formed by fusing

the velocity and position signals of the slave system
¥ : It models the effect of the motion of k* master system onto the slave system

rl . Tt models the effect of the motion of slave system onto k" master system. It

also carries environment information to the masters
gl i It scales the environmental force as it is reflected to the k' master system
T!,: Tt represents communication time delay from the slave to the k™ master system

T¥: Tt represents communication time delay from the k' master system to the slave

system
kl: Tt represents the stabilizing gain for the slave system

Of these, 2k + 1 parameters, k!, g% r¥ are designed through state convergence

methodology as detailed in next section.
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Figure 10.1: Proposed multi-master single slave architecture



10.2 Design Procedure for MM /SS Teleoperation System

Consider a single degree of freedom MM/SS teleoperation system:

8 I |
Tm1 = T2

5 I | 1 1 1 1,,1
Ting = Q1T + AnaTim2 + bmum

k k

Tin1 = T2
ko k k k k k , k
Lo = Cpi1Tim + Umolima + bmum

S B |
Ts1 = Tga

1 1 .1 1 .,.1 1,,1
1’52 - aslxsl + a’stsQ + bsus

Let composite variables for the participant systems be defined as:

_ 1 1
Sm = Tm2 + )‘mlxml

We now introduce control inputs for the participant systems as:
Upy = i (_a%nlx;nl — py + /\mlx%m) — Gt TmSs (8 = To) + Fy

k
m

= i (—atiehy —aly T hawk +klsh) + S5 sl (1= T)
+Z] lgleJ (t B TSJI)

S | k k k k 1 k
Uy, = 55 <_am1xm1 = Qo T+ /\mkxm2> gkamkS (t — T ) + Fm

1 1

S
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(10.1)

(10.2)

(10.3)

The time-derivative of the composite variables Eq (10.2) along with control inputs

Eq (10.3) yields the following closed loop composite systems:

_bl gmlrmls (t - Tl ) + b7]:7’LF?’:)L’L

= —bkgmkrmks (t—T1 )+ bk FF
= kisi+ Z] 1 315] (t - Tsjl) + Z] 1 sgle] (t - Tsjl)

k
m
1
s

(10.4)
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By linearizing Eq (10.4) and employing constant operators’ force assumption, we

obtain:

= _bl gmlrmls + bﬂ’bgmlT’mliz—’l1'é + bl Fl

- _bk gmkrmks + bmgmkrkal ks + bk F’lC
k

§y = kysy + Zbirglsiz - Z by lejlsj + Z blgsl
j=1

Jj=1

Further processing of Eq (10.5) yields the following:

1 - _bl gmlrmls + bmgmlrmlTl 1‘é + bl Fl

- _bk gmkrmks + bmgmkrkalk‘é + bk F*

(10.5)

1 10.6

( +Z] 1b§ ng] biﬂs}n 'rlan'nlmj

k
Z 313] +Z bsgsl_b; ng]bj)Fﬁ

J=1

Let us define a composite error as:

k
Se = Si - E aq;s?,
Jj=1

(10.7)

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

as:
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= (k; (b; ilTl +a1]) b]mgm] m] S + st T's1S
o - (108)

gsl blrslT 1 + al]) me) m

IIM;?'

k
Z (0ara T2 + 1) (B Gy Tong) s

j=1

Further processing of Eq (10.8) yields:

b (AT + o) Bk 1
56 = Z (bé g TJ ! )(bmgm mj~m ) 1 1 J 1 1 SS
SRR (B Z Ul Tibhrh)
k 1,.0 i 1 1
. ber T (v T .
+ Zbirgl . Z ( sTs1 + Oélj) ( mgm] mj mj) Sgn (109)
Jj=1 <1 + ZJ 1 bg ngJ b] gm] }n]T#mj)

k (blgs1 (bi g1T1 + 0‘13) b] )
+2 | _Eare) thabrbath) oy gy |

J=1 (1+Z bé i‘lT] bmgmj :n]T}n]) s Sl

Let us introduce the following assignments:

Z (b; ilT 1t al]) (bjmgmyrmJTrlny)
( +Z_7 1b§ ?slT] b]mgmj m]Tl )

kb4 (D T + o) g —

(10.10)
(kl + Zbi ng] mgmj Vln]> = —q
. bl TV, + ay;) (B gl rl T
birl, |1 yr (raTh + an) (gt Tog) | _ a1 (10.11)

(1 + Z] 1 bé :ilT] b]mgmj m]Tl )
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Z (b; g1T1 + 061]) (b]mgmj mJTl Z 951 b élT] br )

(1+z bLrd T9 b gl TV T ) = (10.12)

]1881 m]m]m]

=blgl, — (AT T2 + auy) ),

The above assignments allow the composite error to evolve as an autonomous system.
Thus, convergence of composite error is ensured i.e. s; — > . o s), — 0. Since,
-1 1 _ a1 1 _ k Y :

Tgg + A1y = S5, — 0, we have x4 = Zj:1 aq;x,,, in steady state. In this way,
position coordination is achieved. A similar analysis shows that force reflected to all

the masters converges to the environmental force when applied forces are the same.

10.3 Simulation Results

To validate the proposed framework, 3MSS is adopted and tested in MATLAB

Simulink environment. The following system parameters are assumed:

ak, =0,ak, = —7.1429,bF = 0.2656,4}, = 1

al, =0,al, = —6.25,bF = 0.2729
]{31:10 061120]_ 0612:05 0613:04
T, =T, =01,T., =T =0.15,T

m2 —

(10.13)

=T3 =02

m3

The control gains are obtained as a solution of design conditions Eq (10.10) - Eq (10.12):

gl = 0.7824, g% = 4.5637, g% = 4.1726
k! = —52.7717 (10.14)
rl, = 0.8187,72, = 49.0936, 3, = 39.2749

Now, under constant operators’ forces of F*=0.25N, we simulate 3MSS system and

the results are shown in Figure 10.2, Figure 10.3, Figure 10.4, Figure 10.6.

