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With the infrastructure of ubiquitous networks around the world, the study of robotic
systems over communication networks has attracted widespread attention. This area is
denominated as networked robotic systems. By exploiting the fruitful technological de-
velopments in networking and computing, networked robotic systems are endowed with
potential and capabilities for several applications. Robots within a network are capable
of connecting with control stations, human operators, sensors, and other robots via digital
communication over possibly noisy channels/media. The issues of time delays in com-
munication and data losses have emerged as a pivotal issue that have stymied practical de-
ployment. The aim of this dissertation is to develop control algorithms and architectures
for networked robotic systems that guarantee stability with improved overall performance
in the presence of time delays in communication.

The first topic addressed in this dissertation is controlled synchronization that is uti-
lized for networked robotic systems to achieve collective behaviors. Exploiting passivity

property of individual robotic systems, the proposed control schemes and interconnec-



tions are shown to ensure stability and convergence of synchronizing errors. The robust-
ness of the control algorithms to constant and time-varying communication delays is also
studied. In addition to time delays, the number of communication links, which prevents
scalability of networked robotic systems, is another challenging issue. Thus, a synchro-
nizing control with practically feasible constraints of network topology is developed.

The problem of networked robotic systems interacting with human operators is then
studied subsequently. This research investigates a teleoperation system with heteroge-
neous robots under asymmetric and unknown communication delays. Sub-task controllers
are proposed for redundant slave robot to autonomously achieve additional tasks, such as
singularity avoidance, joint angle limits, and collision avoidance. The developed control
algorithms can enhance the efficiency of teleoperation systems, thereby ameliorating the
performance degradation due to cognitive limitations of human operator and incomplete
information about the environment.

Compared to traditional robotic systems, control of robotic manipulators over net-
works has significant advantages; for example, increased flexibility and ease of mainte-
nance. With the utilization of scattering variables, this research demonstrates that trans-
mitting scattering variables over delayed communications can stabilize an otherwise un-
stable system. An architecture utilizing delayed position feedback in conjunction with
scattering variables is developed for the case of time-varying communication delays. The
proposed control architecture improves tracking performance and stabilizes robotic ma-
nipulators with input-output communication delays. The aforementioned control algo-
rithms and architectures for networked robotic systems are validated via numerical exam-

ples and experiments.
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Chapter 1
Introduction

1.1 Networked Robotic Systems

From assisting factory workers in manufacturing products to Roomba [35] cleaning
our rooms and AIBO [24] playing with children, robots of tomorrow will undoubtedly
become ever more important. In addition to industrial and entertainment robots, robotic
systems can also be applied to military, transportation, medicine, space exploration, and
personal service. The field of robotic systems is growing tremendously, and due to its
considerable potential, many companies and research institutes have started to invest large
amounts of funds in developing a variety of robots. Based on the fruitful technological
developments in computing and networking during the past decade, network communi-
cations are starting to play an important role in the area of robotics. Recently, researchers
and engineers have put efforts in investigating various robotic systems, which include the
study of sensors, actuators, controllers, and humans connected by communication net-
works. This emerging area is denominated as Networked Robotic Systems.

Networked robotic systems are robot devices embedded with the capabilities to
connect control stations, human operators, sensors, and other robots via communication
networks. Related fields such as control theory, ubiquitous computing, perception, ar-
tificial intelligence, and wireless communications should be considered and integrated

within the study of networked robotic systems. It can also lead to numerous applications,



such as localization and navigation, environment perception, mapping, task execution,
human-robot interaction, and teleoperation.

The primary objective of networked robotic systems is to develop innovative ap-
proaches for interaction of interconnected (using communication networks) robots, hu-
mans, in uncertain or possibly unknown environments. These approaches can achieve
efficient and effective tasks, which are difficult to accomplish by utilizing conventional
robots. Research related to networked robotic system has drawn considerable attention
from various communities; however, the field is still in its infancy and several challenging
issues are yet to be resolved. For instance, the influence of unreliabilities in the communi-
cation channels, incomplete information about the workspace in the remote environment,
and the difficulties in the abstraction of multiple robots.

Networked robotic systems can be broadly sorted into two main subclasses: au-
tonomous and teleoperated systems [84]. In autonomous systems, robots communicate
with other robots and/or control stations to share their output signals, or to exchange
sensing and actuation data. There is no human operator intervening within the system
and communication network so the assigned tasks are accomplished autonomously. Si-
multaneously localization and mapping, controlled synchronization, formation control,
connectivity maintenance, sensors and robotic networks are examples of this type of net-
worked robotic systems.

The study of autonomous networked robotic systems has focused comprehensively
on multi-robot systems. By exploiting communications between robots, multi-robot sys-
tems are superior to the single robot system in performing difficult and complicated

tasks [3, 19]. Multi-robot systems are capable in carrying out various missions coop-
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eratively, such as transportation and manipulation of objects, localization and mapping,
and exploration [3, 60]. Moreover, multi-robot systems can also cooperatively accom-
plish tasks in search and rescue [34]. The coverage control for multi-robot systems dis-
tributed over an environment has been studied [85]. In addition, maintaining connectivity
of communication channels between multiple robots has been presented [59, 83], which
is essential for completing a cooperative task.

Another class of networked robotic system is teleoperated networked robotic sys-
tems, where human supervisors send commands and receive feedback via the network in
order to interact with robotic systems in a certain manner. With the utilization of human
input, robots in the network can be endowed with the intelligence to cope with more com-
plicated missions. This system framework enables human operators to complete tasks at
a distance without being physically present to the remote environments.

Different from autonomous networked robotic system, robotic manipulators with
the assistance of human operators can be teleoperated to achieve tasks over distances.
Bilateral teleoperation, a classical problem in robotics, has been developed over the past
decades [14,28,47,66], and extends the human capability to operate objects remotely. By
utilizing communication networks between master and slave robots, robots can achieve
different tasks in a remote environment. Therefore, robots can deal with missions in haz-
ardous environments, such as radioactive power plants, deep sea, or outer space. Due to
the nature that master and slave robots are located far from each other, the various signals
exchanged between the robots are subjected to time delays. The problem of delays in
bilateral teleoperation systems have been addressed to guarantee stability of such closed-

loop system [14,47, 66]. Additional details and a brief historical account of bilateral



teleoperation has been presented in [28].

Both autonomous and teleoperated networked robotic systems can offer efficient
approaches to achieve faster mission completion and complete complex tasks coopera-
tively. While networked robotic systems lead to several advantages over isolated robots,
the communication network, which is the prime enabler of networked robotic systems,
leads to fundamental constraints in the closed-loop behavior. These constraints, including
time delays, data reordering, quantized signals, and packet dropout, limit the applicability
of networked robotic systems. Therefore, researchers have to take communication con-
straints into account in the study of networked robotic systems to guarantee closed-loop
stability with high performance. In the author’s opinion, the effect of time delays is the
most significant impediment in the widespread realization of networked robotic systems.

Hence, this important issue is treated in detail in this dissertation.

1.2 Scope and Contributions

The aim of this dissertation is to study control problems for networked robotic sys-
tems under communication delays. The three different topics studied in this dissertation
are synchronization of networked robotic systems, semi-autonomous teleoperation sys-
tems, and control of robotic systems over networks. A brief introduction and contribu-

tions for each topic are discussed in the sequel.



1.2.1 Synchronization of Networked Robotic Systems

Inspired by the behavior of animals, there has been remarkable research devoted
to analysis and control of coordinated motion for multi-robot systems. Utilizing the idea
of synchronization for control of networked robotic systems can provide the multi-robot
systems a desired collective behavior. Recently, control theoretic methods have been
utilized to address the problem of synchronization in robotic systems.

Mutual synchronization of nonlinear robotic systems while tracking a desired tra-
jectory was first proposed in [82]. However, the proposed control algorithm did not scale
with the number of agents due to the requirement of all-to-all coupling. Furthermore, the
system dynamics of the agents were required to be known, and the communication chan-
nels were assumed to be perfect. Contraction theory was exploited to guarantee synchro-
nization and trajectory tracking for multiple robotic manipulators in [17], where different
time-scales for tracking and synchronization were presented. Synchronization with tra-
jectory tracking has been utilized in a variety of applications [2, 14,46, 100]. However, it
is to be noted that most of these previous results have been developed for the case where
time delays in communications and the presence of human input are not considered.

In this dissertation, the problem of synchronization between interconnected robots
with the consideration of dynamic uncertainty and communication delays is studied. Ad-
ditionally, in order to reduce loads transmitted in the communication channels, it is further
demonstrated that the networked robotic systems can achieve synchronization with the re-
duction of communication links. As the individual robots are assumed to be identical and

the communication delays are assumed to be constant in the literature, the problem of



synchronizing heterogeneous robots under time-varying delays is also developed.

1.2.2 Semi-autonomous Teleoperation Systems

Teleoperation systems have been demonstrated as a useful method to accomplish
tasks in a remote or hazardous environment. The remote robots in a teleoperation system
can be equipped with intelligence under the assistance of a human operator. Due to signals
are transmitted over a long distance, the inherent unreliabilities in the communication
channels significantly influence stability and overall performance of such systems.

The study of bilateral teleoperation systems in the presence of communication de-
lays has attracted tremendous attention [14,28,47,66] in order to guarantee stability of the
closed-loop systems. However, these research efforts considered teleoperation systems
with the assumption that the master and slave robots are identical. Due to the requirement
of heterogeneous manipulators in practice, the authors in [37] proposed scaled bilateral
teleoperation for robots with different configurations. Teleoperation systems with hetero-
geneous robotic manipulators have been presented in [54]. However, the teleoperation
system was developed without considering possible time delays in the network.

Due to the fact that the master and slave robots may be separated by a consider-
able distance, the human operator is not able to access complete information about the
environment. Incomplete information about the remote environment, which leads to cog-
nitive limitations of the human operator, constrains the capabilities of the teleoperation
system. Therefore, a semi-autonomous control framework is developed in this disser-

tation to study task space teleoperation, in which the slave robot is able to accomplish



additional tasks autonomously.

Under dynamic uncertainties and constant delays, the position and velocity tracking
between the master and slave robots is guaranteed in the absence of external forces. In
the presence of human and environmental forces, the semi-autonomous teleoperation is
studied with the investigation of force reflection. Thus, the human operator only requires
focusing on manipulating the master robot while the slave robot, in addition to tracking
the master robot, is able to accomplish several sub-tasks autonomously. Moreover, a
collision avoidance algorithm is proposed in this research for slave robot to autonomously

avoid obstacles in the remote environment.

1.2.3  Control of Robotic System over Networks

The use of communication networks for interconnecting robotic systems and con-
trollers can lead to significant advantages, such as the increased flexibility and modularity
as compared to traditional wired connections. However, the communication channels,
which are subjected to time delays, packet losses, and data reordering, can not only de-
grade the performance of the closed loop system but also render the system unstable.

Transmitting signals between dynamical systems and controllers via communica-
tion networks can potentially lead to various applications [56, 117]. Since signals ex-
changed between the plant and the controller go through communication networks, the
presence of time delays can cause significant impediments to the stability problem and
degrade performance of the closed-loop system. There have been numerous research ef-

forts focusing on control problems where the control system is closed through a real-time



network [56, 106, 107, 117]. Such systems could bring significant advantages to the field
of robotics and automation, such as controlling robotic systems by utilizing controllers
installed in portable devices. However, the research on this topic has not focused on
controlling networked robotic systems.

The problem of controlling robotic system in the presence of input-output commu-
nication delays is studied in this dissertation. Based on passivity property of the robotic
manipulator and controller, stability and performance of position regulation under con-
stant delays are investigated with the use of scattering variables. The proposed framework
with scattering representation, after slight modification, can be extended to the system
with time-varying input/output delays. Yet, this control framework cannot guarantee the
regulation of the robotic manipulators under time-varying delays. Therefore, a new frame-
work is presented in this research to ensure both stability and asymptotic convergence of
the regulation error to the origin. Experimental results are addressed for networked con-

trol of robotic manipulators under input/output communication delays.

1.3  Outline

The problem of controlled synchronization for interconnected identical robots is
presented in Chapter 2. Provided that the communication topologies are balanced and
strongly connected, coupling control schemes are developed for the networked robotic
systems, subjected to dynamic uncertainties, to guarantee synchronization of the robots’
outputs. The effect of human input to one of the robots, time delays in the communication

channels, and using a weaker interconnection topology are investigated in this chapter.



Motivated by the application of synchronization in bilateral teleoperation and the
utility of task-space teleoperation, controlled synchronization between heterogeneous
robots is studied in Chapter 3. Under the assumption that robots are communicating over
topologies represented by balanced and strongly connected graphs, a control scheme is
proposed that guarantees synchronous action by the robots. As delays are rarely constant
in practice, a new synchronizing control for time-varying delays problem is proposed to
guarantee stability of the networked system.

A semi-autonomous control framework is presented in Chapter 4 for bilateral tele-
operation systems in order to mitigate the cognitive limitations of human operators and
lack of complete information about the remote environment. Considering robots with
heterogeneous configuration, control schemes are proposed to ensure safety and enhance
the efficiency of complex teleoperation systems. By utilizing the redundancy of slave
robots, several sub-task controls, such as singularity avoidance, joint limits, and collision
avoidance, are developed to achieve teleoperation semi-autonomously.

In Chapter 5, the problem of guaranteeing stability and performance in position
regulation control of robotic systems under input-output delays is studied. Scattering
transformation, which was developed for bilateral teleoperation to ensure stability, has
been harnessed to stabilize the system. Control architectures are presented to stabilize
and to improve tracking performance for both constant and time-varying delays in the
input/output communication channels. Experimental results are presented to validate the
proposed control systems.

In Chapter 6, the results obtained in this dissertation are summarized and presented

along with possible future research directions.
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Chapter 2

Synchronization of Networked Robotic Systems in Joint Space

Synchronization is significant and plays an important role in the study of networked
robotic systems. Cooperative manipulations, bilateral teleoperations, industrial manufac-
turing, and flight formation control could benefit from the utilization of synchronization
between robotic systems. The problem of synchronization with trajectory tracking for net-
worked robotic systems is studied in this chapter. A passivity-based control algorithm is
developed to guarantee synchronization and trajectory tracking for networked robotic sys-
tems under balanced and strongly connected graphs. In addition, the case when a human
operator input is introduced in the closed loop system is also studied. It is demonstrated
that a bounded human input results in bounded tracking and synchronization errors, even
with constant time delays in communication channels.

Controlled synchronization of networked robotic systems is studied for a weaker as-
sumption on the communication topologies in the second part of this chapter. By using a
weighted storage function, it is demonstrated that synchronization and trajectory tracking
of a networked robotic system is achievable when the robotic systems communicate over
strongly connected graphs that are not necessarily balanced. Moreover, the robustness of
the control algorithms to constant delays in communication is also demonstrated. Numer-
ical simulations using two-link robotic manipulators and experiments using PHANToM

Omni devices are presented to demonstrate the performance of the control algorithms.
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2.1 Introduction

The idea of synchronization [67] was proposed to study collective behavior in cou-
pled nonlinear dynamical systems. Different from self-synchronization in the nature [99],
controlled synchronization utilizes a control scheme with artificially induced interconnec-
tions to achieve synchronous action in interconnected dynamical systems. In networked
robotic systems, the interconnections are achieved by using a communication network
which, provides agents the ability to share information with their neighbors. By utilizing
the shared information, agents can be controlled to achieve mutual synchronization. This
phenomenon can potentially result in numerous advantages; for instance, synchronization
of multiple robotic systems can improve the technology for mass and quick production in
industrial manufacturing [36]. Furthermore, in a bilateral teleoperation system, the idea
of controlled synchronization was utilized for demonstrating delay-independent conver-
gence of tracking errors between the master and slave robots [14].

In this chapter, the synchronization problem in networked robotic systems is studied
when the individual agents are required to follow a desired trajectory. Synchronization
can be utilized in the tracking problem for not only improving the tracking performance,
but also for improving the transient behavior [10, 17, 82]. In the control of ship replen-
ishment [46], synchronization was utilized for leader following of the main ship, which
tracked a desired trajectory. Controlled synchronization has also been applied to atti-
tude control for satellites and spacecraft [2,44], and for tracking and formation control of
multiple grounded and aerial vehicles [16,23,49,100, 110].

Controlled synchronization was proposed in [12,76] to study collective behavior of

11



nonlinear dynamical systems. Coordination of robotic manipulators was studied in [81]
where two robots synchronize while tracking a desired trajectory. In [82], mutual syn-
chronization of nonlinear robotic system while tracking a desired trajectory was proposed.
With only position measurements, this paper demonstrated that the robotic systems can
achieve synchronization by ensuring semi-global exponential convergence of the synchro-
nization errors. However, the proposed control scheme did not scale well with the number
of agents due to the requirement of all-to-all couplings. Furthermore, the system dynam-
ics of the agents were required to be known, and no communication delay between the
robots was considered [82].

Contraction theory was recently exploited to guarantee synchronization and trajec-
tory tracking for multiple robotic manipulators in [17], where different time-scales for
tracking and synchronization were presented. A neural network was used in [6] for syn-
chronization of networked Lagrangian systems with tracking control in the absence of
time delays. Two robotic manipulators were utilized to validate the proposed protocol,
which consisted of a PD controller and a nonlinear term with adaptive tuning laws at
each robotic agent. A distributed controller was proposed in [57] to guarantee state syn-
chronization of Euler-Lagrange systems with trajectory tracking under switching topolo-
gies. However, the communication links were assumed to be undirected, and time delays
between agents were not considered. The synchronization problem with dynamic un-
certainty was recently studied in [72] where nonlinear couplings were utilized together
with a new adaptive control algorithm. The coordinated tracking problem with a dynamic
leader was studied in [58].

In this chapter, the problem of synchronization and trajectory tracking for coupled

12



robotic systems is studied. The first aim of this research is to overcome the restriction
on all-to-all coupling and to relax the assumption of perfect communication channels that
considered in previous papers. A passivity-based control algorithm is proposed in this
chapter to demonstrate that if the interconnection topology between the agents is balanced
and strongly connected, the networked robotic system can achieve synchronization and
trajectory tracking. Moreover, it is demonstrated that the interconnected system is stable
and the convergence of synchronization is guaranteed if the communications is subjected
to unknown and bounded constant delays.

Autonomous robotic systems operating in cluttered or possibly dynamic environ-
ments can be guaranteed to achieve only a small set of the desired tasks with possibly
conservative performance. Hence, it is important to study the case where human op-
erators can intervene intermittently to influence the networked system and ensure com-
pletion of the desired task. The application can be accomplished by exploiting coupled
synchronization between the agents. Since the presence of human input is not considered
for exploiting coupled synchronization in the literature, the problem of synchronization
for networked robotic systems with an arbitrary bounded human input is studied in this
chapter. The control system is demonstrated to be stable with explicit bounds on the syn-
chronization and tracking errors as a function of the human input even with time delays in
communication. The proposed control schemes for synchronization of networked robotic
systems under balanced and strongly connected graphs are experimentally implemented
on interconnected PHANToM Omni devices.

In the research on controlled synchronization, the assumption that the communica-

tion topology is balanced and strongly connected was required in [10,51] and the first part
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of this chapter. Even though the balanced graph assumption is weaker than all-to-all com-
munication [81, 82], and the undirected graph assumption [57], it can nevertheless result
in high communication costs. Therefore, in the last portion of this chapter, the controlled
synchronization problem is studied with the assumption that the communication topol-
ogy is only strongly connected. In addition to reducing the number of communication
links, unreliability in the communication channel is another issue that should be carefully
considered. Hence, the robustness of the proposed controlled synchronization algorithms
to communication delays is also studied for the proposed control system. Simulation
results using a group of two-link robotic manipulators are presented to demonstrate the
performance of the control algorithms.