Slave is following the weighted motion of the master system while environment force is
also reflected to the operators. It is also evident that transient phase of force reflection
behavior is not appropriate while steady state phase truly reflects the environment

to the operators.
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Figure 10.2: Simulation results of 3MSS teleoperation system (a) position response
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Figure 10.3: Simulation results of 3MSS teleoperation system: (b) velocity signals
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Figure 10.4: Simulation results of 3MSS teleoperation system: (c) control inputs
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Figure 10.5: Simulation results of 3MSS teleoperation system: (d) force reflection
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10.4 Experimental Results

We have also performed semi-real-time experiments in MATLAB/QUARC /Simulink
environment, where one haptic device is used to drive three master systems. During
the operation, the force from the virtual slave environment is transmitted to the hap-
tic device via the time-delayed communication channel. The recorded experimental

results are displayed in Figure 10.7, Figure 10.8, Figure 10.9.

Position Tracking Behavior

0.04 T I ; : ; T T
---------- Weighted Composite Reference
Slave Composite Variable
----- Weighted Position Reference
0.03 Slave Position Response

Composite Variables and Position Signals (rad)

-0.01

-0.02 ¢

|
5 10 15 20 25 30 35 40 45
Time(sec)

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

It is evident that the slave is synchronized to the combined motion of the master
systems while environment force is also being reflected in the masters. The results
obtained from both the simulations and experiment validate the proposed extended

architecture.
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Velocity Tracking Behavior
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Figure 10.7: Experimental results of 3MSS teleoperation system (b) velocity signals
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Figure 10.8: Experimental results of 3MSS teleoperation system (c) control inputs
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Force Reflection Behavior
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Figure 10.9: Experimental results of 3MSS teleoperation system (d) force reflection

10.5 Conclusion

In this chapter, the design of a multilateral teleoperation system is presented by
considering the case of multiple masters and single slave systems. The proposed ar-
chitecture is an extended version of transparent state convergence architecture which
is developed earlier for bilateral control. The extension is realized by considering
additional interactions and control gains. At the same time, the concept of a bilat-
eral composite state convergence scheme is employed to reduce the control gains and
simplify the communication channel. Method of state convergence is finally utilized
to derive the design conditions, and control gains are determined as a solution of cou-
pled equations. MATLAB simulations show that the proposed architecture possesses
position and force tracking ability. Future works involve robustifying 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-complexity version of the state
convergence controller for the teleoperation system. It employs a smaller number
of control gains and communication channels to synchronize the motion of a single
master-slave system in a desired dynamic way. The chapter aims to generalize the
composite state convergence scheme so that l-slave systems can follow the weighted
motion of k-master systems. To achieve this, at first, composite variables of all master
and slave systems are transmitted across the communication channel along with oper-
ators’ forces, and a set of k+1-+ 2kl control gains are defined. In the second stage, the
design procedure of the existing composite state convergence scheme is extended for
multiple systems, and control gains are determined through the solution of coupled
equations. Finally, to validate the findings, simulations and semi-real-time exper-
iments are performed in MATLAB/Simulink/QUARC environment by considering
different configurations of teleoperation systems. This chapter reported a generaliza-
tion of the composite state convergence scheme, which enables [-slave systems to track
k-master systems. In addition, the number of communication channels are reduced as
compared to the extended state convergence architecture [159]. In addition, the num-
ber of control gains are also reduced as compared to the extended state convergence
architecture. It is shown that synchronization of /- composite-slave systems to k-
composite- master systems guarantee the synchronization of original [-slave systems
to the original k-master systems under the proposed systematic design procedure. In
addition, the stability of the proposed scheme is verified through Lyapunov analysis.
The proposed scheme is validated through simulations and semi-real-time experiments
in MATLAB, Simulink, and QUARC environments.

Remark 11.1. Although the composite state convergence scheme offers 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 proposed generalization is pre-
sented in Section 11.1, while MATLAB simulations and experimental results are in-
cluded in Section 11.2 and 11.3, respectively. Conclusions are given in Section 11.4

and stability analysis is provided in Appendix B.
11.1 Proposed Scheme for Multilateral Teleoperation Systems

The proposed extension enables composite state convergence scheme to synchronize [-
slave systems to the reference motions generated by k-master systems. The objective

is to allow j** slave system to track combined motions of k-master systems as:

k

ch—Zaijxfn —0,t = o0 (11.1)
i=1

where x denotes the states while aij are defined as authority factors for the master

systems affecting ;% slave system such that Zle ozij =1.
Communication Structure

To achieve this objective, communication is first established by transmitting compos-
ite variables from all the master systems (s/ ,j =1,2,....k) to all the slave systems
as well as from all the slave systems (s/,j=1,2,....k) to all the master systems
over the communication channel, which offers constant time-delays to the incoming
signals. Here, Tgu. is the time delay from the j% slave system to the i master system
while 77, is the time delay from the 5% master system to the i*" slave system. Thus,
5t slave system will receive delayed copies of composite variables of all k-master sys-
tems (sinjd = st (t — T;j) i=1,2,..., k:) while 7 master system will receive delayed
copies of composite variables of all I-slave systems (s';, = s% (t = T% ) ;i = 1,2,...,1).
In addition, all the operators’ forces (FY,j =1,2,...,k) are also transmitted to the
slave systems over the communication channel. Thus, j* slave system will receive

delayed copies of all k-operators forces (F’ qart =12, k:)

m,

After transmitting the composite variables and force signals over the channel, control
gains are introduced in line with the composite state convergence scheme. First, j

slave system is stabilized with k%, j = 1,2,...,1. Since j slave system also receives



156

delayed composite variables from all the master systems, gains réj,i =1,2,....k are
introduced to scale the incoming composite variables from the master systems. In
addition, operators’ forces are also scaled at j™* slave system with Gij,z' =1,2,.. k.
We proceed in the same manner and introduce control gains for the master systems.
First, j'" master system is stabilized with k7,7 = 1,2, ..., k. Since, j'* master system
also receives delayed composite variables from all the slave systems, gains rfnj,i =
1,2, ..., are introduced to scale the incoming composite variables. These rinj gains
are pre-computed as 7},; = k};k. where k%, is the force-feedback gain from the i*"
slave to the j* master system while k! is the environment stiffness associated with
the i*" slave system. All other control gains will be determined through the proposed
design procedure, which is an extended version of the composite state convergence

methodology. The proposed scheme is depicted in Figure 11.1.

11.2 Design Procedure

Let us consider single-degrees-of-freedom master and slave systems as (z = m, s):

i, =2
o (11.2)
Ty = 4@ + a2, + blu
The composite variables for the master and slave systems are defined as:
st =al, + Nt (11.3)
The control inputs for the master systems are proposed as in Eq (11.4):
Uy, = i (=1 T — (Ao + AL) o + Kp80,) + 22:1 Tgnlsgld + F,
(11.4)
Upy, = b% (=@ — (ahe + A%) 2o + ks + 22:1 S T
The control inputs for the slave systems are proposed as in Eq (11.5):
Uy = pr (=g — (ag + X)) g + ksg) + 205 mhshua + 352 GuFg
(11.5)

| Ul l A 1l kg k J
Ug = A (_aslxsl - (aSQ + )\s) Tgy + ksss) + Zj:l Ts15mid + Zj:1 Glemld
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Figure 11.1: Proposed generalized state convergence scheme for multiple systems

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

written as:

L=k 0L Yl st (6= T2,) + bLFL
(11.6)
= kk sk + b, ZJ st (t=T7 ) + bk PR

Using the slave control inputs, the closed loop slave composite systems can be given
as: . '
s = kisi+ by Zj 180, (t_le) + by Z] 1G ( Tsjl)
(11.7)
lszkisls—i-blsz )8 (t—T)+blzJ G F, (t—T)
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Now, we approximate the time-delay entities using first order Taylor expansion as:

s (L =T3) =~ s, (1) = T3, (t)

St = T2,) ~ s1(1) = T2,85 (1) (11.8)
Fj (t=1T)) ~ Fj, - T4 F), = F,

The closed loop composite-systems under the above approximations can be written

as:

M1 7] ro1 1.1 1.1 1
S, ko, ... 0 byt - bmTin Sp,
-k k k.1 k.l k
Smo | 0 ... Ky bhre oo bEros Smo |
-1 o 1,.1 1,.k 1 1
Sy byrgy ... bgrl kg - 0 Sg
-l 1.1 1,k l l
| Sy | | bgrg ... DTy 0 ke ][ ss |
[ 11 .1 1l 1
0 e 0 memlT‘ml A memlT‘ml - _1 b
Sm
k 1 1 k il l
0 - 0 by Lo - UL ok
171 .1 17k .k m
bTyrey .. bT5rs 0 . 0 4 | T
. Ss (11.9)
él
1,1 1k, k L °s
L bsTslrsl bST 171 0 0 ]
—_— _
by, 0
Fy,
0 by, )
11 1k :
bsGsl bsGsl k
Fm
(Fall I Mk
L bsGsl bSGsl _

T T
Sm:[sin Slrcn] 7352[5i Sls}
B,, = diag (by,,...,b},) , B, = diag (b}, ..., b}) (11.10)
K, = diag (k},, ..., kL), K, = diag (k... k)
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Tmi Tl a1 ™ Toa Tha
Rm - 9 Rs — Tm - Y
rlooooorh rh,ooorh T, T .
Ty L Th : GL ... GY
T, = . Fo=|FL . Fh| G- :
Tsll LIS Tski Gil LIS G’;l
(11.11)
The closed loop composite system in Eq (11.9) can now be written as:
I T o (BnRp) $m | | Km BnRn Sm, B,
Ts o (BSRS) [l és BsRs Ks Ss BsGs "
1

where ‘o’ denotes the Hadamard product. By letting D,, = T,, o (B, Ry),Ds =

Ts o (BsR;) in above equation and using matrix inversion lemma, we obtain:

lsm] _ A Agg Sm]+ By
Ss Ss

Axi Ay By
Ay = (I, — D,,D,) ' K,, — Dy, (I, — D,D,,) " ByR,
Ay = (I, — D,,D,)"' BpR,y — Dy, (I, — DD, ' K,
Ay = —D, (I, — D,,D,) " K,, — (I, = D,D,,) " B,R,
Agy = =Dy (I, — Dy Dy) ' BpRyy — (I — DyD,,) ' K,
B, = (Iy — D,,Dy)"" B,, — D,, (I, — D,D,,) " B,G,
By =—D, (I, — D,,D,)"" B,, — (I, — D,D,,) " B,G,

Fo, (11.13)

where:

Now, we define the following linear transformation:

[ Sm ] _| B O ] [ Sm ] (11.14)

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

aly Loooafy
A= ; (11.15)
1 k
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T
In addition, s, = [ st s } is the composite-error system with [-entries de-
scribed as s’ = s’ — 25:1 o’ i . The time-derivative of the transformed composite
master-error system in conjunction with the earlier composite master-slave system
yields:

$m A, A Sm B

[ +| 2| E, (11.16)

Se Axp Ay Se By
where: 3

A=A+ ApA

A = Agp

Ay = (Ay — AAp) + (Ags — AAp) A

21 (A2 11) + (A 12) (11.17)

Agy = Ao — Ay

B =B

By = B, — AB,

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

Ay =0,B,=0 (11.18)

The remaining k + [ design conditions are obtained by assigning the desired dynamic

behavior to the composite master-error system with Eq (11.19) enforced:

sI, — Ay | x |sI; — Agy| = |sI, — P| x |sI, — Q| (11.19)

where P and () are diagonal matrices with the desired poles for the composite-

master and composite-error systems, respectively ie. P = diag (p1,....,px),Q =

dlag (q17 "'7ql)'

Now, it is left to show that the slave systems indeed follow the weighted reference
motions of the master systems with the proposed algorithm. To this end, observe
that the composite-error system has a closed loop dynamic of s, + s, = 0 which
implies that sy — As,, = 0 in steady state. Thus, composite-slave systems will attain
the weighted reference composite-master states. Since poles of the composite master
systems have also been placed on the left half plane, the composite master states

will reach to some final value as determined by the constant operators’ forces. This
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implies that composite slave states will converge, which ascertains the stability of
composite master and slave systems (s, = $; = 0). Based on these results, we can
investigate the stability and convergence of the original master and slave systems.
Let A, A\s be diagonal matrices and x,,; = (a:}nl, ...,xfnl)T,xmg = (x}nQ, ...,xﬁﬂ)T
T = (2, ., xlsl)T T = (2, .., xiQ)T. In steady state, we have 5, = Z,0+\, 7.0 =
0 (z = m, s) which implies that z,» will go to zero. This finding combined with earlier
result s, — As,, = 0 yields z5; = A\s A\, 2,1 By selecting the same diagonal entries

in A\, As, reference tracking of slave systems is achieved.