This chapter is organized as follows. The main results for controlled synchroniza-
tion of networked robotic systems are presented in Section 2.2. The case with delays in
the communication channels and human input to the robots are addressed in Section 2.2.2
and Section 2.2.3, respectively. The experimental results of synchronization with bal-
anced and strongly connected graph are demonstrated in Section 2.3. Subsequently, the
problem of synchronization for networked robotic systems is studied in Section 2.4 for the
case that the communication topology is only strongly connected graph. Numerical ex-
amples are discussed in Section 2.5. The results addressed in this chapter are summarized

in Section 2.6.
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2.2 Synchronization of Networked Robotic Systems

Following [95], the dynamics of a robotic system, in the absence of friction and

viscous damping, can be described by the Euler-Lagrange equation

M(q)G+C(q,4)q+g(q) = u (2.1)

where ¢ € R™ is the vector of generalized configuration coordinates, u € R" is the
vector of generalized forces acting on the system, M(q) € R"™" is a symmetric and
positive definite matrix, C'(¢,¢) € R™ is the vector of Coriolis/Centrifugal forces, and
g(q):%—g € R™ is the gradient of the potential function H(q). Although the equations of
motion (2.1) are coupled and nonlinear, they exhibit certain fundamental properties due
to their Lagrangian dynamic structure (See Appendix A.2).

The motivation of this research is to guarantee state synchronization for intercon-
nected robotic systems with trajectory tracking in the presence of communication delays
and dynamic uncertainties. The controlled synchronization of networked robotic sys-
tems (with and without human operator inputs) is discussed in this section based on the
Slotine-Li trajectory tracking algorithm [92]. In the following analysis, it is assumed that
the individual agents are required to track a time-varying trajectory ¢¢(¢), which is twice
differentiable. Thus, the signals ¢¢(¢), ¢%(t) are well-defined, and they are assumed to
be bounded. In the rest of this chapter, for the sake of simplicity, the argument of the
time-dependent signals is omitted, for example ¢¢(t) = ¢%, unless otherwise required for
the sake of clarity.

For the sake of completeness, the trajectory tracking algorithm proposed in [92] and
its passivity properties are discussed first in this section. By defining the tracking error as
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d = q — ¢%, arobotic system is said to asymptotically track a desired trajectory ¢¢ if

lim §(t) = lim ¢(t) = 0. (2.2)

t—00 t—o00

Let the control input for the system (2.1) be given as
u:Ma+C'v+g—Kts+Ts:Y(q,q,v,a)(:)—Kts+7‘s (2.3)

where "~ denotes the estimate of the enclosed signal, K is a positive definite diagonal
matrix, and 7, is the synchronizing control that will be subsequently defined. The formu-
lation Y (q, 4, v, a)@ = Ma+ Cv + g 1s due to the linear parametrization property for
Euler-Lagrangian systems in Property A.2, and © is the estimate of the unknown param-

eters ©. The quantities a, v, s in (2.3) are given as
v=q"—AG, a=iv=§"—Aj, s=q¢-v=q+Ag (2.4)

where A is a positive definite diagonal matrix.

On substituting (2.3) into (2.1), the closed-loop system can be rewritten as
Ms+Cs+ Kis=Y0O + 1, (2.5)

where © = © — © represents the error between the actual and the estimative uncertain

parameters. Let the estimate of uncertain parameters O evolve as
©=-I"'y"s (2.6)

where [' € RP*? is a positive definite matrix. Thus, the closed-loop system is given as
6 =-T1y7s
G=—AG+s 27)

SIM_l(—(C+Kt)S+Yé+Ts)

The following lemma discusses the passivity properties of the closed-loop system.
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Lemma 2.1 The dynamical system (2.7) is passive with (T, s) as the input-output pair.

Proof Consider a positive-definite storage function for the system as
V(s,§,0) = %<8TMS 42 AK,G + (Z)TP(Z)). 2.8)
Differentiating along trajectories of (2.8) and using Property A.3, Vis given by
V= sTMs + %STMS 424" AK§ + O7TO

~ 1 . ~ .
= s"( = (C+ K)s+ YO +7.) + 55" Ms — 67V "s + 24" A

= —sTK;s + QQTAKth +sTr,.
By expanding s = ¢ + Ag, the derivative of the storage function becomes
V=—(§ Kig+q"ATK,AG) + 77s. 2.9)

Following Definition A.1, the dynamical system (2.7) is passive with (7, s) as the input-

output pair respectively. o

2.2.1 Controlled Synchronization

Passivity of (2.7) with (75, s) as the input-output pair and a positive-definite storage
function (2.8) implies that the output synchronization results in [12] are applicable to the
current setting. In the study of controlled synchronization, the communication topology
and information exchanging between agents can be represented as a graph. Some ba-
sic terminology and definitions from graph theory [26], which is sufficient to follow the

subsequent development, are mentioned in Appendix A.3.
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By denoting agents as the individual robots in the networked robotic systems, the

i'" agent is defined according to
Mi(q:)di + Ci(qis Gi)Gi + 9i(a:) = ;. (2.10)

After using the feedback law (2.3) and the adaptation law (2.6), the closed-loop dynamics

for the individual robotic system can be rewritten as

0; = —I; 'Y
Gi = —AGi + s, (2.11)
§; = MZ-_I( — (Cy + Ku)si + Y0, + Tsi)
where 7 = 1,..., N is the set of agents in the networked robotic system. The signal s;
is the new output of the system, and the i*" agent exchanges its output signal s; with the
other agents based on the communication graph G.
The aim of this research is to guarantee synchronization and trajectory tracking for

the networked robotic systems. The agents are said to output synchronize if their outputs

satisfy the following definition.

Definition 2.1 Consider the robotic system (2.11), where s, is the output of the i*" agent.

Then, the networked robotic system is said to output synchronize if
Jim [3;(0)—s:(1)| =0 ¥, j € Ni(G) .12
where N;(G) denotes the set of neighbors of the i'" agent in the interconnection graph G.
The output synchronization (2.12) implies that

s;— s = (@ + AGy) — (G + AGy)
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- (Qj — 4%+ A(g; — Cld)) - (qZ‘ — "+ Mai - qd)>

= (4 + Agj) — (¢ + Agi) = éij + Aey (2.13)

where e;; = ¢; — ¢;. The above equation represents an exponentially stable linear system
with the input s; — s;. As shown, for example, in [94], it follows that if s; — s; is a signal
that converges asymptotically to zero and e;; is bounded, then lim,_, €;;(t) = 0, Vi, j.
Therefore, output synchronization in the absence of communication delays (2.12) also
guarantees that the agents’ position and velocity asymptotically approach each other.
Let the output synchronizing control law be given as
Ti=K, Y (s;—si), Vi (2.14)
JEN(G)
where K is a positive scalar synchronizing gain, which is assumed to be identical for
all agents. By denoting z; = [s; §; (:)Z]T as the state of the individual robots and Z =
T

(2T -+ zL]T the state of the networked robotic systems, the following theorem states the

synchronization results in the absence of communication delays.

Theorem 2.1 Consider the dynamical system described by (2.11) and (2.14). If the inter-
agent communication graph G is balanced and strongly connected, then the agents output

synchronize and asymptotically follow the desired trajectory.

Proof Consider a positive-definite storage function for the NV agent system as

N

V(Z) = ZV;(Z@) =

i=1 =1

DN | —

where V; is the storage function for i*" agent and is defined as in (2.8). Following the proof
of Lemma 2.1 and using (2.14), the derivative of this storage function along trajectories
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of the system can be written as

N N
V= Z Vz = Z ( - qu'TKtiqLi - CL‘TATKMA@' + 7’3;51)
i=1 i=1
N N
== Z(@ K + G A KuAg,) + K, Z Z (s]5i— 55 ).
i=1 i=1 jeN;(G)

As the interconnected graph G is balanced, the exchanging signals satisfy [12] such that

22 Z Z > s +Z > sT(t)s;(t).  (2.16)

i=1 jeN;(G =1 jeN;(G) i=1 jeN;(G)
Therefore, it follows that

N

N
. Ks
V = E (QZ KtzQz + qz A KtZAQ2 E g ) < 0 (2 17)
i=1 i=1 geM(g

Thus, the zero solution of (2.11) and (2.14) is globally stable and all signals are
bounded. Integrating the above equation from [0, ¢, it is shown that g, G;, (sj—s;) € Lo,
where Vi, j € N;(G). As all signals are bounded, it can be obtained that g, §;, (8, —8;) €
L, from the closed loop dynamics (2.11). It is well known [95] that a square inte-
grable signal with a bounded derivative converges to the origin. Hence, lim;_, ., gz(t) =
limg o0 Gi(t) = 0 and limy—,o0(s;(t) — si(t)) = 0 Vi,j € N;(G), which satisfy (2.2)
and (2.12). Therefore, the N individual robotic systems achieve synchronization while

following the desired trajectory asymptotically. ]

2.2.2  Synchronization with Communication Delays

As the agents are expected to exchange information with their neighbors over a
communication network, the effect of time delays on the stability [79] of the networked
systems needs to be studied. For the sake of simplicity, the delays between two connected
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agents are assumed to be constant, bounded, and unknown to the controller. As there can
be multiple paths between two agents, Tl’j denotes the delay along the k" path from the
i'" agent to the j'" agent, and henceforth it is denoted as the path delay. The problem is
studied under the restriction that delays along all paths of length one are unique, i.e. the
transmission delay from one agent to the other is uniquely defined.

By denoting Tj; as the unique transmission delay in the communication channel
from the i'* agent to the j'* agent, the agents are said to delay-output synchronize if the

system satisfied the following definition.

Definition 2.2 In the presence of communication delays, the networked robotic system

(2.11) with s; as output is said to delay-output synchronize if
lim [t — T30) —s:(1)[| =0 Vi j € Ni(G) (2.18)
—00

For a path of length one, where the delay is nothing but the one-hop transmission

delay, delay-output synchronization in the sense of (2.18) implies that

s;(t = Tji) = s = (q;(t = Tja) + MGt — Ty)) — (G + AGy)
= (450t = T3) = @*(t = T3) + Mgyt = Ty) = ¢"(t = T))) = (s — " + Al = ¢)
= (@t = T3) = @) + @ = "t = T5)) + A (@t = Tp) = @) + (a" = 't = 7))

= ¢l + e, (2.19)

where e; = (q;(t —T};) — @) + (¢* — ¢*(t — T}s) ). The above equation represents a stable
linear system with s;(t —7};) — s; as the input signal. Hence, if s,(t —T};) — s; converges
asymptotically to zero and ef; is bounded, then lim . e;(t) = 0, Vi,j € N;(G).
Therefore, if the signal e?j approaches the origin, then boundedness of the position and
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velocity errors between the individual agents is guaranteed.
Motivated by the above property, let the synchronizing control be given as

w=K, Y (si(t—Ty) —s;), Vi. (2.20)
JEN(G)

By defining Z, = Z(¢), ¢ € [t — Ty, t], where Tyy = max(T};), Vi,j € N;(G) as the

state of the system, the synchronization result in the absence of time delays follows.

Theorem 2.2 Consider the dynamical system described by (2.11) and (2.20). If the in-
teragent communication graph G is balanced and strongly connected, then the agents

delay-output synchronize and asymptotically follow the desired trajectory.

Proof Consider a positive-definite storage functional for the system as

N
%Z(TMSZJrquKuqu@ F@>+—Z Z / (w)dw.

i=1 i=1 jeN;(G)
2.21)

Differentiating (2.21) along trajectories of the system and utilizing the delay-synchronizing

control (2.20), V is given by

N
V= Z ( - Cjz‘TKm'qu' - diTATKtiAqi + 7-3;32.)

=1

+% Do D (s7sp— st = Tp) st = Tyn))

=1 jEN(9)
N . N
— > R A Y D (=T - o)
=1 i=1 jEN(G)
K N
+7S Z Z (sj 85— sj (t = Ty)sj(t — Ti)).

=1 jENi(9)

Exploiting the balanced graph assumption (2.16), the derivative of the storage function
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can be rewritten as

N
. T - ~ ~
V=- Z(QZ Kugi + @ AT KyAG;)

=1

——Z S (st = Tyi) — 50" (s5(t = Tys) — s,) < 0.

i= 1]ej\/' (9)

Hence, all signals in the dynamical system described by (2.11) and (2.20) are bounded.
Following the arguments as in Theorem 2.1, it can be shown that lim; ., (jz(t) = 0,
limg o0 Gi(t) = 0 and limg,oo(s;(t — Tji) — si(t)) = 0 Vi,j € N;(G). Therefore,
trajectory tracking and output synchronization due to strong connectivity is guaranteed in

the presence of time delays in communication. ]

2.2.3  Synchronization with Human Input

In this subsection, the synchronization of networked robotic systems is extended to
the case when a human operator is included in the control loop. For the sake of simplicity,
it 1s assumed that there is no dynamic uncertainty (©; = 0) in the following analysis.
Consequently, the system dynamics based on the control law (2.3) with the human input

can be written as

Ji = AG; + s
(2.22)
$i = M\ (=Cisi — Kyisi + Tai + Thi)
where 73; is the force applied by human operator on the i** robotic system. It is assumed
that 7,; € L, and only one of the agents in the network is influenced by human operators.

The motivation behind this formalism is to provide a framework for manipulating a group

of robotic systems to a desired configuration. Specifically, it is desirable that by utilization
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of the synchronization mechanism, the human operator can guide the networked robotic
systems to a desired configuration.

By denoting E; = {e;;|j € N;(G)} the synchronization state of the i*" agent, let
2 = [si G; E;]" denote the state of the i*" agent and z; = [; ¢; E;|”. The agent state z; is

related to z; by a linear diffeomorphism, z; = H;Zz;. The matrix H; is given by

In A Q)n XN

D Bn T, |
where 0),,x,, € R"*™ denotes a zero matrix, and Z,, € R"*" denotes an identical matrix.
The matrix H; is a nonsingular positive definite matrix with all non-distinct eigenvalues of
one. Thus, ||z;|| = ||H:z|| < ||H;||||Z:|| < ||z, where || - || denotes the Euclidean norm.

Define Z = [z] --- 2%]7 the augmented state of the networked mechanical systems, the

next result in the presence of human input follows.

Theorem 2.3 Consider the interconnected dynamical systems described by (2.22) with
the coupling control (2.14). If one of the agents is influenced by human input, and pro-
vided that the interagent communication graph G is balanced and strongly connected,

then all signals in the networked robotic system are uniformly ultimately bounded.

Proof Consider a positive-definite storage function for the networked robotic system as

N
|
vz =35> ( IMisi + 267 AKydi + K, Y eiTjAeij) (2.24)
=1 JENI(9)

Taking the time derivative of the storage function along trajectories, one obtains

N N N N
V= = D K+ AT K@) + DTt DD S ae Do
= =1 i=1 jeNi(9) i—1
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After using the synchronization control (2.14), and applying the balanced and strongly

connected graph assumption (2.16), the derivative of the storage function is given by

N
V = - Z( Km% + qZ A KtzAQZ Z Z - 32‘)
i=1 =1 jeN;(G
+K, Z Z el Né; + Zs? Thi. (2.25)
i=1 jEN(G i=1

On utilizing (2.13), the above equation becomes

N
S Z KtzQz + qz A KtzAQZ - 5 Z Z ATAez] + ZS Thi

=1 jeN;(G)

N
Z iz + Z s Th. (2.26)

The matrix Q; € RETmInx(+n)n is defined as

Ktz' (Z)nxn (Z)nxnni

Qi= | Qpun ATKLA Draxcnn, (2.27)

Q)nnixn ®nni Xn l;s Inl ® ATA

where ) is Kronecker product and n; is the in-degree of agent i.
Based on the assumption that only one of the agents is manipulated by human opera-

tors, the subscript / is used to denote the agent that is influenced by human input. Then the

T
zlz

last term of (2.26) can be rewritten as Z Thi = 51 T. Denoting o := A\pin(Q;) the

minimum eigenvalue of @);, and « := min{ay, 7 = 1,..., N}, and utilizing ||z;|| < ||Z]|,

the derivative of storage function becomes

N
V<= aillall + llanlliml

=1

< —(L=malZlI* = nal ZI]* + | Z][|7]

<—(A—=n)allZ|?=W(Z), YI|Z| > (2.28)

25



where ) € (0,1), 85 := 4/ H;—Z”, and W (Z) is a continuous positive definite function.

Noting Property A.1 and (2.24), there exist K, functions «, and «, such that
a.([Z])) < V(Z) < ([ Z]])- (2.29)

After using Theorems 4.18 in [38], the synchronization system with human input is uni-
formly ultimately bounded, and there exist 7’ > 0, such that V¢ > T\, | Z|| < o " (s (55)).

Hence, the trajectories of the interconnected system are uniformly ultimately bounded. O

For the networked robotic systems in the presence of human input and communi-

cation delays, Ef = {e};[j € Ni(G)} is defined as the delay-synchronization state of

the " agent where e, has been defined in (2.19). By denoting z; = [s; ¢; £7]" and
Zy = [q] d; Ef]T and following the definition in the delay-free case, it is obtained that
26l < ||zl and Z; = [} - zy]". Based on the definition of ef;, the derivative of e,

is given as €, = (¢;(t — Tj;) — ¢;) + (¢* — ¢*(t — T};)). Consequently, the next claim

addresses the case of synchronization with human input and time delays.

Theorem 2.4 Consider the interconnected dynamical systems described by (2.22) and
the coupling control (2.20). If one of the agents is influenced by human input, and pro-
vided that the interagent communication graph G is balanced and strongly connected,

then all signals in the networked robotic system are ultimately bounded.
Proof Consider a positive-definite storage functional for the system as

V(Z) = 5 > (57 Misi + 207 AKudi + K, Y el Ael,

i=1 JEN(G)

¢
+ K Z / s?(w)sj(w)dw). (2.30)
jeNi@)

DN | —

i
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Taking the time derivative of the storage function yields

N

V= Z( Kugi + §F ATK,AG;) + Z s T + K Z Z eflNed, + Z s Th;.

i=1 =1 Je/\/

Following the proof of Theorem 2.3, using the delay-synchronization control (2.20), and

substituting (2.19), the above equation can be rewritten as

N

: e 2 ~ K

V=- Z(‘L’TK&% + G ATKuNG) — > Z Z efled
i=1 i=1 jEN(G)

—— Z Z dTATAeZJ + Z S; Thi

i=1 ]e/\/
N K N
< = D Kt + al ATKaAG) = Y dTATAeU + Z ST Thi
N N
== HQuii+ Y sl h 2.31)
i=1 i=1

where (); is defined as in (2.27). Following the proof in Theorem 2.3, the derivative of

the storage function becomes

N
V<= aillzull® + Izl
=1

< —(L=mallZ)* = nal Z* + [ Zl 7]

< =L =)ol Zl* =W(Z), YIZ| > B, (2.32)

where 7 € (0,1) and W (Z,) is a continuous positive definite function. It is evident from
the above equation that 3 3, such that for || Z,|| > S, V(Z;) < 0. Hence, the state vectors

of the networked mechanical systems are ultimately bounded. O
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2.3 Experimental Results

The proposed controlled synchronization is validated in this section through ex-
periments on interconnected PHANToM Omni haptic devices. PHANToM Omni haptic
device (see Figure B.1) is a cost-effective device that can be utilized to test and validate
control schemes after suitable modifications and improvements [4]. The dynamic and
kinematic model of Omni, which is necessary for the implementation of the proposed
control scheme, and modifications required to carry out the proposed synchronization
control by using Omni devices are discussed in Appendix B. Moreover, it is worth point-
ing out that the synchronizing control proposed in this chapter can be applied to general
dynamical system as long as the systems satisfy the aforementioned assumptions.

In the experiments, the Omni devices were connected to a desktop through the inter-
face IEEE-1394 Firewire port with the sampling rate of 1kHz. The program was written
in C with the use of OpenHaptics API 2.0 to acquire data from and send control com-
mands to the PHANToM Omni devices. The communication topologies of the networked
robotic system are shown in Figure 2.1, which are both balanced and strongly connected
graphs. For the case with communication delays, delays were artificially added to the
system. A first-input-first-output (FIFO) buffer was created in the program for each link
to implement the artificial delays. Experimental results are addressed subsequently.

Trajectory tracking with controlled synchronization is discussed first to demonstrate
that the interconnected systems are stable and can achieve good tracking performance in
the presence of dynamic uncertainty and communication delay between agents. Then,

controlled synchronization of networked robotic systems in the presence of human input
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2

(a) Topology of two agents (b) Topology of three agents

Figure 2.1: Balanced and strongly connected communication topologies for the experi-

ments.

will be demonstrated for both with and without communication delays.