Remark 11.2. The proposed algorithm requires fewer equations,k + | + 2kl, to be
solved for synchronizing l-slaves to the references set by k-masters as compared to the
extended state convergence architecture [75] which requires the solution of nx (k + 1)+

(n+ 1) x kl design conditions for achieving the same task.

11.3 Simulations Results

The proposed algorithm is validated in MATLAB Simulink environment by consid-
ering two types of teleoperation systems. In the first case, same numbers of master
and salve systems are considered while different numbers of master and slave systems
are considered in the second instance. It will be shown that slave systems are able to
follow the weighted motion of the master systems and synchronization is, therefore,

achieved.

First, a square teleoperation system is set up in simulations where two masters are

communicating with two slaves in the proposed framework. The parameters of the

master systems are assumed to be a',; = 0,a’,, = —7.1429,b!, = 0.2656 while slave
systems are identified as a’; = 0,a’, = —6.25,b" = 0.2729. The time delays in the
communication channel are assumed as T, = 0.1s, T, = 0.3s, Tﬁnh 4 = 17 i =

0.2s. It is further assumed that the slaves are interacting with soft environments
having stiffness k! = 20Nm/rad and all force feedback gains are considered as k;z =
0.1. The alpha factors are selected as a!; = 0.7,a% = 0.3, al, = 0.6, 0%, = 0.4 while
poles are placed at p; = —2,py = —10,q; = —4,q2 = —10. The design conditions
are solved using MATLAB symbolic toolbox by discarding the time delays and the

following gains are obtained:

G, = 0.6813, G2, = 0.2920, G, = 0.5840, G2, = 0.3893
kL = —10.6583, k2, = —2.4041, k! = —3.5162, k% = —9.4214 (11.20)
rl, = —15.7894, 7% = 2.5851,rl, = —0.1891, 72, = 11.6481
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Note that although time delays are ignored in the above calculations, these are being
considered during simulations. This will establish the robustness of the proposed
scheme to time delays of the communication channel. Now, we run the 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 composite references,

1 1l 2 2 2 _ 11 2 2
sref = Qs1Sm, T agpspand S5, = g8, + a5y sy, are defined for the first and second

S
slaves, respectively while corresponding position references for the slaves are obtained

through the proposed algorithm and are being tracked effectively.

Tracking of Reference by Slave No. 1
0.035 . T T . .

0.03

,@/é ---------- Weighted Composite Reference 1 I
j Slave 1 Composite Variable
----- Weighted Position Reference 1 o

- Slave 1 Position Response

0.025
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0.015}§

0.01f

Composite Variables and Position Signals (rad)

0.005

1 1 1 1
4 6 8 10 12
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Figure 11.2: Reference tracking by first slave in 2x2 teleoperation system

We now consider a teleoperation system where three slaves are being operated by
a single master. The parameters for the master and slave systems are the same as
used in previous example. The poles are placed at p; = —1.6,¢4 = —4,q2 = —6,q3 =
—10. Also, stiffness of the environments are assumed as k! = 10Nm/rad, k? =
20Nm/rad, k? = 30Nm/rad. The design conditions are solved with unity alpha fac-

tors and ignoring time delay information and the following control gains are obtained:

Gl =G, =Gl =0.9733
kL, = —3.1936,k! = —5.7444 k? = —3.5943, k} = —9.0677 (11.21)
rl, = 15.1863,rL, = 7.3080, rl, = 27.3642
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Figure 11.3: Reference tracking by second slave in 2x2 teleoperation system

The teleoperation system is now setup in MATLAB/Simulink environment with the
time delays in the communication channel being T}, = T = 0.1s, 7%, = T =
0.15s, T2, = T = 0.2s. By running the simulations under the control of Eq (?7), we
obtain the results as shown in Figure 11.4. It can be observed that slave systems are
following the master system. The force-reflecting behavior of the 1x3 teleoperation
system is also shown in Figure 11.6. It can be seen that weighted force from slaves,
0.1 x Z?:1 F! is reflected to the master in a steady state.

The above results show that the proposed scheme can indeed accommodate arbitrary
number of master and slave systems. A comparison of the proposed scheme with [35]
is shown in Table 11.1. It can be seen that the proposed scheme requires fewer control
gains and communication channels as compared to the extended state convergence

architecture while offering similar performance.
11.4 Experimental Results

The proposed scheme is also validated through semi-real-time experiments. Owing
to the availability of a single OMNI device, a 1x3 teleoperation system is set up, as
shown in Figure 11.6. Only the block connections are shown, as the detailed setup

follows Figure 11.1. The motion of the haptic device is constrained to the x-axis, and
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Table 11.1: Comparison with [38]

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

an operator’s force is generated to drive the master system as given in Eq 11.2. The
master communicates with slaves on time-delayed channels. The reflected force from
the slaves is provided to the haptic device, and thus the force feedback loop is closed

around the operator.