Due to safety consideration, the values of unknown parameters ©; were experimen-
tally determined by using suitable measures. Theoretically, the results presented previ-
ously in the section dictate that the various control gains can be arbitrarily selected to
improve performance. However, the input torque is limited due to the device characteris-
tics and choosing high gains may lead to chattering and potential instability. Therefore,
to avoid chattering and poor tracking performance, the set of suitable control gains A and
K; were selected experimentally.

Experimental results demonstrating synchronization of networked robotic systems
while following a desired trajectory is presented. The controller (2.3) is utilized for
two identical Omni devices under a balanced communication topology as shown in Fig-
ure 2.1 (a). The common trajectory for the individual agents was chosen as §%(t) =
[0.25sin(0.5t) + 0.1sin(0.2¢), 0.3 4 0.15sin(0.8¢), 0.2 + 0.25 cos(0.8t)] " rad, which are

twice differentiable and bounded. The control parameters are given as A = diag{20, 26,
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Synchronization without delays
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Figure 2.2: Joint configuration of the agents when following a common trajectory with

controlled synchronization.

22}, K;; = diag{55,60,55}, I'; * = diag{0.02, 0.02, 0.02, 0.02, 0.02, 0.02, 0.5, 0.5}, i =
1,2, and synchronizing gain K = 5. The system parameters are updated by using
the adaptive control in (2.6) with ©,(0) = [0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 80, 70]" and
©(0) = [0.1,0.1, 0.1, 0.1, 0.1, 0.1, 85, 65] .

In the absence of communication delay, the agents’ configurations are shown in
Figure 2.2. Since there is no compensation for joint friction and due to the assumption
in modeling, the tracking errors is notable. However, both agents in the network achieve
synchronization and are stable as studied in Section 2.2. The estimates of the dynamic pa-
rameters are shown in Figure 2.3, where ©; denotes the i‘" entry of ©. These experimental
results demonstrate that the networked robotic system can achieve synchronization in the

presence of dynamic uncertainty.
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Figure 2.3: Estimates of the unknown parameters.
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Figure 2.4: Joint configuration of the agents in the presence of communication delays.
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Figure 2.5: The uncertain parameters are bounded even when there are communication

delays in the closed-loop system.
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Figure 2.6: Synchronizing errors between agents in the absence of human input.
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For the delay case, all the parameters are selected the same as in the delay-free case
with 715 = 0.3sec and 75; = 0.5sec. The experimental results are shown in Figure 2.4
and Figure 2.5. Even though there are communication delays between agents, robotic
systems achieve synchronization and follow the desired trajectory. The synchronizing
errors between agent 1 and agent 2 are shown in Figure 2.6. It shows that the agents in
the network can still achieve synchronization independent of communication delays.

In the next experiments, as detailed in Theorem 2.3 and 2.4, a human operator
makes the networked robotic systems to deviate from the pre-planned desired trajectory.
For the case of synchronization with human input, three identical Omni robots were uti-
lized under the communication topology Figure 2.1 (b) to validate the proposed control
scheme. The human operator influences the motion of agent 3 in the sequel. The control
parameters are given as A = diag{40, 46,42}, K;; = diag{20,22,20}, i = 1,2, 3, and
the synchronizing gains K = 20. In this case, it is assumed that the parameters ©; of the
interconnected mechanical system are known. Following the experimental results in the
absence of human input, the initial parameter estimates are given as ©; = [0.1, 0.1, 0.1,
0.1,0.1,0.1, 80, 70]*, ©5 = [0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 85, 65]*, and ©3 = [0.1, 0.1, 0.1,
0.1,0.1, 0.1, 80, 65] .

In the case without communication delays, the joint configurations are shown in
Figure 2.7. Agents follow the desired trajectory until the human operator forces the mo-
tion of agent 3 to deviate from the desired trajectory. Due to the synchronization control,
agent 1 and 2 also deviate from the desired trajectory. Subsequently, when human input
is removed, all agents in the communication network track the desired trajectory. The

next experimental results illustrate controlled synchronization with human input under
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Synchronization with human input
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Figure 2.7: Joint configuration of the agents when agent 3 is influenced by a human input.

Synchronization with human input and delays
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Figure 2.8: Joint configuration of the agents with communication delays and human input.
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Figure 2.9: Synchronizing errors between agents in the presence of human input.

time delays, which are selected as T}, = 0.3sec, 153 = 0.2sec, and 73; = 0.5sec. All
the control parameters are chosen to be the same as in the delay-free case. The results
are shown in Figure 2.8. It can be observed that even under communication delays, and
due to coupled synchronization between the agents, the human input forces the agents to
deviate for the desired trajectory. The synchronization errors between agents, based on
the communication topology Figure 2.1 (b), are shown in Figure 2.9. It demonstrates, as
studied in Theorem 2.3 and 2.4, that the networked robotic system is stable with bounded

synchronization errors.

Remark 2.1 For the case with human input, the ability to track a desired trajectory or
synchronize was significantly influenced by the selected control parameters. If higher
values were chosen for the tracking gains K,;, then the agents converge to the desired

trajectory faster with smaller tracking errors. However, in the presence of a human input,
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the increase of tracking errors results in a higher torque to the devices. As the torque
provided by the device is limited, the tracking gains should be carefully selected in the
case with human input. Moreover, due to higher control torques resulting from high
tracking gains, it becomes difficult for the human operator to manipulate the networked
robotic system. Therefore, the trade-off between the synchronizing gain K and tracking

gains Ky, critically influence the behavior of the system.

2.4 Synchronization with Strongly Connected Graph

In the research on controlled synchronization, the assumption that the communica-
tion topology is balanced and strongly connected was required in the previous sections
and the literature [10,51]. Even though the balanced graph assumption is weaker than
all-to-all communication [81, 82], and the undirected graph assumption [57], it can nev-
ertheless result in high communication costs. Therefore, in this section, the controlled
synchronization problem is studied with the assumption that the communication topology

is only strongly connected.

2.4.1 Delay-Free Synchronization

The individual dynamic systems considered in this section are given by (2.11).
Since the networked robotic system is studied with strongly connected graphs, the weighted
Laplacian L, (G,,) (see Appendix A.3) is utilized to represent the interconnection between

robotic systems.
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Let the synchronizing control between the agents be given by

Tsi — Z ’LUjZ'(Sj — Si)> Vi (233)
JEN;(Gw)

where wj; is a positive constant in the weighted Laplacian L,,(G,,), and N;(G,,) is the set
of neighbors of the i’ agent. Define z; = [si G (:)l-]T as the state of the individual agent,
and denote by Z = [zI ... 21]7 the state of the interconnected multi-agent system. The

first result demonstrates controlled synchronization of the networked robotic system on

strongly connected graphs.

Theorem 2.5 Consider the dynamical system described by (2.11) with the synchronizing
control (2.33). If the interagent communication graph G,, is strongly connected, then the

agents output synchronize and asymptotically follow the desired trajectory.
Proof Consider a weighted positive-definite storage function for the N agent system as
N
V(Z) =" % (sT Misi + i Pai + O7T:6;) (2.34)
i=1

It is to be noted that the scalars ; are positive due to Lemma A.1 which exploits strongly
connectivity of the communication graph. Differentiating the storage function along the

trajectory of the system and using Property A.3 and (2.11), Vis given as

1%

i

Y —QS?KZ‘S,‘ + 23?7}‘ + QCLTPZ@)

N
i=1
N
i=1
After using the definition of s; in (2.4) and choosing P; = 2A K (see [96] for details), the

derivative becomes
N
V=2 5= KiGi — @f ATKAG: + 5] 7).
i=1
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On substituting the synchronizing control (2.33) in the above equation, the result is

N N
V=-2 Z (@ KiGi + 4] ATKGAG) + 2 Z is; Z wji(sj — si)
=1 =1 JEN:(Gw)
N

N N
= =2 Z%(ZTK@ —2 Z%@TAT[QA(L’ - Z Z %wji(siTSi - SJTSj)
i=1 i=1

i=1 je-/\/i(gw)
N
T
=YY vwiilsy — i) (55— si)-
By denoting that S7S = [ss; slsy -+ shsy]T, the above equation can be

rewritten as

N N
V=23 % ATKiAG — 2 vid] Kigi — 7" Lu(S"S)
=1

=1

=Y > mwiils — )" (55— si)-

1=1 ]GM (gw)

By applying the fact that 4% L,, = 0 from Lemma A.1, the above equation can be

written as
N N
V=-2 Z%Cj?Ki(ji -2 Z%CLTATKiACZ'
i=1 i=1

N
— Z Z ’}/iUin(Sj — Si)T<Sj — Si) S 0. (235)

i=1 jeN;(Gw)

Since V (Z) is positive definite and V' (Z) is negative semi-definite, the zero solution
of the system is globally stable and all signals are bounded. Integrating the above equation
and letting ¢ — oo, it can be seen that §;, ;, (s; — s;) € Ly, where j € N;(G,), Vi.
As all signals are bounded, ¢;, ;, (§; — $i), € L. Hence, by Barbalat’s Lemma [38],
limy o0 Gi(t) = limy o0 Gi(1) = 0 and lim; oo (s5;(t) — 54(1)) = 0 j§ € Ni(Gw), Vi.
Therefore, the agents output synchronize and asymptotically follow the desired trajectory.

Additionally, using the definition of s; in (2.4), for any two agents ¢ and j, output
synchronization (2.12) implies that s; —s; = (Q} +Ag;) — (G +Ag) = (4; +Aqj) — (¢ +
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Ag;) = é;; + Ae;;, which represents an exponentially stable linear system with the input
s; — s;. Hence, it follows [94] that if s; — s; is a signal that converges asymptotically to
zero and e;; is bounded, then limy_,« ||e;;(t)|] = 0 Vi,j € N;(Gy). Consequently, the

agents’ joint configuration and velocities asymptotically approach each other. O

2.4.2 Synchronization with Time Delay

In this section, the synchronization result is extended to the case when there are
time delays in the communication network. As the i'* agent receives the delayed output
of its neighbors, the synchronizing control (2.33) becomes

Ti= Y wlsj(t—Ty) —s), Vi (2.36)
JEN;(Gw)

h h

where T}; is the transmission delay from the j** agent to the " agent. The signal
sj(t — Tj;) in the synchronizing control (2.36) is the output signal of the ;%" agent that is
transmitted 77; unit of time ago. It is worth pointing out that knowledge of the communi-

cation delays is not required by the controller. Define Z; = Z(p), ¢ € [t — Ty, t], where

Ty = max(7};), Vi, j as the state for the system. Then the following result holds.

Theorem 2.6 Consider the dynamical system described by (2.11) with the synchroniza-
tion control law (2.36). If the communication graph G, is strongly connected, then all
signals in the closed loop system are bounded independent of the constant delays, the
agents delay-output synchronize in the sense of (2.18) and asymptotically follow the de-

sired trajectory.
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Proof Consider a weighted positive-definite storage functional for N agent system as

N
Zt):Z%(SITMz'Sz‘i‘% qu‘i‘@ F@ + Z wﬂ/ dO')
=1

]EN gw

Following the proof of Theorem 2.5 and the control law (2.36), the derivative of

this storage function is given as

= —22%% qu - 22% TATK, NG — Z Z ViWj; (s Si — 5T3J>

i=1 jeN (gw)
- Z > ;i <3¢T8z‘ — 28] sj(t = Ty) + 57 (t — Tyi)s;(t — sz‘))
i=1 je/\/'-(gw)
= —22%% K — 22% TATKiNG: — 4" Lo (S"S)

- Z S (it = Ti) = 51) " (s5(t = Tyi) — 1)

=1 jeN;(Gw)
N N
= =2 Z%‘CLTK#E —2 Z 7iQ; ATKGAG;
— —

ST qawi(sit = Ti) — i) (s5(t = Tps) — s:) <0,

=1 jENi(Gw)
From the above analysis and using the definition of s; in (2.4), all signals in the dynamical
system are bounded. Following the arguments as in Theorem 2.5, it can be shown that
limy o0 (sj(t—Tji) —si(t)) =0V, j € N;(G,). Therefore, as the communication graph
is strongly connected, the agents delay-output synchronize (2.18). Moreover, it is possible
to demonstrate that [10] delay-output synchronization further implies lim,_,o ||e;(t)|] =

0 Vi, j € Ni(Gu), where e, = (q;(t — Tji) — ;) + (¢* — ¢*(t — Ty)). O
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Figure 2.10: Robots communicate over a strongly connected communication graph.

2.5 Simulation Results

Numerical simulations are presented in this section to demonstrate the efficiency of
the proposed algorithms. In the simulations, five agents, modeled as nonlinear 2DOF pla-
nar robots [95], are interconnected according to the strongly connected topology shown

in Figure 2.10. The weighted Laplacian is given as

60 0 =25 -20 -15

—45 45 0 0 0

L, = 0 55 55 0 0
0 0 =50 50 0
0 0 0 —40 40

Based on L,, the vector v is selected by v = [1.000, 1.333, 1.090, 0.700, 0.375]%, which
satisfies the property that v L,, = 0 in Lemma A.1.
By utilizing the linear parametrization property of Lagrangian system [95], the

robot dynamics is equal to the constant vector of inertia parameters © multiplied the
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Figure 2.11: Performance of the adaptive tracking algorithm in the absence of controlled

synchronization.

matrix of known functions Y. In the following simulations, the actual constant vector of

five planar robots are selected as

©; = [2.406, 0.792, 0.416, 7.980, 0.660]"
O, = [0.688, 0.096, 0.172, 0.840, 0.160]
O3 = [2.108, 0.520, 0.408, 1.900, 0.520]" (2.37)
0,4 = [1.520, 0.500, 0.260, 1.500, 0.500]%
O3 = [2.612, 0.786, 0.353, 2.015, 0.605]"
In addition, the tracking gains are given as K; = 3Z3,7=1,--- ,5,and A = 273.

The simulation result for controlled synchronization with the use of strongly con-
nected graph in the absence of time delays is first demonstrated. Given the adaptive con-
trol parameters I'; = 20Z5, and the initial unknown parameters ©;(0) = [2.647, 0.871,
0.458,2.178,0.726], ©4(0) = [0.585, 0.082, 0.146, 0.714, 0.136], ©3(0) = [2.003, 0.494,

0.388, 1.805, 0.494], ©,(0) = [1.368, 0.450, 0.234, 1.350, 0.450], and ©5(0) = [1.596,
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Figure 2.12: Both tracking and synchronization performance improves with the use of

controlled synchronization.

0.525, 0.273, 1.575, 0.525], the simulation results in the absence of controlled synchro-
nization are shown in Figure 2.11. Due to the dynamic uncertainty in the robotic agents,
the tracking errors are relatively high, which leads to larger synchronization errors as
shown in Figure 2.11 (b).

If controlled synchronization is utilized, and the agents are interconnected using
strongly connected graphs (Figure 2.10) with synchronization gains L,,, the tracking per-
formance improves and the synchronization errors between the agents converge to the
origin asymptotically as shown in Figure 2.12. Compared to the robotic systems without
using synchronization in Figure 2.11, both the tracking and synchronization performance
in Figure 2.12 are improved. In the presence of communication delays 75; = 0.1sec,
Ty = 0.8sec, Ts; = 0.7sec, T = 0.2sec, To3 = 0.6sec, T34 = 0.3sec, Tys = 0.25sec,
the simulation result is shown in Figure 2.13. It can be observed that even with time de-

lays in the communication channels, the interconnected robotic system is stable, and the
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Figure 2.13: The interconnected system is stable and achieves synchronization even if the

communication channels are subjected to delays.

synchronization errors approach the origin.

2.6 Summary

In this chapter, control algorithms for synchronization of networked robotic systems
with dynamic uncertainty under time-delayed communication channels were studied. By
utilizing the control law developed in [92], a coupling control scheme, based on [12], was
first presented to guarantee synchronization and trajectory tracking for the interconnected
robotic systems if the communication topology is balanced and strongly connected. It
was demonstrated that the proposed control scheme can guarantee position and velocity
synchronization with asymptotic trajectory tracking in networked robotic systems. In ad-
dition, the problem was studied for the case when there is a human input being exerted
on one of the robots in the interconnected system. Under the assumption that the system

dynamics are known, the state of the networked robotic systems was shown to uniformly

44



ultimately bounded under the proposed control law. Experiments on networked PHAN-
ToM Omni devices were conducted to validate the proposed control algorithms. The ex-
perimental results showed that additional coupling control can result in synchronization
of networked robotic systems even in the presence of communication delays.

For the sake of reducing communication costs, in the second part of this chapter,
controlled synchronization of networked robotic systems was studied when the commu-
nication topology is only strongly connected. Using a weighted storage function, it was
demonstrated that synchronization of networked robotic systems is achievable on com-
munication graphs that are strongly connected and not necessarily balanced. In addition
to the delay-free case, the effect of communication delays on the synchronization behav-
ior was also studied. Simulations on five interconnected two-link robotic manipulators
were presented to validate the proposed control scheme.

The study of controlled synchronization in this chapter can be utilized for cooper-
ative manipulation, attitude regulation, and formation control. However, the control sys-
tem is considered under the assumption that the individual robots in the interconnected
network have the same degree-of-freedom. In order to enhance the applications of syn-
chronization on networked robotic systems, in next chapter, the synchronization problem

is studied for heterogeneous robotic systems in the task space.
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Chapter 3

Synchronization of Robotic Manipulators in Task Space

Controlled synchronization has been demonstrated as a useful mechanism for coop-
erative manipulation and bilateral teleoperation. In the previous chapter, the synchroniza-
tion problem was studied while the system is subjected to time-delayed communications,
human input, and strongly connected graphs. Despite the practical utility of task-space al-
gorithms, the previous results focussed on joint-space synchronization, and were primar-
ily derived for kinematically similar manipulators. The restriction may limit the applica-
tions of controlled synchronization. Hence, the problem of task-space synchronization of
(possibly redundant) heterogeneous robotic systems is studied in this chapter.

Passivity-based control has emerged as an important paradigm for synchronization
of networked robotic systems. By exploiting passivity-based synchronization results de-
veloped previously, an adaptive control algorithm is proposed to guarantee task-space
synchronization of networked robotic manipulators in the presence of dynamic uncertain-
ties while the communication topology is balanced and strongly connected. Since the
communication channel is possible to have time-varying delays between the robotic sys-
tems when communicating over unreliable networks, the problem of synchronization in
the presence of time-varying delays is also studied. Numerical simulations on heteroge-
neous planar manipulators and experiments on PHANToM Omni devices are conducted

to demonstrate the efficacy of proposed framework.

46



3.1 Introduction

The design of control algorithm, and/or artificial interconnections to synchronize a
group of interconnected dynamical systems is known as controlled synchronization [67].
Controlled synchronization between multiple manipulators can lead to high performance
control algorithms, for example, in production processes where high flexibility, manip-
ulability, and maneuverability are desirable characteristics. Controlled synchronization
for robotic systems was first proposed in [82], where the manipulators were controlled to
follow a desired trajectory, and mutual synchronization between the robotic systems was
utilized to enhance the performance of the closed loop system. As the proposed algorithm
required all-to-all coupling between the agents, the control scheme did not scale well with
the number of robots. Subsequently, contraction theory was utilized [17] to guarantee
synchronization and tracking on regular graphs. The authors also applied their theoret-
ical results for synchronization of formation flying spacecraft [16]. A passivity-based
algorithm for synchronization and tracking of mechanical systems on balanced commu-
nication graphs was studied in [10]. The various advantages of controlled synchronization
have been well discussed in the aforementioned papers [10, 16,17, 82].

The passivity and the dissipativity paradigm were used to study the synchroniza-
tion problem in [12,77,97]. Specifically, it was demonstrated in [11, 12] that nonlinear
passive systems can be output synchronized, provided the storage function is positive def-
inite, and the interagent communication graph is balanced. These results were success-
fully applied to joint space synchronization of bilateral teleoperators [14]. Building on

this work, scaled synchronization of bilateral teleoperators with different configurations
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was proposed in [37]; however, the authors considered motion control of kinematically
identical, and non-redundant robotic systems. Motivated the possible performance ben-
efits of redundant systems, teleoperation of redundant manipulators was studied in [65].
However, the master and slave robots were required to have the same degrees-of-freedom,
and communication unreliabilities (e.g. time delays) between the robotic systems were
not considered.