To initiate the experiment, the operator applies a time-varying force onto the master
by moving the haptic device in the reachable x-direction. The resulting motion of all
the slaves is recorded along with the reflected force as sensed by the operator. These
data are displayed in Figure 11.7, Figure 11.8. It can be seen that slave systems are
tracking the reference motion of the master system while a weighted force is sensed

by the operator as well.
11.5 Conclusion

This chapter presents a generalization of the composite state convergence schemes
with respect to the number of master and slave systems. First, possible interactions
between the master and slave systems are considered, and the closed-loop composite-
master and composite-error systems are computed. Second, the composite-error
systems are made autonomous, and the desired responses are assigned to both the
composite-master and composite—error systems, giving rise to a total of k + [ + 2kl
design conditions. MATLAB simulations show that the proposed scheme can success-
fully synchronize [ — slave systems with the references set by k — master systems. In
the future, the robustness of the scheme to parametric uncertainties will be analyzed

by considering multi-degrees-of-freedom teleoperation systems.
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Figure 11.7: Reference tracking by slaves in 1x3 teleoperation system
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Chapter 12

An Improved Composite State Convergence Architecture
with Disturbance Compensation for Multilateral

Teleoperation Systems

Composite state convergence is a novel scheme for bilaterally controlling a teler-
obotic system. The scheme offers an elegant design procedure and employs only three
communication channels to establish synchronization between a single master and a
single-slave robotic system. This chapter expands the capability of the composite
state convergence scheme to accommodate any number of master and slave systems.
It proposes a disturbance observer-based composite state convergence architecture
where k —master systems can cooperatively control [ — slave systems in the presence
of uncertainties. A systematic method is presented to compute the control gains,
while observer gains are determined in a standard way. MATLAB simulations are
performed on symmetric and asymmetric arrangements of single-degree-of-freedom
teleoperation systems to validate the proposed architecture. Finally, experimental
results are obtained using Quanser’s Qube-Servo systems in QUARC/Simulink envi-

ronment.

12.1 Improved CSC Scheme for Multilateral Teleoperation Systems

The proposed scheme offers an improvement over the existing composite state con-
vergence scheme in that the lumped uncertainties can be estimated and compensated
to improve the tracking performance. In addition, measurement of velocity signals
is not required as disturbance observers also estimate these signals. The proposed
enhancement transmits composite variables constructed from the estimated position
and velocity signals. However, measurement of operators’ and environmental forces
is still required for the implementation of the controller. The block diagram of the
proposed scheme is shown in Figure 12.1. Let us consider a single-degree-of-freedom

master and slave system as:
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i i
Ty =

! m2 o o b =12,k (12.1)
Lo = Q1 Trny + QpoTins + by 0y, + [,

1'81—3732

R O S U (12.2)
Tl = 4Ty + Uiy + Diul + f3

where, subscript ‘2z’ is used to denote either master (z = m) or slave (z = s) systems,

and superscript ‘i’ is used to number the master (1 = 1,2,...,k) and slave (i =
1,2,...,1) systems. The term f’ contains lumped uncertainty i.e.
fzZ = (aizlo - azl) le + ( Ayo0 — az?) (bZ - b;) u,lz

. . . . )
(A 1 (A 1
uio— L _amlxml ( m2 + Am)
m ~ bt k : i
m2 + - f

;\ oy}
Ty _xm2+lml( Tin1 xml)
5 A i i i ~i £i
@ 2 = am137 1+ am2$m2 + by, + Lo (xml - xml) + [

£ 78 i ~Q

fm — lm3 (:L‘ml - xml)
a=1,2,...k

) S -

(12.3)

The objective of the proposed controller is to make the slave systems follow the
combined motion of the master systems in the presence of uncertainties. Precisely,

the position of **

slave system will converge to the weighted position of k-master
systems in the presence of uncertainties following the introduction of control inputs
and disturbance observers in Eq (12.3) and Eq (12.4), and the application of the

method of state convergence.

N 3\
i 1 X 7 7 o 7
Ug = b <_aslxsl (as2 + A ):L‘s2 + ]CSSS - fs>
J
+Zg 1 slsmzd+ZJ IG szd

Ty sl — xs? + lsl ( sl — a:sl) (124)
55_152 a 1%1 + a! 2%2 + biué +l ( Ts1 — 55151) + fe
fo=1ls (2 — 2%) J

i=1,2,...,1

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

sho=al o+ N xti=1,2,..k (12.5)

Taking the time derivative of Eq (12.5) and introducing the control inputs yields the

following closed-loop composite master systems:

l
A RN i J o i i i i
s o=k s, +0b, E r sk o Fr & e i =12,k (12.6)
=1
where
. T T
i i i i _ i i i i i i
€m = [ €m1 €m2 €m3 i| - |: Tpl =T T — T2 T3 — T3

1=1,2,..., k constitute observation errors for the master systems with
g = [ al;oal .+ A1 } The observer error dynamics of master systems can be

written as:

A TR i

€m1 = _lmleml + €m2

Cma = (aim = lypa) €1 + @ynhn + €3 =12,k (12-7)
i i i )

€m3 — _lmSeml + fm

Linearizing the time delayed terms in Eq (12.6), we obtain:

‘.Sm = kmsm + bm Zj:l sz'sg - bm Zj:l TﬁnzTerSg + bmFm + gmem (128)
i=1,2, ...k
By stacking composite master systems in Eq (12.8), we obtain Eq (C.1). This can be

conveniently written as:

Sm = kmSm + brmSs — brmr$s + b Fop + Emem (12.9)

Combining the closed loop composite master system in Eq (12.9) with observer error

dynamics in Eq (12.7), we obtain:
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em B 0 om em

0 .
+ hm]fm

It can be seen that observer design can be carried out separately from controller
design. It is assumed that lumped disturbance is slowly varying and therefore con-
vergence of observation error to origin is ensured by comparing the characteristic

equation with the desired polynomial which yields the observer gains.