In this chapter, controlled synchronization of heterogeneous robotic manipulators
in the task space is studied. By demonstrating that the task-space tracking control de-
veloped in [92, 116] is input-output passive, the output synchronization results in [12]
are utilized to synchronize robotic manipulators in the task space. Under the assumption
that the communication graph between the agents is balanced and strongly connected, the
tracking and synchronizing errors are guaranteed to converge to the origin. In contrast
to [14,37,65], where joint-space synchronization between robotic systems was studied,
this research develops task-space synchronization algorithms for multiple non-redundant
and redundant manipulators. Additionally, redundancy in the manipulators is also ex-
ploited for achieving sub-tasks [30], such as increased manipulability in the workspace.

It is well known that time delays in the feedback loop, for example when the
control signals are communicated over unreliable networks, can destabilize the closed-
loop system [79]. The problem of synchronization with time delays has been studied
in [10-12, 17], where the time delays were assumed to be constant and bounded. How-
ever, in networked robotic systems, the communication delays may be time-varying with
possibly unknown statistics. To address this issue, the problem of task-space synchroniza-

tion with time-varying communication delays is also studied. Based on the assumption
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that the maximum rate of change of delays is less than one, a control algorithm is proposed
for delay independent task-space synchronization of heterogeneous robotic manipulators.

The rest of the chapter is organized as follows. The relevant background and the
passivity property of the control algorithm are discussed in Section 3.2, which is followed
by the results of task-space synchronization in Section 3.3. The output synchronization
problem in the presence of time-varying delays in the communication channel is studied
in Section 3.4. The simulation results are presented in Section 3.5, and the experimental
results are mentioned in Section 3.6. Finally, the summary of this chapter is addressed in

Section 3.7.

3.2 Control Algorithm and Passivity Property

The control algorithm and passivity property of the task-space trajectory tracking
algorithm is first developed [92, 116] in this section. Following [95], in the absence of
friction and viscous damping, the Euler-Lagrange equations of motion for an n-degree-

of-freedom robotic manipulator are given as

M(q)i+C(q,4)q+9(q) =u (3.1

where ¢ € R" is the vector of generalized configuration coordinates, © € R" is the vector
of generalized forces acting on the system, M (q) € R™™" is a symmetric, positive definite
matrix, C'(q, ¢)¢ € R" is the vector of Coriolis/Centrifugal forces, and g(q)=% € R"is
the gradient of the potential function G(¢). In this research, the analysis is focused on
manipulators with revolute joints. Therefore, the above equations exhibit certain funda-
mental properties due to their Lagrangian dynamic structure [95]. These properties are
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mentioned in Appendix A.2.
Let X € R™ represent the position of the end-effector in the task space. It is related

to the joint-space vector ¢ as
X=hlg) , X=J)i (32)

where h(-) : R" — R™ denotes the mapping between the joint space and the task space,
and J(q) = Oh(q)/0q € R™*™ is the Jacobian matrix. In this chapter, the Jacobian
is assumed to be known; future work will incorporate adaption schemes as proposed
in [5,20].

In this research, the individual systems are required to track a trajectory X¢(t)
which is assumed to be bounded and twice differentiable. Thus, the signals X(t), X%(t)
are well defined, and are additionally assumed to be bounded. It is also assumed that the
position of end-effector X is known from either vision systems, position sensors or laser
systems, and that the robot is operated in a finite task-space where the Jacobian matrix
has full rank. The synchronization problem in this research is studied under dynamic
uncertainty in the individual robots. The dynamic uncertainty in the robot dynamics is
represented by the uncertain parameter ©, and more details about the uncertain parameter
vector are referred to Appendix A.2.

Let the control input [92, 116] for the dynamical system (3.1) be given as
u=Ma+Cv+§j—Kis— JKYX + J'7, (3.3)

where M , C’, and ¢ denote the estimates of M, C', and g respectively, X =X - X4

denotes the tracking error, K;, K ; and A are positive definite diagonal matrices, and 7,
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is the synchronizing control that will be subsequently defined. The signals a, v, and s in

(3.3) are defined below (for the non-redundant case where n = m),

v=J X — AX — X%)
a=JYX"— AX = X))+ JHX! - A(X — X9)) (3.4)

s=J (=X "+ AX - X)) +¢

where v = ¢ — sand a = v.

By defining » = Js, the signal r is given by
r=(X - X9+ AX - X% = X +AX (3.5)

where r is the combination of position and velocity tracking errors in the task space.
Using Property A.2, the linear parametrization property for Lagrangian systems,

the control input (3.3) can be written as
uw="Y(q,q4v,a)0 — K;s — J'KTX + J'7, (3.6)

where O is the estimate of the unknown dynamic parameter vector ©. Let the estimate of

the dynamic uncertainty be updated as
0=-I"1yTs (3.7)

where ' is a positive definite constant matrix. Substituting (3.6) into (3.1), the closed

loop system can be written as
Ms+Cs+ Kis=Y0 - J'KTX + J'r, (3.8)

where © = © — O. The first result in this research follows.
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Lemma 3.1 The dynamical system (3.4), (3.7), and (3.8) is passive with (15,1) as the

input-output pair.
Proof Consider the positive-definite storage function V" as

V(s,X,0) = (STMS L XTR X + éTré) . (3.9)

N | —

Differentiating the storage function along the system trajectory and using Property A.3,

the derivative of the storage fucntion reduces to
V=sTJTr - sTK,s + XTK,X — sTJTKTX +s7Y® + 6710, (3.10)
Using (3.5), the derivative of X can be written as
X = —AX + Js. G.11)
Substituting the update law (3.7) and (3.11) in (3.10) yields
V= rTr, — sTK;s — XTKJAX. (3.12)
Hence, following Definition A.1 the dynamical system (3.4), (3.7), and (3.8) is passive
with (7, r) as the input-output pair respectively. O
3.3 Task-Space Controlled Synchronization

The problem of controlled synchronization with heterogeneous robotic manipula-
tors is studied in this section. For the networked robotic system, the communication
topology and information exchange between the agents can be represented as a graph.
The reader is referred to Appendix A.3 for the graph theoretic notions utilized in this
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research. The subsequent analysis are performed under the assumption that the inter-
connected communication graph is balanced and strongly connected, and there exists a

unique path between any two distinct agents.

3.3.1 Controlled Synchronization

The passivity property (Lemma 3.1) suggests that the output synchronization results
of [12] can be applied to the dynamical system (3.4), (3.7), and (3.8). Considering an

N agent networked robotic system, the dynamics of the individual manipulators can be

written as
0, = —I7YTs,
X; = Jisi — AX, (3.13)
= M N (—Cisi — Kys; + Y0, — JTKT X, + J]'7y)

where 2 = 1,..., N is the set of agents in the network.

Definition 3.1 The agents communicate the signals r; = J}'s; with their neighbors, and

are said to output synchronize if

lim (r;(t) —r;(t)) =0 Vi, j € Ni(G) (3.14)

t—o00

where N;(G) denotes the set of neighbors for agent i'" in the communication graph G.

By define z; = [(:)i X, s;]7 as the state of the individual agent, the state of the in-

terconnected multi-agent system is denoted by Z = [z{ ... zX]”. Let the synchronizing

control be given as

Ti= Y K(rj—m), Vi (3.15)
JEN(G)
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where the synchronizing gain K is assumed to be a positive constant for the sake of

simplicity. The main result on task-space synchronization is now presented.

Theorem 3.1 Consider the dynamical system, described by (3.13) and (3.15), where the
robotic systems are assumed to be non-redundant. If the Jacobian matrix has full rank,
and the interconnected communication graph G is balanced and strongly connected, then
the agents’ position and velocities synchronize in the task space, and agents asymptoti-

cally follow the desired trajectory.

Proof Consider a positive-definite storage function for the N agents system as

V(Z)=Vi(z1) + ...+ Viv(an) = > Vilz) (3.16)

th

where V;(z;) is the storage function (3.9) for the " agent. Following the proof of

Lemma 3.1, and using (3.12), the derivative of this storage function can be written as

N
V(Z) = Z <T1-TTSZ' - SzTKm‘SZ' - XITKJZAXZ>

1

=

N
- Z Z KSTZ’T(TJ' — 7)) — Z <SiTKt¢S¢ + X,;TKJZAX,L) .

i=1 jeN;(G) i=1
As the information exchange graph G is balanced, the following equation holds [12].
DIPIELEDIPILLAD 3P I
i=1 jeN;(G =1 jeN;(G) i=1 jeN;(G
Therefore, the derivative of storage function becomes
N ~ ~
i=1 jeN;(9) i=1

Hence, the zero solution of (3.13) and (3.15) is globally stable, and all signals are bounded.
Integrating the above equation from [0, ¢], it is shown that X, s;,and (rj—r;) € Lo, where
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J € N;(G), Vi. As all signals are bounded, the signals );(i, XZ, and (7; — ;) € L. By
utilizing Lemma 8.1 in [95], it can be obtained that lim;_, Xi(t) =0, limy_, s;(t) = 0,
and limy_, . (r;(t) — r;i(t)) = 0 j € N;(G), Vi. Therefore, the agents achieve output syn-
chronization (3.14), and asymptotically follow the desired trajectory in the task space.
Note that 7; — 7y = (X; + AX;) — (X; + AX,) = (X, — Xi) + A(X; — X,) = é;; + Aeyj,
where e;; := X; — X, denotes the synchronization error. The equation represents an
exponentially stable linear system with the input 7; — 7;. As shown in [94], it follows
that if 7; — r; is a signal that asymptotically converges to zero, and e;; is bounded then
limg o0 €;5(t) = 0 5 € N;(G), Vi. Therefore, output synchronization (3.14) guarantees
that the position and the velocities of neighboring agents’ end-effectors asymptotically

approach each other. As the communication graph is assumed to be strongly connected,

all agents synchronize in the task space. ]

3.3.2 Synchronization with Redundant Manipulators

If the robotic manipulators are redundant, that is n > m, the null space of the
Jacobian matrix has a minimum dimension of n — m. Therefore, the task-space motion
will not be influenced by the link velocity in the null space. This fact can be utilized in
several sub-tasks, such as singularity avoidance, joint limits, and obstacle avoidance, to
improve the performance of trajectory tracking [30, 104].

Following [114, 116], the control scheme can be modified as

v=JHX - AX - X))+ (T, - T

a=J(X"— AX — X))+ JHX? - A(X — X)) + %[(IH — Jt )]
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s=J (=X 4+ AX — X)) — (T, — Tt + ¢ (3.17)

where ) € R" is a negative gradient of a differentiable function for which a lower value
is associated with a more desirable configuration, Z,, is n x n identity matrix, and J© €
R™™ is pseudo-inverse of J, which is defined by J* = J7(JJT)~!, and satisfies JJ© =
L.

Since pseudo-inverse J* has the following properties,

J(Z,— JYI) =0, (T, — JtJ)J" =0

(L — N Ty — JTI) =T, — J*J

the vector r can be defined analogously (3.5) to the non-redundant scenario.
According to [30], the sub-task tracking error is defined as e (t) = (Z,,— J " J)(¢—
). Pre-multiplying s in (3.17) by (Z,, — J*J) and using the properties above, it can be

given that relation between the sub-task tracking error e and s is

(L, — J*D)s = (T, — JTJ)J (=X + A(X — X9))
(T — JEN (T =TT + (T, — T

=(Z,—J ) (G—) =en. (3.18)

Thus, if lim,;_,, s(¢) = 0, then the sub-task tracking error also approaches the origin.

As the matrix (Z,,— J T J) satisfies the property that J(Z,,—J*.J) = 0, for redundant
robots, the modified signals a, v, and s in (3.17) are employed for the control input (3.3)
in the control task. Hence, following the proof of Theorem 3.1, the convergence of task-
space synchronization errors, and the sub-task tracking errors to the origin is guaranteed
by the control scheme. The next result formalizes the above discussion.
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Corollary 3.1 Consider the dynamical system described by (3.13) and (3.15), where one
or more manipulators may have redundant degrees-of-freedom. If the interconnected
communication graph G is balanced and strongly connected, then the manipulators syn-
chronize in the task space, and asymptotically follow the desired trajectory. Additionally,

the sub-task tracking errors for the redundant manipulators converge to the origin.

3.4 Task-Space Synchronization with Time-Varying Delays

When communicating over unreliable communication networks, such as a wireless
network, it is possible to have time-varying communication delays between the robotic
systems. In the subsequent analysis, it is assumed that 7};(¢) denotes the time-varying
time delays from the j** agent to the i agent. The time delays are assumed to be contin-

uously differentiable, bounded (0 < T;(t) < Thy,; < 00), and satisfy
Ti(t) <Ty <1 jEN(G),i=1,- N (3.19)

where T;; is a nonnegative constant. The condition (3.19) implies that the time-varying
delays cannot grow faster than time itself, but there is no constraint on the decreasing rate

of delays, as long as the delays are continuously differentiable and bounded.

Definition 3.2 In the presence of delays, the manipulators are said to delay-output syn-

chronize if

lim (1 (¢ — Ty(t)) = (1)) =0 Vi, j € Ni(G) (3.20)

t—o00

where r;(t — Tj;(t)) is the delayed output of the j agent received by the i'" agent .
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To achieve delay-output synchronization, positive constant gains dependent on the

maximum rate of change of delays are defined as
3 <(1—=Ty) jeNi(G),i=1,--- N. (3.21)

Let the delay-synchronizing control be given by

2, 1
= 30 K= Tt) - (L + 5)n), Vi (3.22)
JEN(G)
In the proposed control algorithm, r;(t — T};(¢)) indicates the output signal that was
transmitted 7};(¢) units of time earlier by the j" agent, and is received at the current time
instance ¢ by the i'" agent. Hence, the control input defined above utilizes the delayed

output, and does not require exact knowledge of time-varying delays. The result on task-

space synchronization with communication time-varying delays follows.

Theorem 3.2 Consider the dynamical system, described by (3.13) and (3.22), where only
non-redundant manipulators are considered. If the Jacobian matrix has full rank, and
the interconnected communication graph G is balanced and strongly connected, then the
manipulators delay output synchronize and asymptotically follow the desired trajectory.
Furthermore, in the presence of time-varying delays, the synchronization errors in the

task space are bounded, and asymptotically converge to zero.

Proof Consider a positive-definite storage functional for the delayed system as

szl +_z 3 / ri(0)do

i= IJEN

where the storage function V;(z;) is given by (3.9) for i*" agent. Taking the time derivative

along the trajectories of the system yields

N ) ) KN
V= Z (TiTTi — T Kyisi — XiTKJZ»AX,) + 75 Z (7’ T,
i=1 i=1 jEN;(G)
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—(1 = T3] (¢ = T(#))rs(t = T(1)) ).

By substituting the delay-synchronizing control (3.22) into the inequality above, the deriva-

tive becomes

N
. K,
Vs 2 Z (QdiszT = T5(t) — d?{f}Tn — i+ r Tj
i=1 jeN;(G)
N ~ ~
—dgirj(t = Tj(t)) ry(t — Tﬂ(t))> - Z(S?Ktisi + X[ K X)),
=1

As the graph is balanced such that Zfil D jeNi(G) rir, = ZZ 1D jeNi(G r. r;, the deriva-

tive of the storage function becomes

N

i=1

——Z > & t=Tu())" (ri — 1yt — Tiu(1))).

=1 jeN;(G)

Hence, all signals in the dynamical system (3.13) and (3.22) are bounded. Following the
arguments as in Theorem 3.1, it can be obtained that the signals X;, s, 7 (t—Tj(t)) —r; €
Lo, X, Xz, 7;(t — Tj(t)) — 7 € Lo, and it can be shown that lim, X}(t) =0,
limg o0 $;(t) = 0 and limy oo (7 (t — Tj5(t)) — 75(t)) = 0 Vi, j € N;(G). Therefore, the
synchronizing control and communication assumption guarantee delay-output synchro-
nization (3.20) in the presence of time-varying delays in the communication.

By defining ef; := X (t —T};(t)) — X;(t) + X(t) — X*(t — T};(t)), the delay-output

synchronization can be further rewritten as
ri(t = Ty(t)) —ri = ((Xj(t = Tyilt) = Xt = T3a(1))) + A(X;(t — Tpa(t))
=X = T3(8) ) — (K = X) + A — X))
= (Xt = Ta(t)) = X+ X = Xt = Tu(1)))
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+A<Xj(t — Ty(t)) — Xi + X — Xt - sz-(t)))

= &, + Aef. (3.23)

Following the statement in [10], as r;(t — 7};(t)) — r;(t) converges asymptotically to zero

and e, is bounded, lim;_,o e%(t) = 0, j € N;(G),Vi. Since e%; and X are bounded, and

¢ = Xj(t = Tji(t) — Xi + X = XUt — Tyi(t))

J

= (X; = Xo) + X;(t = T(1) = X (3.24)

the synchronization errors in the task space, X; — X;, j € N;(G), Vi, are bounded. Us-

ing (3.24) and letting ¢t — oo, it is concluded that lim,_, (X, (t) — X;(t)) = 0. O

Theorem 3.2 demonstrates that by utilizing the delay-synchronizing control (3.22),
it is possible to synchronize heterogeneous robotic manipulators under time-varying com-
munication delays. Based on the assumption that time delays in the communication chan-
nels are continuous, the derivative of the time-varying delays is less than one due to the
causality implications [45]. Therefore, the delays may be large, but are required to have
slow variations as dictated by the assumption (3.19). In practical implementation, it is
possible that there may be packet losses, sharply varying delays, and packet ordering in
the system. The incoming data can be buffered, and appropriate communication man-
agement modules can be utilized [9] to address this problem. As the application of these
methods is beyond the scope of this research, the readers are referred to [9,41,91] for
more details.

The delay-synchronizing control (3.22) in Theorem 3.2 is applicable for guarantee-

ing output synchronization by choosing d;; = 1 if the time delays in the communication
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channels are constant. In addition, if there are redundant manipulators in the intercon-

nected system, the next corollary follows from the analysis in Section 3.3.2.

Corollary 3.2 Consider the dynamical system described by (3.13) and (3.22), where one
or more redundant manipulators may cooperate with other robots. If the interconnected
communication graph G is balanced and strongly connected, then the agents delay output
synchronize, and asymptotically follow the desired trajectory. Additionally, the conver-

gence of sub-task tracking errors of redundant manipulators is guaranteed.

Remark 3.1 For the problem of controlled synchronization studied in this chapter, the as-
sumption that the communication graph is balanced and strongly connected can be relaxed
by utilizing a weighted storage function addressed in the previous chapter. Following the
development in Section 2.4, the networked robotic systems developed in this section can

be synchronized if the communication graph is only strongly connected.

3.5 Simulation Results

In this section, simulations are presented to analyze the efficacy of the previously
described synchronization algorithms. The networked robotic system consists of two 2-
link, and two 3-link planar manipulators. Since all the robotic agents in the system are
planar manipulators, the control goal is to synchronize the end-effectors in the X-Y plane
while ensuring that they follow the desired trajectory. The agents are interconnected
using a ring topology as shown in Figure 3.1 (a), where agents 2 and 3 are the 2-link
manipulators, and agents 1 and 4 are the 3-link redundant manipulators.

The dynamics of the planar manipulators are adapted from [95]. By denoting m;
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(a) Topology for simulations (b) Topology for experiments

Figure 3.1: Balanced communication topologies for the simulations and experiments.

the mass of the 5 link for the i*" agent, I;; the length of the ;" link for the i*" agent, and

I;; the moment of inertia of the ;" link for the i*" agent, the simulation parameters for

the robotic manipulators are given as

Agent Length of link Mass

1st lll = 12, llg = 09, l13 =0.8 mi1 = 11, mio = 08, mis = 0.5
2nd lgl == ].5, l22 =14 mo1 = ]_2, TMos — 0.6
37~d 131 = 15, l32 =0.6 msy — 08, m3o — 0.75

4th l41 = 09, 142 = 08, l43 =0.7 my = 11, myo = 09, myz — 0.8

Agent Inertia

15,5 ]11 - 0012, 112 - 0135, ]13 - 0025
2nd 121 == 024, [22 == 012

3rd I3 = 0.035, I3 = 0.08

4, | Ly =0.12, Iy = 0.023, 1,3 = 0.31
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with g = 9.8. The initial joint angles are assigned as ¢;(0) = [0.8,1.2,0.4] rad, ¢2(0) =
[0.5,0.8] rad, ¢3(0) = [—0.8,1.8] rad, and ¢4(0) = [1.7,1.6,0.9] rad. The desired trajec-
tory for the end-effectors is given as X (¢) = 1.2+0.5sin(¢) cm, and Y (¢) = 14-0.3 cos(t)
cm. Furthermore, in the simulations, the sub-task function for redundant manipulator
agent 1 is selected as 1); = —20(qy; — 1), which is the negative gradient of (10(q;; —1))?,
where ¢, is the first joint angle of agent 1. This sub-task tracking function forces the
first joint of agent 1 towards ¢;; = 1 rad. In the case of agent 4, 1, = (%(det(JZLJI ) is
selected as in [30] for increasing the manipulability of the manipulator.

The control gains for the subsequent simulations are given as A = diag{10, 10},
Ky = Ky = diag{5,5,5}, Ki» = K;3 = diag{5,5}, and K;; = diag{2,2}, i =
1,2,3,4. In the absence of synchronization, Ky = 0, manipulators follow the desired
trajectory in the task space as shown in Figure 3.2 (a). If the synchronizing gain K, = 10,
agents synchronize and then follow the trajectory as shown in Figure 3.2 (b). For the
redundant manipulators, agents 1 and 4, the null space can be utilized in several sub-
tasks. Based on the sub-task functions described above, the first joint of agent 1 moves
towards a steady state configuration of 1 rad as shown in Figure 3.3, and the sub-task for
agent 4 increases the manipulability as shown in Figure 3.4.

The next simulation results illustrate the task-space synchronization in the presence
of communication delays. The agents communicate the signal r; to their neighbors with
communication delays T12(t) = Th3(t) = 0.6 + 0.5sin(¢/2) sec, and T34(t) = Ty (t) =
0.3+0.2 sin(¢/2) sec, which satisfy the assumption that 7;(¢) < 1,i = 1,2, 3, 4. The gains
for the time-varying delays, d;;, Vi, j, are assumed to be equal for the sake of simplicity,
and are selected as d;; = 0.5 j € N;(G), i = 1,2,3,4. If the synchronizing controller
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Figure 3.2: Trajectory of the end-effectors. (a) Ky = 0, without synchronization. (b)

K, = 10, with synchronizing control (3.15).
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Figure 3.3: Joint angles of the agent 1, which is a redundant manipulator. (a) Without

sub-task control. (b) With sub-task control, the first joint of agent 1 was forced toward

1rad.
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Figure 3.4: Sub-task control of agent 4 increases the manipulability in the task space.
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Figure 3.5: Trajectory of the end-effectors with time-varying communication delay. (a)

Use of non-delay-synchronizing controller (3.15). (b) Use of delay-synchronizing con-

troller (3.22).
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Figure 3.6: X-axis synchronization errors in the presence of time-varying communication

delay.

in (3.15) is utilized without any additional compensation, as shown in Figure 3.5 (a), there
are abnormal oscillations resulting from the influence of time-varying communication
delays. However, if the controller was replaced by (3.22), the manipulators synchronize
without perturbations, and follow the desired trajectory as shown in Figure 3.5 (b). The
synchronization errors between the agents are shown in Figure 3.6 and 3.7. Using the
time-varying synchronizing controller (3.22), agents achieve synchronization faster with

better performance as compared to the controller described in (3.15).

3.6 Experiments

The proposed control algorithms are implemented experimentally by using non-
redundant PHANToM Omni devices. The Omni is a cost-effective device that can be

utilized to test, and verify control schemes. For the subsequent experiments, the detach-
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Figure 3.7: Y-axis synchronization errors in the presence of time-varying communication

delay.

able stylus of the Omni device was removed, and the last two joints were constrained to
reduce the influence of the unactuated links on the robot dynamics. Hence, the Omni
device performs as a fully actuated manipulator with three revolute joints. More details
of the Omni devices are discussed in Appendix B.

In the experiments, three fully actuated manipulators interconnected with a bal-
anced topology (see Figure 3.1 (b)), are controlled by a desktop computer. The control
program was written in C with the use of OpenHaptics API, a software by SensAble
Technologies [88]. It was assumed that all signals acquired from the API are reliable.
The data collection and control input rate ran at a sampling rate of 1kHz, and the po-
sition and velocity of the end-effector was obtained from OpenHaptics API. The de-
sired trajectory for the end-effector was chosen as X (¢) = 60sin(0.27¢)mm, Y (t) =

150 + 40 cos(0.27t)mm, and Z(¢) = 80mm due to the workspace limitations. Moreover,
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Figure 3.8: Experimental results for task-space synchronization with time-varying delays.

time-varying delays were artificially added to the communication path and were given as
Ti5(t) = 0.340.2sin(t)sec, Toz(t) = 0.640.5sin(¢)sec, and T3; () = 0.4+0.3 sin(¢)sec.
The gains d;; utilized to compensate for the time-varying delays were chosen to be equal
withd;; = 0.7 jeN;(G), i=1,2,3.

The experiments were conducted using the control scheme (3.6), where the regres-
sor matrix Y and parameter vector © are listed in the Appendix B. The control parame-
ters are given as A =diag{10, 10, 10}, K; =diag{0.1, 0.15, 0.15}, K ;; =diag{0.1, 0.15,
0.14}, I';' =diag{0.01, 0.01, 0.001, 0.001, 0.01, 0.005, 1.5, 2} i = 1,2, 3, and synchro-
nizing gain Ky = 0.006. The dynamic parameters are updated using the adaptive control
in (3.7) with @1(0) =10.1,0,0.2, 0.4, 0.4, 0.1, 70, 80]7, @2(0) =[0.1,0,0.2, 0.4, 04,
0.1, 80, 60]7, and @3(0) =1[0.1,0,0.2,0.4, 0.4, 0.1, 75, 70]~.

If the synchronizing controller in (3.15) was used, time-varying delays resulted in
abnormal oscillations as shown in Figure 3.8 (a). However, if the controller was replaced
by (3.22), the manipulators synchronized faster with better performance, as shown in Fig-

ure 3.8 (b). For the synchronizing controller (3.22), the synchronizing errors between
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Figure 3.9: When the delay-synchronizing controller (3.22) is used, the above plots illus-

trate (a) the synchronization errors, and (b) the synchronizing torque J7 7.
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Figure 3.10: The control algorithm results in bounded estimates despite the time-varying

delays in the closed-loop system.
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agents are shown in Figure 3.9 (a), and Figure 3.9 (b) illustrates the synchronizing joint
torque JT'7,. As seen from these results, three manipulators can achieve task-space syn-
chronization in the presence of time-varying delays with bounded synchronizing torques.
Additionally, the synchronizing errors in the task space are bounded, and asymptotically
converge to zero. Furthermore, the estimates of the dynamic parameters are shown in
Figure 3.10, where ©; denotes the i* entry of ©. These experimental results demonstrate
that the interconnected manipulators can achieve task-space synchronization in the pres-
ence of dynamic uncertainties, and time-varying communication delays by utilizing the

control algorithms developed in this chapter.

3.7  Summary

In this chapter, task-space controlled synchronization for heterogeneous robotic
manipulators with time-varying communication delays and dynamic uncertainties was
studied. It was demonstrated that robotic manipulators, communicating with each other
over balanced graphs, can achieve task-space synchronization when following a nomi-
nal trajectory. The synchronization results were developed for both redundant and non-
redundant manipulators. If one or more of the robotic systems are redundant, the addi-
tional degrees-of-freedom are exploited to achieve several sub-tasks, such as singularity
and obstacle avoidance. The robustness of the synchronization algorithm to time-varying
delays in communication was also investigated. The efficacy of the proposed control al-
gorithms was studied by numerical simulations, and experiments on PHANToM Omni

robotic systems.
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It is worth mentioning that synchronization for heterogeneous robotic systems de-
veloped in this chapter can be extended to the system with only strongly connected graphs.
Following the study in the previous chapter, the weighted storage function can be utilized
for Theorem 3.1 and 3.2 to prove the efficacy. In next chapter, the benefit of using hetero-
geneous robots in networked robotic systems with human operators is addressed for the

case of teleoperation systems.
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Chapter 4

Control of Semi-Autonomous Teleoperation with Time Delays

This chapter addresses the study of heterogeneous robotic systems for the applica-
tions of teleoperation systems. Due to the cognitive limitations of human operators and
incomplete information about the remote environment, safety and performance of teleop-
eration systems can potentially be comprised. In order to ensure safety and enhance the
efficiency of complex teleoperation systems operating in cluttered environments, in this
chapter a semi-autonomous control framework is proposed and investigated for bilateral
teleoperation.

The semi-autonomous teleoperation system is composed of heterogeneous master
and slave robots, where the slave robot is assumed to be a redundant manipulator. Consid-
ering robots with different configurations, and in the presence of dynamic uncertainties
and communication delays, a control algorithm is first developed to ensure position and
velocity tracking in the task space. Additionally in the absence of dynamic uncertainty,
and in the presence of human operator and environmental forces, all signals of the pro-
posed teleoperation system are proven to be ultimately bounded. The redundancy of the
slave robot is then utilized for achieving autonomous sub-task control, such as singularity
avoidance, joint limits, and collision avoidance. The control algorithms for the proposed
semi-autonomous teleoperation system are validated through numerical simulations on a

non-redundant master and a redundant slave robot.
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4.1 Introduction

Teleoperated robotic systems have emerged as a useful tool to accomplish tasks in
remote or hazardous environments, as was witnessed during the recent Fukushima Daiichi
nuclear disaster. A bilateral teleoperation system is composed of master and slave robots,
where the signals are exchanged between the two robots via a communication channel. On
being manipulated by a human operator, the controlled coupling between the master and
slave robots is utilized by the slave robot for carrying out tasks remotely. However, due
to the fact that the master and slave robots may be separated by a considerable distance,
the human operator is not able to access complete information about the environment.
This lack of information, coupled with the cognitive limitations of the human operator,
limits the capabilities of the teleoperation system. Hence, this limitation necessitates the
study of semi-autonomous robotic systems where there is shared autonomy between the
human operator and remote slave robotic system. The idea of semi-autonomous robotic
systems has been utilized for health care [22], search and rescue [21], and under water
vehicles [48]. In this chapter, a semi-autonomous control framework is developed for
task-space bilateral teleoperation system, where the slave robot is able to accomplish
additional tasks autonomously.

Control of teleoperation system has been studied in [14,47,70]; however, the prob-
lem was solved in the joint space with the assumption that the master and slave robots
are kinematically identical. Due to the practical importance of heterogeneous manipula-
tors, several researchers have recently studied teleoperation systems where the master and

slave robots have different configurations. Building on the work [14], scaled synchroniza-
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tion has been proposed for bilateral teleoperators with different configurations [37], but
the master and slave robots system were assumed to be kinematically identical and non-
redundant manipulators. Teleoperation of redundant manipulators was studied in [65],
where the robots are assumed to track a desired trajectory in the task space. However, the
teleoperation system was developed without considering communication delays and the
master and slave robots were required having the same degrees of freedom. Synchroniza-
tion of heterogeneous robotic manipulators following a desired trajectory in the task space
has recently presented in [51]. Even though the individual robotic manipulators could be
nonidentical and the communication delays are considered, all the agents in the system
require the knowledge of a common trajectory, which is rarely feasible in teleoperation
system.

The study of teleoperation system between nonidentical robots has been recently
addressed [50, 54]. Task-space teleoperation with redundant slave robot has been stud-
ied in the presence of constant delays [50]. A control framework and controller were
proposed to guarantee the position and velocity tracking between the master and slave
robots, but external (human and environmental) forces were not considered and the per-
formance of the force reflection was not studied. An interesting teleoperation system has
been developed in [54], where the system utilizes dual master robots to control different
frames assigned on the slave robot. Even though the authors studied the teleoperation
system, where the master and slave robots are nonidentical, the slave robot requires full
control from the human operator. Moreover, the issue of communication delays, a signif-
icant issue in the study of teleoperation systems, was not considered.

It is well known that the presence of time delays in a closed-loop system affects
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the stability of the teleoperation system [1,79]. The problem of constant time delays in
bilateral teleoperation systems was addressed using scattering or the wave-variable for-
mulation [1,66]. Even though the stability problem is solved by scattering transformation,
position drifts resulting from offset of initial conditions is a well-known problem in such
systems [15]. Without relying on the use of scattering transformation, passive control for
nonlinear robotic teleoperation was studied [47] with constant time delays under the as-
sumption that the system dynamics are known. The result has been further studied in [70]
by demonstrating that it is possible to control a teleoperation system with a simple PD
controller. Recently, without using the scattering transformation, passivity-based syn-
chronization [14] has been utilized to synchronize the state of master and slave robot in
the presence of dynamic uncertainties. To overcome a drawback of the adaptive gravity
compensation algorithm addressed in [14], a new adaptive controller was proposed [71]
to overcome the problem.

As introducing autonomy for various sub-tasks and ensuring stability of the teleop-
eration system in the presence of time delays [28] are important goals for teleoperating
in complex environments, in this chapter, a semi-autonomous control system is proposed
for task-space teleoperation. Considering both time delays and dynamic uncertainties,
the objective of this research is to develop a teleoperation system where the slave robot
can autonomously achieve an additional task while tracking the position and velocity of
the master robot. Hence, the human operator only focuses on controlling the position
of the end-effectors by manipulating the master robot while the slave robot, in addition
to tracking the master position in the task space, is able to accomplish several tasks au-

tonomously.
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The proposed teleoperation system is constituted by a master robot, which could
be a non-redundant or redundant manipulator, with a redundant slave robot. Since the
degrees of freedom in a redundant manipulator is more than the dimension of the task
space, the motion of the redundant robot in the null space of the Jacobian matrix will not
influence the task-space motion. Therefore, this property is utilized for achieving several
sub-tasks, such as singularity avoidance, joint limits, and collision avoidance, to enhance
the overall performance of the teleoperation system. In addition, an obstacle avoidance
algorithm, which is an adaption of a previously proposed collision avoidance scheme for
multi-agent system, is proposed in this chapter for the slave robot to avoid the obstacles
in the remote environment.

The chapter is organized as follows. The control problem is formulated in Sec-
tion 4.2, and the theoretical results for task-space teleoperation system with dynamic
uncertainties and communication delays are presented in Section 4.3. Subsequently, the
semi-autonomous control framework for the redundant slave robot is discussed in Sec-
tion 4.4. The numerical examples for semi-autonomous teleoperation with communi-
cation delays are discussed in Section 4.5. Finally, Section 4.6 summarizes the results

studied in this chapter.

4.2 Problem Formulation

With the assumption that manipulators in the teleoperation system are modeled

by Lagrangian systems (see Appendix A.2) and driven by actuated revolute joints, the
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dynamics of the master and slave robots are given as

Mi(q1)g + Cilqr, 1) dn + g1(@r) = J (@) Fr + 7 @D

My (q2)d2 + Ca(q2, 42) G2 + 92(q2) = —J3 (02) F> + 7
where the subscript {1, 2} denote the master robot and slave robot, ¢;(t) € R", ¢2(t) €
R™, Mi(q1) € R™", My(q2) € R™™, Ci(q, 1) € R™", Coq, G2) € R™™,
g1(q1) € R™, g2(q2) € R™, 11(t) € R™ and 75(t) € R™ are the vectors of applied torques,
Ji(q1) € R™™ and Jo(qo) € R™ ™ are the Jacobian matrices, and Fy(t), Fy(t) € R™!
are the forces exerted by the human operator and the environment on the end-effectors of
the master and slave robot respectively. In order to achieve semi-autonomous teleopera-
tion, the slave robot in this research is assumed to be a redundant manipulator. For the
sake of simplicity, the master robot in the system is assumed to be a non-redundant manip-
ulator; however, a redundant master robot can also be easily incorporated in the proposed
teleoperation framework. The above equations exhibit several fundamental properties
due to their Lagrangian dynamic structure [95], and these properties can be referred to
Appendix A.2.

Let X(t), X2(t) € R" represent the position of the end-effector in the task space.

It is related to the joint space vector as

Xi=hilq) , Xl = Ji(g)d
4.2)
Xy = hy(qa) , Xo= Ja(g2)go
where hy(-) € R"™*", ho(-) € R™*™ denote the mapping between the joint space and the

task space, and Ji(q1) = 0h1(q1)/0q1, Jo(q2) = Oha(qa)/0qs are the Jacobian matrices

that are assumed to be known.
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Figure 4.1: Framework of the proposed semi-autonomous teleoperation system.

In general, lack of complete information (such as obstacles, slave joint limits) about
the remote environment can make teleoperation a tedious task for the human operator. To
address this issue, and to ensure that the teleoperation system is not restricted by the cog-
nitive limitation of the human operator, a semi-autonomous teleoperation framework is
studied in this chapter. As seen in Figure 1, the position and velocity signals, X; and
X ;» are transmitted between the master and slave controller via a communication chan-
nel, which is subjected to constant delays. In the proposed framework, a teleoperation
controller is developed so that the end-effector of the slave robot tracks the corresponding
position of the master robot. Additionally, a sub-task controller is also developed that
exploits the redundancy of the slave robot, to ensure autonomous compliance with other
goals, such as obstacle avoidance, etc., in teleoperation mission. The theoretical formu-
lations proposed in this research ensure that the interaction of the sub-task controller and
the teleoperation controller results in a stable closed-loop system. Moreover, the feedback
signals from the slave robot provide the human operator with a perception of the remote
environment. Hence, the human operator only focuses on manipulating the end-effector
of the slave robot, and the redundant slave robot is able to achieve an additional sub-task

autonomously while tracking the master robot.
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The tracking errors are defined by

e1(t) = Xo(t — To) — Xy (1)
4.3)

62(t) = Xl(t — Tl) — X2<t>

where 77 and 75 are the constant time delays in the communication channel. In the rest of

this chapter, for the sake of simplicity, the argument of time-dependent signals are omit-

ted, for example e; = e;(t), unless otherwise required for the sake of clarity. To develop

the aforementioned semi-autonomous teleoperation system, the following problems are

studied in this chapter:

P1

P2

P3

P4

In the presence of communication delays and dynamic uncertainties, design a syn-
chronization controller for the heterogeneous master and slave robots in free motion

to accomplish the position and velocity tracking (Theorem 4.1) such that

limy o €1(t) = limy oo e2(t) =0

4.4)

If the human operator provides a damping force and the slave robot is allowed to
move freely (Theorem 4.2), demonstrate that the position and velocity of the master

and the slave robots converge asymptotically (4.4).

On hard contact of the slave robot with the remote environment, and when the
human operator exerts non-passive force, ensure the boundedness of the position

tracking ey, e5 (4.3), and force reflection errors (Theorem 4.3).

Based on the proposed teleoperation framework, study the semi-autonomous behav-

ior for P1 to P3 by utilizing the redundancy of the slave robot (Section 4.4).
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The task space teleoperation system between heterogeneous robotic system is first studied

in Section 4.3, and the semi-autonomous control is presented in Section 4.4.

4.3 Task-Space Teleoperation

Let the control input 7; (4.1) ¢ = {1, 2} be given as

T = Miai + éivi + g}l — Kisi — JT7_'Z

)

where Mi(qi), C’i(qi, i), and §;(q;) denote the estimate of M;, C;, and g;, which may
include unknown parameters of the manipulator. The formulation Y;(g;, G;, vs, ai)(:)i =
M;a; + Cyv; + g; 1s due to Property A.2 (see Appendix A) for Lagrangian systems, K
is positive-definite diagonal matrix, and 7; is the coordinating control that will be subse-
quently defined.

The signal a;, v;, and s; in (4.5) are defined as

s1=—J; el +

v =G — 51 = J; e (4.6)
ay = 1 — $1 = J7 ey + J7IAéy

So = —Jy Nea + 4o — (L, — J5 Jo)ths

Ve = (o — S2 = J3 Nea + (L, — J5 Jo)t)s “4.7)

. d
a9 = (jg — ég = J2+/\€2 + J2+/\62 + E[(Im — J;JQ)?/)S]

where ) is a positive control constant, 1); € R™ is the negative gradient of an appropri-
ately defined convex function (for sub-task control in Figure 4.1), Z,,, is a m X m identity
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matrix, Jfl € R™™ is the inverse of J;, and J; € R™ "™ is the pseudo-inverse of .Js,
which is defined by J, = JI(J,J7) ! and satisfies J,J," = Z,.