P (8) 1 8%+ (I — @) 8%+ (g — @y — Alaliy) s+H0,3 = 0,0 = 1,2, .k

(12.11)
Now, we define composite variables for the slave systems as:
sh=aly + Nl i =1,2, .1 (12.12)

Time-derivative of Eq (12.12) along with control inputs yields closed loop composite

slave systems as:

Go= kst AU s Y GLF el i = 1,2, ., (12.13)

st mid

. . . . . . . T
where e = [ T — 2 2T, xlg — Tl ] .1 =1,2,...,1 constitute observation er-

rors for the slave systems with ¢ = [ al, ay+ 2\ 1 ] . The observer error dynamics

of slave systems can be written as:

Cs1 = _lslesl + €
Cs2 = (asl - 52) €s1 + Ag9€so + €3 (1214)
€s3 = _l83681 + fs

where 1 =1,2,...,1

The linearization of time-delay entities in Eq (12.13) leads to:
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A N ) 2 J <] _ Kt J 7 oJ 2 ] ] )
Ss = ksss + bs Zj:l TsiSm bs Zj:l TsiTsiSm + bs Zj:l Gstmz + fses
i=1,2,..,1

(12.15)

By stacking the composite slave systems in Eq (12.15), we obtain Eq (C.2). This can

be written in compact form as:

Ss = ksss + brssm - brsTSm + bsGFm + fses (1216>

By augmenting closed loop slave composite systems in Eq (12.16) with observer error

brs - brsT Sm
0 0 Sm

dynamics, we obtain:
SS _ kS 58 SS
€s 0 o €

The above system implies that observers for slave systems can be designed separately

bsG

0| .
+ + Fo + b fs

S

(12.17)

from controllers. To determine the observer gains for slave systems, the characteristic
equation is compared with the desired polynomial. The convergence of observation

error follows from the assumption of slowly varying lumped uncertainties.

ps (8) 183+ (Ih —aly) s* + (Il —aly —a'ylly) s+l =0,i=1,2,....1 (12.18)

Now that observer design is performed separately for the master and slave systems, we
can manipulate composite master and slave system without considering observation
error terms for the purpose of designing control gains. To this end, we plug Eq (12.16)

in Eq (12.9) and rearrange to obtain closed loop composite master systems as:

(km - brmers) Sm
$m = (I = brmzbrsr) ™ |+ (bym — bymrkis) S (12.19)
+ (bm - brmesG) Fm

We now plug Eq (12.9) in Eq (12.16) and do some algebraic manipulations to get:

(ks - brsTbrm) Ss
$o = (I = brmzbrsr) ™ | + (brs — brsrkm) Sm (12.20)
+ (bsG - brsTbm) Fm
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Let o contain the authority factors for the slave systems. Now, we introduce com-

posite state convergence error as:

Se = S5 — Sy, (12.21)

By taking time-derivative of composite state convergence error and using Eq (12.21),

we obtain:

. (] - brmersT)il (k:s - brsTbrm)
Se = 1 Se+
— (I - b'rmersT) (brm - brmTkn)
(] - brmIstT)il (ks - brsTbrm) «
—Q ([ - b'rme'rsT)_1 (b'rm - brmTks> a—+
(I - brmersT)_l (brs - brsTkm>
—« (I - brmersT)il (km - brmers)
([ - brmersT)_l (bsG - brsTbmm) Ja
— (I - brmersT)il (bm - bT‘meSG) "

S+ (12.22)

We now let the composite state convergence error to behave as an autonomous system.

This leads to the following conditions:

(I - brmersT)il (ks - brsTbrm) a—Q (I - brmersT>71 (brm - brmTks) (07

- . (12.23)
+ (I - brme'rsT) (brs - b'rsTkm> — (I - brmersT) (km - brme'rs> - 0

(I - brmersT)_l (bsG - brsTbm>_a (I - brmersT)_l (bm - brmesG’) =0 (1224)

We now write augmented system comprising of composite master and composite error

systems as:

[gm] _ [an a1z ] lsm ] .\ [ (f—b,mersTy; O = bmtboc) | o (15 909
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Figure 12.1: Detailed diagram of disturbance observer-based composite state conver-
gence architecture
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Figure 12.2: Wiring diagram of 2x2 composite state convergence architecture

where,

a1 = ([ - brmersT)_l (km - brmerS + brm - brmTk's)
a1 = — ([ - brmersT)il (brm - brmTks)
a9 — 0

Qo2 = ([ - brmersT)_l (ks - brsTbrm)_a (I - brmersT)_l (brm - brmTks)

We now impose desired dynamic behavior onto this augmented system which results

in the following additional design conditions:

(I - brmersT)_l (km - brmers + brm — brmTks) =P (1226)

(I - brmersT>_1 (ks - brsTbrm)_a (I - brmersT)_l (brm - brmTks> = —q (1227)

The design conditions lead to the conclusion that composite errors converge to zero,
implying that composite slave states converge to the weighted composite master
states while their derivatives converge to zero. Based on this, we arrive at xs +
AsZs1 = & (T + Ap@m1). In addition, closed loop analysis reveals that xg + A\sxs =
S5y Tm2 + AnTm1 = $m. Therefore, velocity states converge to zero which implies
Tg = A 'al, 2,1, By assuming unity scaling factors, the convergence of slave po-
sitions to the weighted positions of master systems is ensured in the presence of

uncertainties.
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12.2 Simulation Results

The proposed enhanced composite state convergence scheme is simulated in MAT-
LAB/Simulink environment on a 2x2 teleoperation system. The nominal parameters

for the master and slave systems are given as:

a 0 1 "o 0

" 0 —7.8572 | ™ 0.3187
2 0 1 e _ 0
Tm 0 —6.428 | ™ 0.2125
o 0 1 ) 0

s 0 —7.500 | ° 0.3275 |’

2 0 1 b 0
s 0 —8.1250 | ° 0.3275

In addition, slaves interact with environments having stiffness as k! = k! = 20Nms/rad.

(12.28)

The closed loop poles of the augmented system are placed at p = diag (2,4), ¢ =
diag (2,10) and design conditions in Eq (12.23), Eq (12.24), Eq (12.26), Eq (12.27)

are solved which yields the following controller and observer gains:

gl = 0.6813, g% = 0.1947, gl, = 0.5840, g2, = 0.2595
kL = —4.6967, k2, = —2.4294, k! = —1.4661, k2 = —9.4077 (12.29)
rl = —4.6281,72 = 0.3438, %, = 10.8245,r2, = 9.7045

LY =1 0.0082 0.2055 2.70 | x 10%,
L%, =] 00084 02163 2.70 | x 10*
L), = 0.0083 0.2081 2.70 | x 10%,
L% = | 0.0082 0.2035 2.70 | x 10*

(12.30)

After computing the gains, we run simulations with the following plant parameters:

alr _ &2r — 0 1 blr _ b2r — 0
moeom 0 —7.1429 7™ ™ 0.2656
(12.31)
alm = CLQT — 0 1 plr — b2r — 0
s § 0 —625 | ° s 0.2729
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In Eq (12.31), superscript ‘r’ is added to denote real plant parameters, which differ up

to 30% from the nominal parameters. The simulation results with constant operators’
. It can be seen that the

forces of 0.5N are depicted in Figure 12.3 and Figure 12.5
composite reference is well-tracked by the composite slave systems, and the slave

positions also converge to the composite reference, which is in line with the theoretical

results.
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Figure 12.3: Reference tracking by first slave system

The proposed scheme is also compared with the existing composite state convergence
|. The existing composite state

scheme for the multilateral teleoperation system |
convergence scheme does not utilize disturbance observers. The same control gains

are used to simulate both the proposed and existing schemes, while the former scheme
employs observer gains as well. The uncertainty levels in the control input coefficients
of both slaves are increased, and simulations are performed. The position tracking
errors of the slaves are recorded in Figure 12.5 and Figure 12.6. It can be seen that
the proposed scheme offers fast transient performance as compared to the existing
scheme. In this way, the superiority of the proposed scheme is established over the

existing one.
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Figure 12.6: Tracking error for the second slave by the proposed and existing schemes

12.3 Experimental Results

The proposed scheme is verified through experimentation on three Qube servo-2 plat-
forms which are arranged to form a 1x2 teleoperation system as shown in Figure 12.7.

In order to determine controller and observer gains for the master and slave systems,

the following nominal models are utilized:

Figure 12.7: Experimental setup to test improved CSC architecture on multilateral

teleoperation system
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o 1 . 0
al = b= (12.32)
0 —6.67 149.34

It is assumed that slaves are interacting with a soft environment having a stiffness
of INms/rad. It is further assumed that time delay between the master and first
slave is 0.1s while it is 0.2s between the master and second slave. The closed loop
poles are selected as p = 27.4,¢; = 10, ¢; = 40 and design conditions are solved using

MATLAB symbolic toolbox which yields the following control gains:

k= —180.025, k! = —8.445 k2 = —17.938
Gl = 0.090, GL, = 0.1292 (12.33)
rl, = —0.0339, 7L, = —0.0098

In order to compute the observer gains, we utilize the nominal models and place all

the observer poles at 30 which yield the following master and slave observer gains:

Lo. = | 0.0083 0.2144 2.70] x 10° (12.34)

The teleoperation system is now set up in Simulink/QUARC environment such that
the master system communicates its composite signal on the time-delayed channels
to the two slave systems via two stream serves having IDs ‘0’ (udp : //localhost :
180007 peer =" any’) and ‘1’ (udp : //localhost : 180017 peer =" any’). In addition to
the composite signal, the master system also sends the operator’s force on the time-
delayed channels to the slave systems via two stream serves to have IDs ‘2’ (udp :
//localhost : 180027 peer =" any’) and ‘3’ (udp : //localhost : 180037 peer =" any’).
In response, slave systems send their composite signals to the master system via
stream clients having IDs ‘4’ (udp : //localhost : 18000) and ‘6’ (udp : //localhost :
18001). Slave systems also send force feedback to the master system using stream
clients having IDs ‘5’ (udp : //localhost : 18002) and ‘7" (udp : //localhost : 18003).
The data received by stream servers is demultiplexed to read composite and force
signals from the two slave systems. Two additional stream servers having IDs ‘10’
(udp : //localhost : 180047 peer =" any’) and ‘11" (udp : //localhost : 180057 peer ='
any') are installed on the master side for the purpose of recording slave position

signals. This also needs the deployment of two additional stream clients at the slave



181

sides with IDs ‘8" (udp : //localhost : 18004) and ‘9’ (udp : //localhost : 18005).

During the experiment, the operator moves the master’s servo-disk while slave-servo
disks interact with their virtual environments. The operator starts experiencing a
greater environmental force as he continues to increase the rotational angle of the
servo disk. The experiment is run for 300 seconds, and the recorded results are

displayed in Fig Figure 12.8 and Figure 12.9, Figure 12.10.

Composite Signals
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Figure 12.8: Composite states of 1x2 teleoperation system

It can be seen from Figure 12.8 that composite signals of the slave systems follow the
master’s composite signal. In theory, this should imply the convergence of position
signals, which can be verified from Figure 12.9. In addition to position tracking, force
reflection results in Figure 12.10 suggest that the proposed scheme can be used to

design teleoperation systems.
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Force reflection behaviour of 1x2 teleoperation system

182



183

12.4 Conclusion

This chapter has proposed a disturbance observer-based scheme for controlling a
multi-master, multi-slave teleoperation system through a composite state convergence
methodology. At first, composite variables are constructed through estimated position
and velocity states, and closed-loop composite master and composite slave systems
are found. By augmenting the composite master and composite error systems and
employing the method of state convergence, control gains, and observer gains are
determined. The stability of the scheme is guaranteed under fixed-time delays. The
proposed scheme is validated through simulations as well as experimentation in MAT-
LAB/Simulink/QUARC environment by considering different arrangements of master
and slave systems. Comparison with the existing scheme shows that the proposed
scheme can indeed counter the effect of disturbances while ensuring the tracking of
references by slave systems, which are set by the master systems. Future work in-
volves designing force observers to eliminate the dependence of design procedures on

environmental parameters.