By defining r; = J;s; and substituting s; into r;, it can be obtained that
ri = Jisi = —)\ei -+ quz = _>\€i -+ XZ (48)

where the property of the pseudo-inverse matrix J; that J5(Z,, — J; Jo) = 0 [115] is
utilized.
On substituting the controller (4.5) in the robot dynamics (4.1), the closed-loop

system for the master and slave robots can be written as

Mlél -+ 0181 + K181 = Ylél — J1T7__1 + JlTFl

4.9)
MQS"Q + 0282 + K282 = }/2(:')2 — J2T7ig — J2TF2
where ©, = éi — ©; is the estimation error of unknown parameters.
Define the coordinating control 7; and 7, as
ﬂ‘ = k’r‘ri — KJ@Z (410)

where £, is a positive constant gain, and K ; is a positive definite constant matrix. By

letting the time-varying estimates of the uncertain parameters evolve as

~

0; = —I;Yls; 4.11)

where ['; is a positive-definite matrix.
Denote by C = C(|—1T;,0], R"), the Banach space of continuous functions map-
ping the interval [—T;, 0] into R", with the topology of uniform convergence. Let z =

[s1 s2 €1 e 0, (:)g]T and define 2, = z2(t + ¢) € C, =T; < ¢ < 0 as the state of the
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system [27]. It is assumed in this chapter that z(¢) = 1n(¢), n € C and all signals belong
to L., the extended £, space. Based on the aforementioned formulation, the following

result provides a solution to the problem (P1).

4.3.1 Free Motion

In this section, the convergence of position and velocity tracking errors to the ori-
gin is studied for the proposed teleoperation system. The heterogeneous master and slave
robots are considered to be able to move freely under dynamic uncertainties and commu-

nication delays (P1). The first theorem is addressed as follows.

Theorem 4.1 Consider the closed-loop teleoperation system described by (4.9), (4.10)
and the update law (4.11). Assume that the Jacobian matrix of the non-redundant master
manipulator is full rank. Then in free motion (Fy = F, = 0) the task space position
error (e;) and the velocity error (é;) asymptotically approach the origin independent of

the constant communication delays.

Proof Consider a positive-definite storage functional V' for the system as

t
V(Zt) = — Z <S;FM181 + @?F_lgl + )\6?KJ€¢ + / X?(U)KJXAU)CZO‘) .
i={1,2} =T
Taking the time derivative of the storage function, V(z) is given by

. ~ 1 . ~

i={1,2}

1. 1. .
+Xel K zé; + §XiTKJXi — §XZ-T(t —~T)K;X;(t — :n)). (4.12)

Using Property A.3 and substituting the coordinating control (4.10), the derivative be-
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comes

V(Zt> = Z ( — S?JlT(/{ZTTZ — KJez) — SiTKZ'Si -+ /\61TKJ€Z -+ 5)(ZTf(J)(Z

i={1,2}
1. )
—5Xilt = T KXt = ) ). (4.13)
Asr; = Jis;and r; = —Ae; + Xi, the derivative can be rewritten as

V(Zt) = Z ( — kﬂ";rri -+ (—)\8Z + XZ)TKJGl — SlTKiSi + )\eZTKJeZ (414)
={1,2}

1. 1. .
+XTK X = 5Kt - TR Xt - T0) ).

Substituting é; = Xg(t —Ty) — X, and éy = Xl(t —-T) — X, yields

. 1. .
V(z) = —kyriry — kordry — sT K s) — sT Kysy — §X1TKJX1
) . 1. ) 1. )
+XTK Xyt — Ty) — §X2T (t —To) K  Xo(t — Ty) — 5X2T K; X,
. . 1. )
+XT KX, (t—T) — §X1T(t ~THK; X (t —Ty)

1
=D (ka ri + sTKis; + iéiTKJéZ) <0. (4.15)

i={1,2}

As V' is positive-definite and V is negative semi-definite, lim; ., V' exists and is finite.
Therefore, r;, s;, ¢, € Lo, and s;, (:)i, e; € L. From (4.10), it can be obtained that
7; € L, hence utilizing Property A.1 and A.4 provides that s; € L., from (4.9). As
s; € Lo, and 3; € L, it can show that lim; ,, s;(¢) = 0. Since s;, $§; € L, the
derivative of r;, = J;s;, which is r; = Jisi + J;s;, results in 7; € L. By utilizing
Barbalat’s Lemma, r; € L5 and 7; € L resultin lim;_,, r;(¢) = 0. Taking the derivative
of r; = —\e; + X;, thus 7, = —\é; + X;, then X; € L., which implies é; € L. Noting

that 61 € £2 and 61 S ﬁoo, 11mti>oo 62 (t) =0.
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The definition of r; and r5 in (4.8) gives that

r=—\e; + X, (4.16)

To = _AGQ + X2 (417)
Delaying (4.16) by 77 and subtracting from (4.17) yields

ri(t—T1) —ro=—MNey(t —T1) —ea) + (Xl(t —T) — Xg)

— AKXt =Ty —To) + Xo — 2X,(t — T})) + éo. (4.18)
Since limy_, o, 7(t) = limy_,o é;(¢) = 0, taking limit of (4.18) for ¢ — oo yields that

By noting that X5(t) — Xo(t — Ty — Ty) = ftt—Tl—T2 X,(0)do, the above equation can be
rewritten as

t
—Qtlim eo(t) = lim Xy(o)do. (4.19)
—00

t—o0 =Ty —T
Observing that lim; o, 79(t) = 0, taking limit of (4.17) results in Alim;_,, eo(t) =
limy o0 X (t). Hence, (4.19) becomes

t

2 . .
— Jim Xy(t) = Jim X,(0)do. (4.20)

t—00 t—o0 t—T1 =T

Since limy_,o é1(t) = limy_,o0 €2(t) = 0, limy_, oo (é2(t) + é1(t — 17)) = 0 gives that

lim (Xy(t — Ty — Ty) — Xo(t)) = 0.

t—o00
From the above equation, it is obtained that lim;_, o, Xg (t) is either a constant or a periodic
signal with period 77 + 7,. By assuming first that lim; ., Xg(t) is a periodic signal,
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limy o0 j;tthlng Xg(a)da = constant. Thus, it is evident that the right term of (4.20)
satisfies

9 ) t )
3 lim X5(¢) = lim Xy (0)do = constant

t—o0 t—o0 t—T) —Th

which contradicts the assumption that lim; ., Xg(t) is a periodic signal. Accordingly,
lim;_,+ X5 can only be a constant. By denoting lim,_,., X5(t) = X5, where X, is a

constant, (4.20) can be rewritten as

9 t ) _
_X Q2 = lim XQ(O')dCT = (Tl + T2>X02
t—o0 t7T17T2

where the second equality results from the mean value theorem. Therefore, it is given
that (Ty + T5) X2 + 2 X» = 0. Since T} + T, and ) are both positive constants, the only
solution is X, = 0, which leads to lim, . Xg(t) = (. Following similar arguments,
it can be demonstrated that lim, .., X, (1) = 0. As limy_y00 7(t) = limy_,o0 Xl(t) =0,
from (4.8) the tracking errors satisfy lim; ., e;(t) = 0. Consequently, the position and
velocity tracking errors of the closed loop teleoperation system are stable and approach

the origin independent constant communication delays. O

Remark 4.1 The convergence of position and velocity errors between the master and
slave robots in the teleoperation system can be guaranteed if lim; ,,, e;(t) = 0 and
lim; o é;(t) = 0. In Theorem 4.1, it is also shown that lim; ., s;(¢) = 0 as the conver-
gence of s; to the origin is necessary (see Section 4.4) for utilizing the null space of the
redundant manipulator to accomplish semi-autonomous behavior (with the use of sub-task
control). For the robot without requiring sub-task control, for example the non-redundant
master robot, the term K;s; in the control input (4.5) could be eliminated. Following the
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proof of Theorem 4.1 for K; = 0, it can be obtained that lim;_, ., e;(t) = lim;_,, é;(t) =
0 and lim;_,, s2(t) = 0. Accordingly, the proposed task space teleoperation system can

still guarantee the convergence of position and velocity errors in free motion.

4.3.2 Damping Force from the Human Operator

The next result addresses the case when the human operator provides a damping
force while there is no contact force between the slave robot and the remote environment
(P2). The external force for the teleoperation system is given as F; = —kdX 1and Fy = 0,
where k,; is a positive constant. A lemma that is utilized in this section for the proof of

stability is addressed first.

Lemma 4.1 [I5] Given signals x, y € R", VYT > 0 there exists o > 0 such that the

following inequality holds

t 0 a T2
[ [ v opodo < Ghelp e ol @2
0 -7 a
where || - |2 denotes the Lo norm of the enclosed signal.

Denoting T = 7 + T and A = 557z (v/K3 + 16K2T + 16k, kT ~ kig) > 0, the

e
next theorem follows.

Theorem 4.2 Consider the closed-loop teleoperation system described by (4.9), (4.10)
and the update law (4.11). If the human operator provides a damping force, and the Ja-
cobian matrix of the master manipulator is full rank, then for the range of gains satisfying
A>X\> 2%, e; = 0and é; — 0 ast — oo. Therefore, the teleoperation system achieve
position and velocity tracking in task space in the presence of constant communication

delays.
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Proof Consider a positive-definite storage functional for the system as

V=5 3 (siTMisi +OTT10; + AT K ey (4.22)
i={1,2}

o [, AR o) 435,05 = 30 (3~ )

Following the proof of Theorem 4.1 with F} = —kdX 1, the derivative of V' is given as

. 1 )
Vi) =— Y (krrl-Tm + sTK;si + géiTKJeO ~ kot X,
i={1,2}
+20E, (X — Xo)T (X — Xy). (4.23)

On substituting (4.8) to expand the term k,r! r;, the derivative of V becomes

. . . 1

Viz)=— Y (ArieZ’ er — 2Nk el X, + b XTX, + 5T Ksy + §é;erJéi>
i={1,2}

F Mgl Xy — kg XT X7 + 20k (X1 — Xo) X1 + 20k (X5 — X1) X,

1

= — Z ()\Qk:reiTei + k'TXlTXz + SlTKiSi + 5

i={1,2}

F2ME (Xa(t — To) — X1)T Xy 4+ 20k (X1 — X)X,

.T .
€; KJ€i>

F2MEep (X1 (t = T1) — Xo) T X + 20k (X — X1) Xs

+>\k’d€{X1 — kdX,erl

By noting that X;(t — T;) — X;(t) = fi):r Xi(t + o0)do, the above equation becomes

Viz)=— Y (ArieiTei + kXTI X+ s] Kysi + %éiT Kjei)
i={1,2}
. 0 . . 0 .
—2)k, X7 Xo(t + o)do — 20k, X Xi(t+o)do
=T =T
—kgXT X1 4+ Megel X (4.24)

By expanding the term Mqel X; < Akg(eler + XTX,), integrating (4.24) from 0 to t,
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and using Lemma 4.1 it can be obtained that

) 1 .
V) = V)<= 30 (Wkelledl + kel Xl + Kellsill + S Kolléal})

i={1,2}
a1'2T22'2a2'2T12'2
200 (SHIX B + 5 1%l + S %al3 + 51X 3)
+20 (S + L1608 + 23 + Kl
: 1 :
—kall X35 + A kalllen 15 + X4 12)- (4.25)
The coefficients of || X1[|2, || X2|/2, and ||e;||? have to be negative in order to guarantee

that V() — V(0) < 0, Vt > 0. Therefore, it is given that from the coefficient of ||e;]|3
1
Ak > §k:d (4.26)

and from the coefficients of || X1 |3 and || X5||2

(v + kg — 1Xka) > Moy (on + 1)
4.27)
ke > Az + )
The above equation (4.27) have positive solutions o and as if k. +kg— %)\kd > Nk, (T1+

T,)? = A2k, T?, which can be rewritten as
_ 1
Nk, T? + g = (k, + kq) < 0. (4.28)

Observing that A has to satisfy the inequality A > 2’% > 0 from (4.26) and A > A > —A

from (4.28), it is given that A > \ > 2%
Consequently, if gains and time delays satisfy the conditions A > A\ > 2’% then

V(t) — V(0) < 0, Vt > 0, and hence the signals s;, e;, é;, X, € L,. Moreover,

Si, ©;, e;, X1 — Xy € L because V is bounded. From the definition of r; in (4.8),

the signals r; € L,. Following the argument in the proof of Theorem 4.1, lim; . s; =
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limy oo = limy_ o €; = limy_, é; = lim;_,, X; = 0. Hence, the position and veloc-
ity errors between the master and slave robot converge to the origin in the presence of

communication delay. |

Remark 4.2 For the teleoperation system in Theorem 4.2, the exact value of k; and T do
not have to be known a priori. The inequality A > 2’% has to satisfy for the existence of

A. Thus, the inequality can be rewritten by

1 _ _ kq
(/K3 16K2T + 16k kT — k) .
1 T2 <\/ a L0 LT A 20k g 1) = o,
After rearranging the above equation, it becomes
k, k, _
4(k—d)2 + 4(k—d) —1>T% (4.29)

By selecting the maximum acceptable k; and T, the range of control gain k, can be
obtained from (4.29). Noting that the control gain \ exists if (4.29) is satisfied, the desired

value of \ can be selected from A > \ > 2%

4.3.3 Hard Contact with the Environment

In the last part of this section, the stability of task space teleoperation when the slave
robot in contact with the environment, which is assumed to be passive with respect to 7y,
and the human operator exerts a non-passive force to the master robot (P3) are studied.

The human and environmental force are given as
Flsz—kth FQZkeT’Q (430)

where K is a positive bounded vector in R", and kj,, k. are bounded nonnegative con-
stant. In this case, it is assumed that there is no dynamic uncertainty, which implies that
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O, = 0. Hence, the closed loop dynamics of the teleoperation system can be written as

M1$1 —+ 0181 + K131 = —J1T7_'1 + J1TF1
(4.31)
Mssy + Cosy + Koso = —J3 7o — J3 Fy

The next lemma is utilized in this section for the proof of stability.

Lemma 4.2 [31] Given signals z, y € R", VT > 0 and a positive definite matrix T

such that the following inequality holds

t t
_22T(#) / y(o)do — / JT (o) Ty(0)do < Ta ()T'a(t).  (432)
t—T t—T
Letting z = [s; Sy €1 eo]”, the result for the hard contact case is addressed.

Theorem 4.3 Consider the closed-loop teleoperation system described by (4.31) and (4.10).
If the external force exerting to the teleoperation system are given as (4.30), and the Ja-
cobian matrix of the non-redundant master manipulator is full rank, then for the range of

gains k, > 5 y > %, all signals in the system are ultimately bounded.

2(1-AT

Proof Consider a positive-definite storage functional V" for the system as

1 Lo :
Via) = 5 > (s;TF M;s; + e Kye; + / . X[ (0)K;X;(0)do
i={1,2} =1

t
Y / (0~ 1+ T)XT(0)X,(0)d6) + Mk (X1 — Xo) (X, = Xa).
t—T;

It is to be noted that V'(z;) > 0, Vz(¢) # 0. Taking the time derivative of the storage
function, V() is given by

: 1 o

Vi)=Y ( — kvl = 5T Kisy = Sel Kyéo + M, TXT X,

i={1,2}

t
—\k, / X?(@)Xi(e)de) +rT B -l R
t—T;
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+20E, (X — Xo)T(X) — Xy). (4.33)

Expanding the term kTrl-Tn- and substituting £, F; from (4.30), the above equation be-

comes

Vi) =— Y (vkref e+ k XTX; + sTKisi + %éf KJéZ->
i={1,2}
. t . . t .
—2\k, X1 Xo(o)do — 20k, XT X, (0)do
t—To t—T1,
t
MV XT X, — Mk, XT(9)X,(0)do
t—T1
t

M T XT Xy — N, XT(0)X5(0)db

t—T5
—i—K?rl - khrfrl — l{:JQTTQ. (4.34)
Utilizing Lemma 4.2 for the integral terms in (4.34) and expanding r; in K JTrl, it can be

obtained that

. e 1
V(Zt) S - Z ()\2]%6?61' + erlTXz + S?Kisi + §€ZTKJ€I>
1={1,2}

N T XT X 4 M, TV X Xy + Mk, To X T Xy + Mk, T XT X

—AK?Ql + K?Xl - khrrfrl - keT2T7”2

IN

o 1

- (A%eg”ei 4k XTX + sTKs; + ieiTKJéi)
i={1,2}

M TXTX + MNe, TXT Xy — kT

[ |
—keryro + Kf Ky + §X1T X+ 3 Aele,

1
~ Xk, — §)€1T€1 — k. N%eley — sT K51 — 55 Kysy

IN

1 1 1 I
—§é1TKJé1 — §e2T Kyés — (k, — 5~ e T) XT Xy

—(kr — Mo T) XJ Xo — kpri vy — kerg o + KT K.

From the coefficient of X 1T Xl, the gains can be chosen by &, > , which

1 1
2(—>T) ~ 2
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implies AT < 1 and k, > 1. Then, the derivative of V becomes
. 1
V(z) < =Nk, — §)€1T€1 — Nkeeley — sTK sy — 5] Kysy + K?Kf.

Define 0 < 17 < 1 and denote K, := min{ Ay (K;), (A2(kr — 3)) }, where Apin () is

the smallest eigenvalue of the enclosed matrix, the derivative becomes

T

< K= ml22 ¥ (2] = 4| L2
—_ mn /rl - Kmln/r]‘

(4.35)

Since K,,;n, 1 are bounded away from zero, and Ky is assumed to be bounded, V(zt) <
0, Vz(t) # 0 for large values of the norm of z(t). Therefore, the trajectories of the system

are ultimately bounded. ]

Remark 4.3 In the case of hard contact scenario, the teleoperation system is expected
to achieve static force reflection. However, in comparison to the previous work in joint-
space teleoperation [15,47], where the force reflection (F; — Fb) was accomplished, the
force feedback error in the proposed semi-autonomous teleoperation system with hard
contact can only be guaranteed to be bounded. For the static force reflection, suppose
that ¢1, ¢o, G1, g2 — 0[15,47], then $;, S — 0. From the closed-loop dynamics of the

teleoperation system (4.31) with Property A.4, it is evident that

Fy — —kr)\(X2 - Xl) + G Ky
(4.36)
FQ — I{ZTA(Xl — X2> — CQKQSQ
where (; is the inverse of JIT , and (5 is the pseudo-inverse of J2T . Therefore, (4.36) guar-
antees that the force feedback error is bounded. Since the term /;s; can be eliminated

for the non-redundant master robot, as discussed in Remark 4.1, the force feedback from
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the slave robot to the master robot becomes F; = —k,A\(Xy — X;). Consequently, the
human operator feels a force proportional to the difference between the position of master

and slave robot in the task space.

Since the slave robot is assumed to be a redundant manipulator, the null space of
the Jacobian matrix has a minimum dimension of m — n, and the task-space motion will
not be influenced by the link velocity in the null space. Hence, this property can be
utilized to achieve a desired sub-task control by appropriately designing the vector 1)
for the slave robot. According to [30], the sub-task tracking error is defined as e;, =
(Z,, — J5 J2)(ga — 1) for the redundant slave robot. Pre-multiplying s, (t) in (4.7) by
(Z,, — Jy Jo), it is obtained that the relation between the sub-task tracking error e, and

So as

(Im — J;JQ)SQ = (Im — J;JQ)J;)\GQ + (Im — J;JQ)QQ
— (Lo = I3 o) (Lo = Sy Jo) s
= (T — Jy J2) (G2 — s) = esy (4.37)
where the properties of pseudo-inverse .J,"

(T — T T)JF =0, (T — JF Jo) (T — T To) = Tn — J5 o

are utilized. Hence, if lim; ,,, s2(t) = 0 (Theorem 4.1 and 4.2), the sub-task tracking
errors approach the origin. Moreover, if s, is only ultimately bounded (Theorem 4.3), the
sub-task tracking error will also be bounded as Z,,, — J;r Jo 1s bounded. This result can

be utilized in several sub-task controls that enable the semi-autonomous characteristics
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of the teleoperation system. Details on the semi-autonomous control problem (P4) are

provided in the next section.

4.4 Semi-Autonomous Control for the Slave Robot

Based on the framework discussed in Section 4.3, the redundancy of the slave robot
can be used for achieving sub-task control for enhancing the performance of the teleop-
eration system. The gradient projection method [90] is utilized in this research with the
proposed teleoperation framework in order to achieve semi-autonomous behavior of the
slave robot. The sub-task of the slave robot can be controlled by designing the auxiliary
function 1, for various applications and demand. Any differentiable auxiliary function
can be used for v, as long as it can be expressed in terms of joint angles or end-effector
position. While other sub-task control methods might suffer from severe computational
requirements [64, 90], the gradient projection method is more useful and suitable for
application in teleoperation systems.

As the slave manipulator is redundant, the null space of the Jacobian matrix has
a minimum dimension of m — n. Therefore, the task space velocity of the redundant
manipulator will not be affected by the link velocity in the null space. The function
(Zn, — JQJr J2)1s in (4.7) can be considered as the desired velocity in the null space of J5.
Hence, a convex function f(g») whose minima leads to the desired configuration can be
defined to control the redundancy of the slave manipulator. In this section, ¢s, X, and
J, are used to denote the generalized configuration coordinates, the position of the end-

effector, and the Jacobian matrix of a redundant manipulator under the sub-task control.
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Then, the negative gradient function of the convex function is given by

0

S

f(qs) (4.38)

which is utilized for achieving the sub-task for the redundant slave robot. In this section,
three sub-task control objectives, that is singularity avoidance, joint limits, and colli-
sion avoidance, are discussed for demonstrating the applicability of the proposed semi-

autonomous architecture.

4.4.1 Singularity Avoidance

The first sub-task considered for semi-autonomous teleoperation is singularity avoid-
ance for the slave robotic system. The goal is to regulate the configuration of slave robot
for avoiding configurations that result in singularity. To this end, the purpose is to increase
the manipulability of the manipulator [64, 65, 114]. Hence, the convex function for this
sub-task can be defined as f(qs) = —\/m . Then, the negative gradient of the

convex function is given as

0 0
Ps = —Ef(qs) = 9 Vdet(JsJT). (4.39)

Using this auxiliary function, the slave robot will regulate its configuration to increase the
manipulability while tracking the position of master robot in the task space. Simulation

results will be demonstrated in the next section to show the utility of this approach.

4.4.2 Joint Angle Limits

In order to enhance the teleoperation performance, the redundancy in the slave robot
can be utilized for respecting joint angle constraints that may occur due to the mechanical
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constraints or may be induced by the operating environment. For example, to maintain

joint limits the function can be defined as [104]

m q.S i qs 1
f(QS) = _H]:1<(1 - m(]zm)( mZn - 1)) (440)
qu qu
where ¢s; is the jy, joint angle of the redundant robot with j = 1,---,m, ¢7;** denotes

the maximum angle for the j;, joint, and q;’}-m denotes the minimum angle for the 7, joint.
Then, the auxiliary function is given by (4.38). Moreover, the convex function f(g,) can
also be replaced by other functions to maintain joint angle limits. For example, if the
convex function is defined as f(qs) = (¢si — 1)* + (gs; — 0.5)?, then using (4.38), the

sub-task control will force the i*" joint towards 1rad and the j** joint towards 0.5rad.

4.4.3 Collision Avoidance

In the last and practically important case, the sub-task control is used for guaran-
teeing collision avoidance between links of the slave robot and obstacles in the operating
environment. Utilizing redundancy of the manipulators to achieve collision avoidance
has been studied in [25, 62, 80]. As collision avoidance were treated as a path-planning
problem, these previous methods are more effective for off-line path planning but are not
ideal for real-time obstacle avoidance. A real-time algorithm has been presented in [39]
by utilizing attractive function for the goal position and repulsive function for obstacles
to avoid collision. However, in a teleoperation system, the desired position or trajectory
is manipulated by the human operator, so there is no predefined trajectory available for
the slave robot.

Hence, a collision avoidance scenario, which is adapted from [98] that was origi-
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nally developed for collision avoidance in multi-agent systems, is addressed in this sec-
tion. The proposed collision avoidance method can be utilized for real-time control, and
only the local distance between the designated collision-free points on the robot and the
obstacle is required for implementing the control algorithm. Moreover, the redundant
robot is unaffected by the collision avoidance control if the designated collision-free
points are outside the sensing regions. In addition, if there exists collision-free config-
urations and paths, the position tracking in the end-effector of the redundant robot can be
guaranteed.

Denote as X, the point on the redundant slave manipulator that need to be pro-
tected from collisions with the obstacles in the environment, and let X, denote the location

of obstacles. Consider the avoidance function between X and X, as

. IIXSk—XOIF—RQ})2
= ke 4.41

where || X, — X, || is the distance between X, and X, € is the set of points that are de-
signed for avoiding collision, R denotes the avoidance distance, and r denotes the avoid-
ance region which is the smallest safe distance of || X, — X, ||. When the distance between
X and X, is less than R, the aim of the avoidance function is to change the configura-
tion of the redundant manipulator for guaranteeing that the distance between X and X,
will remain greater than the safe distance 7.

It is assumed that || X5, — X, || is larger than R for the initial configuration. Denoting
the distance between X, and X, as dy, = || X — X,||, the sub-task control for X is

given as the negative gradient of the potential function and can be written as

— _ 10fk(gs 0/ (gs Ofr(gs
a2 . oy a2
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Figure 4.2: Diagram of collision avoidance scenario.

where af#(qs) forj =1,--- ,m1is given by

57
¢

0 if dpo > R

R2—r2)(d2_—R?)

( T ¢ .
0fr(qs) _ O f1(qs) OX _ 4 (di,—72)3 ](XSk —Xo) 0qs; ifr <dp <R
aQSj 8Xsk 8QSj

not defined ifd, =1

0 if dp, <r
(4.43)

Due to the assumption that the manipulators are composed of actuated revolute joints,

%)q(—:f in the above equation can be obtained from the column of the Jacobian matrix.
Additional details can be seen from the diagram of the collision avoidance method
in Figure 4.2, where the redundant manipulator has to avoid an obstacle located at X,,.
The points chosen to avoid the obstacle can be either at a joint X ; or on a link Xgo.
Using (4.42) and (4.43), the distance d;, and ds, keep larger than r, which is the safe

distance between the manipulator and the obstacle. Taking the collision-free point at a
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joint as an example, the term % in (4.43) is equal to the j;, column of the Jacobian
sj

matrix with Ly; = Lg and Lg; = 0, where 7 = 2,--- ,m. Here, L, denotes the length

of link of the redundant manipulator. If the collision-free point is designed to be on a link

as X9 in Figure 4.2, the term % in (4.43) is equal to the jy, column of the Jacobian
s
matrix with Ly = Ly, Ly = ls, and L,; = 0, where © = 3,--- , m. Here, [ ; denotes

the length from the *" joint to the collision-free point on the i** link.

For different applications, there could be several such collision points, and in that
case the auxiliary function is the summation of these negative gradients (v = Y, ., ¥sk.)
of the various avoidance functions. Moreover, this method can be extended to the case

with multiple obstacles in the environment.

Remark 4.4 In the presence of hard contact (Theorem 4.3), the signals of the teleop-
eration system are ultimately bounded. Since the semi-autonomous control is based on
the convergence of signal s,, the fact that s, is only bounded under hard contact can not
guarantee the convergence of sub-task tracking errors, but can still ensure boundedness of
the errors from (4.37). Based on the collision avoidance control proposed in this section,
even though the sub-task tracking errors e,y are not able to converge to the origin, the fact
that s, is bounded still guarantees that ¢/, is bounded. Hence, from (4.42) and (4.43), the
boundedness of v ensures that the designated collision-free points of the slave robot do
not enter the regions of the safe distance r, provided existence of a collision-free config-
uration and trajectory is feasible. Consequently, the collision avoidance control ensures
that the slave redundant robot to avoid colliding obstacles in the presence of human and/or

environmental force.
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4.5 Simulation Results

Numerical simulations are presented in this section to demonstrate the efficacy of
the proposed semi-autonomous teleoperation system. The following simulations employ
a 2-DOF planar master robot and a 3-DOF planar slave robot, which is a redundant ma-
nipulator. The reader is referred to [95] for the dynamics of the robots. The physical
parameters of the manipulators are given as m; = [3.14, 2.26]kg, I, = [0.16, 0.07]kgm?,
Ly = [1.04, 0.96m, m, = [3.12, 1.85 1.02]kg, I, = [0.12, 0.07, 0.04]kgm?, L, =
[1.08, 0.98, 0.94]m, and ¢ = 9.8. The control gains, which are assumed to be identi-
cal throughout this section, are given as A = 0.8, k., = 8, K1 = 27,, Ky = 273, and
K j; = 5Z,. The communication time delays are given as 77 = 0.3sec and 75 = 0.4sec.

The first simulation illustrates the position tracking capabilities of the teleoperation
system in the task space with and without utilizing joint limits sub-task control, and the
case where the human operator exerts a damping force on the master robot is considered.
The master and slave robots start from different initial positions, where the initial condi-
tions are ¢;(0) = [1.2, 0.8]7rad, ¢2(0) = [0.5, — 0.3, 0.3]7rad, and ¢;(0) = ;(0) =
0, i = {1,2}. Moreover, I'y = 0.75Zs, 'y = 0.75Zy, ©,(0) = [4 1 0.5 4 1]7, and
©,(0) = [7313 1160 30 10]" are chosen for the adaptive control, and the damping gain
is selected 12Ns/m. The results are shown in Figure 4.3 and Figure 4.4. In the absence of
sub-task control for the slave robot under constant delays, Figure 4.3 (a) demonstrates that
the position tracking errors between the master and slave robots converge to the origin.

With the use of sub-task control to limit the joint angles for ¢5;** = 0.5rad, ¢5i"" =

—0.5rad, ¢73** = 0.5rad, and ¢33 = —1rad, where ¢y; denotes the " joint of the slave
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Figure 4.3: Position configurations and joint angles of the master and slave robots with

dynamic uncertainties, constant delays, and human damping force.
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Figure 4.4: Estimates of the dynamic uncertainty in the proposed semi-autonomous tele-

operation system.
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robot, the semi-autonomous teleoperation system can guarantee position tracking in the
task space, and the tracking errors converge to the origin, as shown in Figure 4.3 (b). It
is worth mentioning that the final configuration of the teleoperation system in Figure 4.3
(b) is different from the result in Figure 4.3 (a) due to the influence of sub-task control
in the slave robot, and as the human operator is assumed to only exert a damping force.
Figure 4.3 (c) shows the joint angles of the slave robot with and without using sub-task
control. It is evident that the joint-limit sub-task control forces the joint angles to stay
within the designed range without influencing the stability and position tracking capa-
bilities of the system. The estimates of the uncertain dynamic parameters of the robotic
systems are shown in Figure 4.4.

The second simulation illustrates the utilization of the (slave) sub-task controller
for obstacle avoidance. The human operator exerts a force to manipulate the master
robot from one set-point to another set-point, and there is no environmental force ap-
plied to the slave robot. Following [47], it is assumed that the human operator exerts
a spring-damper force, where the spring and damping gains are 80N/m and 10Ns/m,
for both the x and y directions. In the simulations, /7 = ON at¢ = 0 ~ 13sec,
t = 23 ~ 30sec, t = 45 ~ 5H0sec, and the human operator moves the master robot
towards X; = [-0.3, 2|Tm at t = 13 ~ 23sec and towards X; = [-0.6, 1.5]"m
at t = 30 ~ 45sec. The obstacle that the slave robot needs to avoid is located at
X, = [0.1, 0.9]m, and the collision distance and the safe distance are given as R = 0.7m
and » = 0.35m, which are shown as the dashed circle and solid circle, respectively. By
choosing the initial conditions as ¢;(0) = [1.2, 0.8]rad, ¢2(0) = [0.5, — 0.3, 0.4] rad,
and ¢;(0) = ¢;(0) = 0, ¢ = {1,2}, the simulation results in the absence of sub-task
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Figure 4.5: Configurations of slave robot in the presence of an obstacle in the environment
without using collision avoidance control. The gray box is assumed to be the obstacle in

the remote environment.
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control are shown in Figure 4.5, and Figure 4.6 demonstrates the results with the use
of collision avoidance sub-task control. If no sub-task control is utilized, the links of the
slave robot enter the region surrounding by the solid circle and collide with the obstacle as
shown in Figure 4.5 (b). By utilizing the collision avoidance algorithm (4.42) and (4.43)
for the first two joints, the slave robot regulates its configuration to avoid colliding with
the obstacle as seen in Figure 4.6 (b). Under the sub-task control for collision avoid-
ance, the teleoperation system still achieves position tracking as shown in Figure 4.6 (a).
Moreover, comparing the position configurations in Figure 4.5 (a) and Figure 4.6 (a), it
is evident that the tracking performance is unaffected by the sub-task control, provided a
collision-free configuration and trajectory exist.

The performance of the semi-autonomous teleoperation when the slave robot con-
tacts the environment is finally demonstrated. In this simulation, the case where the sub-
task control ensures that the slave robot avoids singular configurations is considered. The
human operator is modeled as a spring-damper system whose spring and damping gains
are 30N/m and 15Ns/m for both the x and y directions. In the simulations, there is no
human force before ¢ = 15sec, and the human operator pushes the master to the position
X, =[-0.5, 1.5]Tmatt = 15 ~ 30sec and X; = [0.5, 1]"m after ¢ = 30sec. In order to
evaluate the stability in the presence of environmental force, we implement a wall in the
remote environment at x = Om, which means that the slave robot will suffer an external
force if its position in = direction is negative. The environmental force is modeled as a
lightly damped spring-damper system, whose spring and damping gains are selected as
80N/m and 0.1Ns/m. The simulation results are shown in Figure 4.7 (a) and (b) with sub-

task control. When there is no human force before ¢ = 15sec, the master and slave robots
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converge to each other as in the free motion case. After ¢ = 15sec, the human opera-
tor exerts force to move the master robot towards the first set-point. Around ¢ = 19sec,
the slave robot contacts the wall in the remote environment, so the position errors in
Figure 4.7 (a) do not approach the origin. As seen in Figure 4.7 (b), the human operator
exerts a force to the master robot in order to push it moving towards X; = [—0.5, 1.5]7m.
When the slave robot contacts the wall, the environmental force is reflected to the mas-
ter robot, and hence the human operator is not able to push the master robot any further.
When the human operator moves the master robot to another set-point after ¢ = 30sec,
the environmental force disappears, and the tracking errors of the teleoperation converge
to the origin eventually. Moreover, the singularity avoidance sub-task control changes
the configuration of the slave robot to increase the manipulability [64, 114]. The value
of manipulability with and without using sub-task control are shown in Figure 4.7 (¢). It
is evident that the sub-task control increases the manipulability as compared to the case

when no sub-task control is utilized.

4.6 Summary

A semi-autonomous control framework was proposed in this chapter to overcome
human operators’ cognitive limitations and to improve the performance of teleoperation
systems. It was demonstrated that the proposed control system in free motion can guaran-
tee position and velocity tracking in the task space independent of the constant commu-
nication delays, and the initial position errors. The position and velocity tracking errors

are guaranteed to converge to the origin even when the human operator exerts a damping
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force on the master robot. On hard contact with the environment, and when operated
by the human operator, all signals of the teleoperation system were demonstrated to be
ultimately bounded.

By exploiting the redundancy of the slave robot, the additional degrees of freedom
were utilized to achieve several sub-tasks, such as singularity avoidance, joint limits,
and collision avoidance. An obstacle avoidance algorithm, which is an adaptation of a
previously studied collision avoidance scheme for multi-agent systems, was also proposed
to ensure the slave robot autonomously avoiding obstacles in the remote environment.
The efficacy of the proposed teleoperation system and the control algorithms was studied
using numerical simulations with a 2-DOF master robot and a 3-DOF redundant slave

robot.
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Chapter 5

Control of Robotic Systems under Input-Output Delays

Control of robotic systems over a network brings various application and ease of
maintenance. However, input-output delays, which are induced by unreliable communi-
cations, can pose significantly impediments to the stabilization problem and potentially
degrade the performance of the closed-loop system. Experimental and simulation results
illustrating that delayed system is unstable have been addressed in the literature. In this
chapter, the classical set-point control problem for rigid robots with input-output commu-
nication delays in the closed-loop system is studied.

This chapter first demonstrates that the use of the scattering variables can stabilize
an otherwise unstable system, if there are arbitrary unknown constant delays between the
robotic system and the controller. It is also shown that the proposed algorithm results in
guaranteed set-point tracking. In the case of time-varying delays, scattering variables to-
gether with additional gains can be utilized to stabilize the closed-loop system composed
of robotic manipulators and the controllers. However, this architecture cannot guarantee
asymptotic regulation to the desired configuration and the stability depends on the rate
of change of delays. For this reason, a scattering representation based design with posi-
tion feedback is proposed to improve closed-loop performance under time-varying delays.

The proposed algorithms are validated via experiments in this chapter.
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5.1 Introduction

The use of communication networks for interconnecting robotic systems and con-
trollers can lead to significant advantages, such as the increased flexibility and modularity
as compared to traditional wired connections. Several results in the field of closed-loop
control systems over networks have been studied in [106—108, 117]. A wide variety of
applications have been discussed [87, 103, 105]. However, the communication channels
are subjected to various time delays that can not only degrade the performance of the
closed-loop system but also render the system unstable. Therefore, in this research, the
problem of motion control of rigid robots in the presence of input-output communication
delays, as shown in Figure 5.1, is studied.

Delays in a control system can significantly pose impediments to the stabilization
problem and potentially degrade the performance of the closed-loop system. It is well
known that guaranteeing stability of a control system with time delays is a challenging
problem [79]. The Smith predictor [93], a useful delay-dependent method, can be applied
to stabilize the closed loop system with high performance but requires exact knowledge
of time delays and is sensitive to modeling errors. The classical Smith predictor has been
developed for nonlinear systems in [43,109] and for time-varying delays in [68].

Starting with the work of [40, 102], passivity-based control [74] has emerged a
fruitful methodology for control design of robotic systems. Several control design have
been presented in the literature [53, 73] where the controller and the mechanical system
can be represented as a negative feedback interconnection of passive systems. Invoking

the fundamental passivity theorem [18], it is then possible to guarantee passivity of the
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manipulators controller
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Control torque for Channel Output of the
robotic manipulators controller

Figure 5.1: The sketch of using communication networks to interconnect a robotic system

with a controller.

closed-loop system. The property that a feedback interconnection of passive systems is
also passive has been utilized in the study of bilateral teleoperation system with commu-
nication delays. Under the assumption that the environment and the human operator are
passive, scattering or the wave-variable representation, which was studied in [1, 66], has
been proposed to ensure the passivity of the communication block.

Recently, the scattering representation has emerged as a novel tool for studying net-
worked control systems [13,42,56,75,86]. The basic idea in these results is to use the
scattering variables for guaranteeing passivity of the communication block, thereby cre-
ating a passive two-port network between a passive plant and a passive controller. The
use of scattering representation for networked control systems with constant delays was
proposed in [56] where the results were developed for linear time-invariant (LTT) systems.
This paper demonstrated that it was possible to stabilize the closed-loop LTI system us-
ing the scattering transformation independent of the constant delay. This approach was
extended in [55] for nonlinear systems with non-passive plants or controllers by using the

excess of passivity from passive system to compensate the shortage of passivity in the
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non-passive system. A coordinated compliance control of a robot system with distributed
control architecture utilized wave variables to handle the constant delays in [75]. In [86],
the scattering representation was employed for the energy shaping control methodology
over a constant delays communication network. It is noted that neither the aforemen-
tioned results address the problem of set-point control of nonlinear robotic manipula-
tors [13,42,55,56,75] in the presence of constant input-output communication delays,
nor the set-point convergence has not been formally demonstrated [86]. In [7], the use
of scattering representation for control of robotic manipulators with constant input-output
delays was studied. However, this paper only demonstrated that the state of the controller
converged to the desired configuration, while the set-point control of the robotic system
was not guaranteed.