Chapter 13

Conclusions and Future Work

13.1 Conclusions

This thesis presents modified versions of state convergence architecture for control-
ling bilateral and multilateral teleoperation systems. In addition, a novel composite
state convergence architecture to reduce the complexity of existing state convergence
architecture for both bilateral and multilateral teleoperation systems is presented.
In the first part of the thesis, modifications in SC architecture have been proposed
to address the shortcomings in the original SC architecture. The first modification
is proposed to counter the effect of parametric uncertainties using disturbance ob-
servers. Secondly, a nonlinear disturbance observer is introduced to ensure large
range operation of SC architecture based on TS fuzzy description of master and slave
systems. The same extended state observer-based approach is used to develop state
convergence architectures for multilateral teleoperation systems. The second part of
the thesis discusses the novel composite state convergence scheme, which lowers the
complexity by reducing the number of communication channels in the existing SC
architecture for a bilateral teleoperation system. Furthermore, the CSC architecture
is investigated with a feedback linearization scheme for non-linear bilateral teleoper-
ation. Moreover, another enhancement is proposed in CSC architecture to counter
parametric uncertainties through disturbance observers. The CSC architecture is
also extended to a multilateral teleoperation framework with reduced communication
channels to testify to its efficacy. In conclusion, the prominent features of the pro-
posed control architectures are summarized in Table 13.1 based on certain criteria
which include mainly the number of communication channels, variables transmitted
over communication channels, number of design equations, model type, comparison
with other architecture, the impact of time delay, position tracking behavior, state
estimation and disturbance compensation, force reflection behavior, motion scaling
feature, and extension to a multilateral teleoperation system. The comparison be-
tween the proposed architectures and their advantages and limitations is also stated
in Table 13.1.
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Future Work

In the future, potential research will be to estimate the parameters of the re-
mote environments and consider those parameters in the control design. These
parameters will be fed back to the master controller to improve a better contact
sensation to the user in the presence of time delays. This approach to design-
ing a controller will have direct access to the model of the remote environment
rather than sending slave sensory data to the operator, which will eventually
provide a better sense of telepresence for improved user feedback without any

lag under communications delays.

There is a need to search for a new composite variable that could be transmitted
over the communication channel to reduce the number of design variables. It

will help in reducing the complexity of overall architecture.

. There is room to update the method of state convergence with different safety

limits keeping in view the workspace of manipulators for different applications.

Different variants of state convergence can be introduced to perform collabora-

tive tasks such as multi-master/multi-slave (MM/MS) and single-master/multi-

slave (SMMS).

Linear matrix inequalities (LMI) can be used to perform the stability analysis

of the state convergence method for a multilateral teleoperation system.

Different optimization techniques can be used to compute the control gains for

the state convergence method.

More rigorous analysis is required for the force-tracking behavior of the state

convergence method.



Table 13.1: Proposed state convergence-based teleoperation control architectures during Ph.D.

Enhanced SC

Improved SC

Composite SC

Composite SC

DoB-based
Three-Channel

Criteria Arch with Distur- | Architecture with . Architecture for .
Architecture . Composite SC
bance Observer TS-Fuzzy Control Nonlinear System .
Architecture
Number of Comm Five Five Three Three Three

channel

Variables
mitted over
Comm Channel

trans-

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

Numbf)r of Design 5n 43 3+ 1 Four  (indepen- | Four  (indepen- 5n - 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 Opi-
. . . . Three-Channel L mized PD Based
Comparison With | function Neu- | with DOB tech- Comparison is not
. . . . Error Force Com- . . . | Error Force
Other  Architec- | ral Network | nique exists with carried out in this
tures (RBFNN)  con- | desired dynamic pensated - (EFC) study Compensated
Control Scheme (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

981



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

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

to estimate the

used

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 Reflection

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

LST



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 (6.28) - Eq (6.31) yields the following control

gains:
by, (T 1
bs (T'p + 2Tbyrm + T?bppro, + T2byqrm + 1)
km = —p — byt — TPyt (A.2)
_ —bypqrnT? — pgT — q + by, (A3)
S Tp+ 2T by + T2pbyyrm + T2qbyrm + 1 '
r -p + q— bmrm - prmrm (A 4)

" ba + Tpby + 2TbboTn + T2pbabyntm + T2qbsbmTm
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Appendix B

Stability of 2x2 and 1x3 Teleoperation Systems

Proposition 1 :

The closed loop composite master-error system of Eq (11.17) under the control gains
found as a solution of Eq (11.19), Eq (11.20) is Hurwitz-stable if and only if there

exists a symmetric positive definite matrix PeR*+0*(*+0) gych that

Pll P12
p >0
P12 P22
. N T - . N (B.1)
All A12 Pll P12 + Pll P12 All 12 < 0
A21 A22 Pfg P22 PlTQ P22 A21 22

The Hurwitz stability of composite master-error system Eq (11.17) implies the sta-
bility of master-error system as closed loop analysis yieldss, = .0+ A, x.2 (2 = m, s).
Therefore, the teleoperation system with small constant time delays of the communi-

cation channel remains stable as long as Eq (B.1) is satisfied.

We will investigate the stability of 2x2 and 1x3 teleoperation systems through the
application of Eq (B.1) in section 11.3. By plugging the control gains of Eq (11.21) in
Eq (11.17) and considering time delays, the system matrix of a composite master-error

system of 2x2 teleoperation setup is obtained as:

~8.1069  0.2066  0.7583  1.5217
3.0205 —2.1322 0.8564  0.8796

A= (B.2)
—12.9114 0.7136 —3.4446  0.5139

—5.0248  2.1746 —1.6064 —11.5093

The feasibility of LMI in Eq (B.1) yields the following symmetric positive definite

matrix, which establishes the stability of a closed-loop teleoperation system:
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0.3062 0.0150 —0.1533 0.0186
0.0150 0.3529 0.0575  0.0367
—0.1533 0.0575 0.1693 —0.0096
0.0186  0.0367 —0.0096 0.0531

Now, let us analyze the stability of the 1x3 teleoperation setup. By substituting
Eq (11.21) and time delay values in Eq (11.17), following system matrix is obtained:

—1.6160  0.5751 1.1244 3.0831
0.6857 —6.5578 —1.5004 —4.3608

A= (B.4)
0.4994 —0.7471 —5.0551 —4.0054

24295 —1.4340 —2.8037 —16.7554

The solution of LMI in (B.1) yields the following symmetric positive definite matrix,

and hence stability is verified under small time delays:

0.5292 0.0215  0.0528  0.0799
0.0215 0.0908 —0.0119 —-0.0132
0.0528 —0.0119 0.1378 —0.0182
0.0799 —0.0132 —0.0182 0.0544



Appendix C

Composite Master and Slave Systems for Multilateral

Teleoperation Systems

o1 1 1 1,1 1,2 1,1
Sm km Sm bmrml bmrml bmrml
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ok k k k.1 k .2 k .l
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