As the communication delays are rarely constant in practice, the scattering represen-
tation methodology has been extended to address time-varying delays. For the problem
of bilateral teleoperation, the scattering or wave variables were modified in [52,112,113]
to address time-varying delays in communication channels. By sending wave variables
with stamped time, [111] proposed a method to compensate the distorted wave variables
with the integration of waveform errors. An energy based input-output balance monitor-
ing method was presented in [112] to improve the drawback in [111] that the system may
generate infinite energy from integration. Without the needs of integrating waveform er-
rors or the wave variables for the sum of energy, gains dependent on the maximum rate
of change of delays were utilized to scale wave variables in [52] to ensure the passiv-
ity of the communication block under time-varying delays. Although the time-varying
delay problem in bilateral teleoperation was studied by [52, 111, 112] using the scatter-
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ing representation, these algorithms cannot be directly utilized for studying the set-point
control problem with time-varying input-output delays. The time-varying gain formalism
proposed in [52] has been utilized in [8] for stabilizing the networked set-point control
system. However, the proposed architecture only ensures stability of the closed-loop sys-
tem and does not guarantee set-point tracking in the presence of time-varying delays.

In this chapter, the study of set-point control in rigid robots (with revolute joints)
is addressed for both constant and time-varying input-output communication delays. In
the absence of precise knowledge of the time delays and the robot dynamics, stability and
performance of the closed loop system is studied. In Theorem 5.1, it is demonstrated by
using Lyapunov analysis that if the scattering transformation is used to encode the input-
output variables for the nonlinear robotic system and the controller, then under appropriate
assumptions, stability of the closed-loop is recovered independent of unknown constant
time delays. Furthermore, the theorem also justifies the intuitive claim that if the initial
state of the controller is equal to the initial configuration of the robotic system, then the
tracking error asymptotically approaches the origin. The control architecture is further
validated via experiments in this chapter.

The aforementioned control system is extended for handling time-varying delays in
Theorem 5.2, where in conjunction with the scattering variables, gains dependent on the
maximum rate of change of delays [52] are utilized to guarantee stability of the closed-
loop system. However, this theorem can only ensure stability of the closed loop system
and cannot guarantee set-point control in the presence of time-varying delays. Hence,
in Theorem 5.3 delayed position feedback in conjunction with the scattering represen-
tation is proposed so as to achieve the regulation objective. The proposed control al-
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gorithm guarantees stability of the closed-loop system and tracking performance under
input-output time-varying delays even in the absence of innate dissipation in the robotic
system [8]. Experimental results are presented to validate the efficiency for the proposed
control architecture.

The rest of this chapter is organized as follows. In Section 5.2 background on
fundamental properties of robotic systems and problem formulation are presented. This
is followed by the stability result for constant input-output delays problem in Section 5.3.
Subsequently, the time-varying input-output delay problem is studied in Section 5.4. The
proposed control algorithms are validated through experiments in Section 5.5. The results

of this chapter are summarized in Section 5.6.

5.2 Problem Formulation

The robotic manipulator in the input-output delay system is modeled as a La-
grangian system. Following [95], in the absence of friction and disturbances, and assum-
ing gravity compensation, the equations of motion for an n-degree-of-freedom robotic

system are given as

Y, M(q)i+C(q,4)q=—Ts +7e =T (5.1)

where ¢ € R" is the vector of generalized configuration coordinates, 7, € R" is mo-
tor torque acting on the system, 7. € R" is the external torque acting on the system,
M(q) : R* — R™™ is the positive definite inertia matrix, and C'(q, ¢)g is the vector of
Coriolis/Centrifugal forces where C'(q, ¢) : R" x R" — R™ ™. The above equations ex-
hibit certain fundamental properties (see Appendix A.2) due to their Lagrangian dynamic
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Figure 5.2: A negative feedback interconnection of the robot dynamics and the controller.

structure [95]. In addition, it is well known that the robot dynamics are passive [95] with

(74, ¢) as the input-output pair.

Lemma 5.1 Consider the dynamic equations (5.1), the system is passive with (1, q) as

the input-output pair.

This research studies the control problem when the communication channels be-
tween the controller and the robot are subjected to various delays, as shown in Figure 5.2.
Under the assumption of perfect communication, the controller dynamics considered are

given as

Te = Ue = q
DIN (5.2)
Ye = Kluc + K2(xc - Qd)
where K, iy > 0 are the controller gains that are assumed to be scalars for simplicity,

and ¢; € R" denotes the constant vector for the desired configuration. For simplicity, the

control gains in this research are assumed to be scalars.
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It has been demonstrated [7] that using the controller (5.2) under perfect commu-
nication, i.e. u. = ¢, Ts = Y., the closed-loop system is stable and position regulation is
guaranteed if z.(0) = ¢(0). However, if the communication channels between the robotic
manipulator and the controller are subjected to time delays, the closed-loop system easily
destabilizes even with small input-output constant delays [7]. The objective of this re-
search is to study the stability and tracking performance for robotic manipulators under
input-output communication delays. As the robotic dynamics are passive with (74, ) as
the input-output pair (Lemma 5.1), the passivity property is utilized to study the control
problem.

The passivity property of the robot dynamics has led to constructive control de-
signs for robot manipulators. Specifically, several robot control algorithms can be refor-
mulated as a negative feedback interconnection of two passive systems [53]. Observing
Figure 5.2, the controller takes in the robot velocity as the input, and the output of the
controller block is fed back to the robot as the desired control input. If the controller and
the communication channels are input-output passive, then by the fundamental passivity
theorem [18], the closed loop system formed by the robot dynamics, the controller, and
the communication channels is passive. The next lemma demonstrates the passivity of the

controller (5.2).

Lemma 5.2 [7] The controller dynamics given as (5.2) is passive with (u.,y.) as the

input-output pair.

Proof Consider a positive-definite storage function for the controller such that S.(z.) =

LKy(2. — qa)*(x — qq). The time derivative of the storage function is given by S.(z.) =

117



Ky(z. — qq)" .. Substituting the controller (5.2), S, becomes
Sc(xc) = (ye — Kyuo) ue = y u. — Kiulu,. (5.3)

Following the definition of passivity (Definition A.1), the controller dynamics .. is pas-

sive with (u., y.) as the input-output pair. O

Following the fundamental passivity theorem [18], Lemma 5.1 and Lemma 5.2 give
that if the communication channels in the closed-loop system is passive, the feedback
interconnection is passive. Taking the benefit of the passivity properties, the scattering or
wave-variable representation, which was originally developed in [1, 66] for teleoperation
system to ensure the passivity of the communication channels, is adopted to study the
proposed system.

In the following of this chapter, signals are assumed to be equal to zero for ¢ < 0 and
let z(t) = [z.(t) ¢(t)]". Denote by C = C([—h,0], R"), the Banach space of continuous
functions mapping the interval [—h, 0] into R", with the topology of uniform convergence.
Define z; = z(t + ¢) € C,—h < ¢ < 0 as the state of the system [27]. It is further
assumed that x(¢) = n(¢),n € C and that all signals belong to Lo, the extended £,

space.

5.3 Constant Delays Problem

In this section, constant delays in the input-output channel are addressed. If the
closed-loop system in Figure 5.2 is subjected to constant delays, the interconnection of

the robot dynamics and the controller is illustrated in Figure 5.3. The controller dynamics
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Figure 5.3: A negative feedback interconnection of the robot dynamics and the controller

with input-output constant delays.

are then given as in (5.2) with u.(t) = ¢(t — T3) and furthermore the control input to
the robot is given as 74(t) = y.(t — T»), where T7,T; are the constant, heterogeneous
time delays between the robot and the controller. The signal ¢(t — T}) (or y.(t — T3))
indicates the output of the robotic manipulator (or the controller) transmitted 77 (or 75)
units of time. It has been demonstrated via simulations (see [7]) that the closed-loop
system easily destabilizes even with small input-output constant delays.

With the aim of stabilizing the closed loop system, instead of transmitting the joint
velocities and input torques directly, the scattering variables [1,66] are transmitted across

the communication channel

v = %(7‘5 +b4) , 21 =—=(75s —bqG)

ﬂ
5k

5.4)
v = (Yo Hbue) 2= (e — bue)

where the wave impedance b is a positive constant. The proposed architecture is demon-
strated in Figure 5.4.

According to Figure 5.2, the transmission equations between the robot and the con-
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Figure 5.4: A negative feedback interconnection of the robot dynamics and the controller

with scattering representation.

troller can be written as
Zl<t) = Zg(t — TQ) s Ug(t) = Ul(t — Tl) (55)

Hence, the input of the controller dynamics in (5.2) is derived from the scattering rep-
resentation (5.4) and the transmission equations (5.5). The first result in this research

follows.

Theorem 5.1 Consider the closed-loop system described by (5.1), (5.2), (5.4) and (5.5).

If all signals equal zero fort < 0, then

1. The closed loop system is input-output passive with (7., q) as the input-output pair.

2. If . = 0 and K, = b, then all signals in the closed loop system are bounded and

limy_o0 ¢(t) = 0, limy_, o0 ((t) — qa) = 0.

3. If x.(0) = q(0), then additionally lim;_,~(q(t) — q4) = 0.
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Proof Consider a positive semi-definite storage functional for the system as

1 1, /[
S(en) = 3" M@+ Koo = a0 (e~ a0) +5( [ I()IPar 50
t—=1T1
t
—l—/ ]|z2(7')\|2d7'). (5.7)
t—T5

By substituting (5.1) and utilizing Property A.3, S(z;) becomes

S(a) = (=7 + 1) d + e we — Kyugue + %(HMHQ = [z ll® + [lz2ll* — vl l*)
— (o T+ e — Ky + 77 — Ty,
= TeTq' — KluZuc. (5.8)
From the above calculations it is evident that the closed loop system is passive with (7, §)
as the input-output pair.
To prove the second claim, note that with 7. = 0, S (r;) = —Kjul'u. < 0. There-
fore, the storage function is bounded which implies that signals ¢, x. € L.,. Using the

scattering variables (5.4) and the transmission equations (5.5), the relationship between

the various power variables can be written as
Ye(t) + buc(t) = 75(t = T1) + bg(t — T1) (5.9
Yelt — To) — bug(t — Ty) = 7(t) — bi(t). (5.10)
Using (5.2) in the above equations yields
(b + Ki)ue(t) + Ka(xe — qa) = 75(t = T1) + bg(t — T1) (5.11)
(K1 = Duc(t — Tz) + K (we(t — Tz) — qa) = 75(t) — b4(t). (5.12)
Choosing K; = b to avoid wave reflection [66], the above equations can be rewritten as

2buc(t) + KQ(ZL’C(t) - qd) = Ts(t - Tl) + bq(t - Tl) (513)
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Ks(a.(t — Ty) — qa) = 7(t) — bi(t). (5.14)

It can be obtained that 7, € L, from (5.14) and the fact that z., ¢ are bounded signals.
Utilizing this result in (5.13) yields the boundedness of u.. Observing the robot dynam-
ics (5.1) with 7. = 0 and using Property A.1 give that § € L. Differentiating (5.14)
gives that 7, is bounded and furthermore differentiating (5.13) leads that the signal . is
bounded.

Integrating (5.8) (with 7. = 0) and letting ¢ — oo obtain that u, € Ly. It is
well known [95] that a square integrable signal with a bounded derivative approaches the
origin, and thus lim;_, ., u.(t) = 0. Delaying the transmission equation (5.14) by 7} and

subtracting from (5.13) give that

Taking the limit ¢ — oo on both sides and using the result that lim; ., u.(t) = 0, the

above equation becomes

t—o00 t—o0
t
tllglo K, /lt_Tl_T2 To(T)dT = tllglo 2bq(t — Ty)

t
lim Kg/ ue(7)dr = lim 2bg(t — T1).
¢ t—o0

=00 —T)—Ty
It can be obtained from the last equation that lim; ., ¢(t) = 0. Therefore, the robot
velocity approaches the origin independent of the time delay.
Differentiating the robot dynamics (5.1), it can be shown that 'C']'(t) € L, (note that
the derivative of the Coriolis term is also bounded for revolute joints [69]). This obser-
vation coupled with the fact that lim; .., ¢(¢) = 0, and invoking Barbalat’s lemma [38]
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yields that lim;_,, ¢(t) = 0. Therefore, from (5.1), lim;_,, 75(¢) = 0. Taking limits on
both sides of the transmission equation (5.14) implies that lim;_, ., (z.(t — T%) — q4) = 0.
As qq is a constant reference, it can be obtained that lim;_,, (z.(t) — ¢4) = 0, and hence
the signal z. — g4 approaches the origin independent of the time delay.

To prove the third claim, it can be observed that as lim; .. (z.(t) — ¢) = 0 and
limy o uc(t) = 0, from (5.2) the output of the controller satisfies lim;_,, y.(t) = 0.

Integrating (5.9) from O to time ¢ yields

/Ot ye(T)dT + b/ot ue(T)dT

t t
:/ TS(T—Tl)dT—i—b/ q(r —Ty)dr
Ot—T1 0 " t—Ty 0
= / Ts(T)dT +/ Ts(T)dT + b/ q(r)dr + b/ g(r)dr.  (5.15)
0 0

—T -1

Based on the assumption that all signals are zero for ¢ < 0, (5.15) can be rewritten as

/0 (yC(T) + buc(T))dT = /0 - (7'5(7') + bq’(T))dT. (5.16)

Similarly, the transmission equation (5.10) can be written as

/O_ 2 (ye(T) — buc(7))dr :/0 (s(7) — bg(7))dr. (5.17)

Subtracting (5.16) from (5.17) and letting ¢t — oo give that

t

m ([ y(r)dr+b /0 w4 /O T ()

t—o00 =T

~ lim (- /;T TS(T)de/Ot_Tlq'(T)dT+b/0tq<T)dT).

t—o0
Since T and T; are constant, and lim; o y.(t) = limy o 75(t) = limy o uc(t) =

limy_, G(t) = 0, the above equation can be written as

¢ t
lim 21)/ ue(T)dT = lim Zb/ q(7)dr. (5.18)
0 0

t—o00 t—o00

123



As . = u. from the controller dynamics (5.2), the integral of u,. becomes

/Ot u(7)dT = /Ot Go(T)dT = 20(t) — 2.(0). (5.19)

Letting ¢ — oo for the integral of u. and noting that lim;_,..(x.(t) — ¢z) = 0 (Claim

2), (5.19) becomes

t

lim [ wu.(7)dr = lim z.(t) — 2.(0) = ga — z.(0). (5.20)

t—o0 0 t—o00

Taking the limit ¢ — oo for the integral of ¢ yields

t

lim [ ¢(r)dr = tlgglo q(t) — q(0). (5.21)

t—o00 0

Substituting (5.20) and (5.21) into (5.18) obtains

2bga — 2b.(0) = 2b lim q(t) — 2bq(0). (5.22)
—00
Consequently, if z.(0) = ¢(0), then lim; . (¢(¢) — q4) = 0. O

Theorem 5.1 demonstrated that if configuration control of a robotic manipulator is
subject to unknown and constant input-output delays, then the closed loop system can be
stabilized by utilizing the scattering transformation. Even though the use of scattering
transformation can ensure robust stability of a class of delayed systems, the performance
issues of guaranteeing position tracking have not been well studied. Theorem 5.1 fills this
knowledge gap in the current literature. The proof of Theorem 5.1 not only shows that the
x. — qq is asymptotically stable, but also demonstrates that if z.(0) = ¢(0), the tracking

error ¢ — qq can eventually go to zero independent of the constant delays.

Remark 5.1 In addition to the position drift, the phenomenon of wave reflections is an-
other issue that needs to be dealt with while using scattering transformation [66]. For the
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sake of avoiding wave reflections, the impedance of the wave variables (5.4) has to be
identical for both sites of the robot and the controller. Since only the control gains on the
controller side can be adjusted, in the proposed control architecture, it is assumed that the
wave impedance is predetermined. Hence, the gain K, and the desired configuration ¢,

can be modified in the side of the controller so as to fulfill various control demands.

5.4 Time-Varying Delays Problem

As discussed in Section 5.1, the delays in the input-output channel may be time-
varying. Therefore, in this section the set point problem for robotic systems with time-
varying input-output delays is studied with the use of scattering transformation.

In the first part of this section, the control of robotic manipulators under input-
output time-varying delays is studied by utilizing scattering variables with gains depen-
dent on the maximum rate of change of delays [52]. This control algorithm can guarantee
the stability of the closed loop system under time-varying delays. However, this method
is dependent on the maximum rate of change of delays, and additionally the control al-
gorithm is not able to regulate the robotic system to the desired configuration. Hence,
another control framework, which combines the delayed position feedback with scatter-
ing representation, is proposed in the second part of this section to achieve position reg-
ulation. Furthermore, the position feedback control algorithm can stabilize the delayed
system and also ensure position tracking independent of the maximum rate of change of
delays.

In this section, the time-varying delays are assumed to be continuously differen-
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Figure 5.5: The scattering transformation, together with the gains (dependent on the rate

of change of delay) are used to ensure stability of the closed loop system.

tiable and bounded (0 < T;(t) < Ty < 00), where Ty, is the upper bound of T;(¢). It is
worth to note that the proposed control architecture in this section does not require exact

knowledge of time-varying delays.

5.4.1 Using Scattering Transformation

To passify the communication block, scattering variables, shown in (5.4), are uti-
lized between the robotic manipulator and the controller. The time-varying delays are

assumed to satisfy

T,(t)<Ty<1, i=1,2 (5.23)

where T} is the upper bound of Tz(t) The above condition implies that the time delays

cannot grow faster than time itself. Furthermore, to address time-varying delays [8, 52],
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gains dependent on the maximum rate of change of delay are inserted in the communica-
tion between the robot and the controller, as shown in Figure 5.5. The constant gains d;,

ds are selected as

&<(1-T) , d<(1-T) (5.24)

Based on the proposed framework, the transmission equations between the robot and the

controller can be written as

2(t) = doza(t — Ta(t)) , vat) = dyv(t — Th(t)). (5.25)

Thus, the input of the controller dynamics (5.2) is derived from the scattering rep-
resentation (5.4) and the transmission equation (5.25). The first theorem for control of

robotic manipulators with time-varying input-output delay problem follows.

Theorem 5.2 Consider the closed-loop system described by (5.1), (5.2), (5.4), and (5.25).
Then, the closed loop system is input-output passive with (T., q) as the input-output pair.

Additionally, if 7. = 0, then the signals ¢ and x. — qq are bounded.

Proof Consider a positive semi-definite storage functional for the system as

1 1, [t
S(xy) = E(QTM(q)q + Ko (ze — qa)" (zc — qa)) + 5(/t_T “ o1 (7)]|2dT
t
+ / ||z2(7)|Pd7). (5.26)
t—Ta(t)

The derivative of the storage function is given by

: . N 1o . 1
S(zy) = 4" (—=C(q,¢)q — s + 7) + §qTM(q)q + Ko(ze — qa)" de + 3 (HleQ

ot = TP (= Ti(0) + ]2l = [t = TP (1 = To(1))).
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By applying the condition (5.24), the derivative of the storage function becomes
. .T N 1 T q° . T .
S(x) < ¢ (=C(a,9)d — 7 + 7e) + 54" M()q + Ka(zc — ) &

+5 (ol = [Joa(t = Ta@)|di + [ z2]* — [[z2(t — Ta(0))|[*d3).

DO | —

By utilizing Property A.3, S(z;) becomes

. _ 1
S(we) < (=76 +7)" 4+ ye ve — Krugue + S ([P = [[21][* + [[2]]° = [[ea]*)
S (_Ts + Te)Tq + yzuc - Kluguc + Tqu - uzyc

< TeT(j — KlucTuc. (5.27)

Hence, the closed loop system is passive with (7., ¢) as the input-output pair. From (5.27)
it can be observed that if 7. = 0, then S (x;) < 0 and hence the signals ¢ and z. — g4 are

bounded. |

The above result demonstrates that the closed-loop system constituted by the robotic
system, coupled with the PI controller, can be stabilized with the use of scattering transfor-
mation in the presence of time-varying input-output delays. Without the exact knowledge
of time-varying delays, the passivity of communication channels can be guaranteed by
using gains dependent on the maximum rate of change of delays. Theorem 5.2 provides a
simple method to stabilize the control of robotic system under time-varying delays. How-
ever, the proposed control framework can only ensure that the signal z. — ¢, is bounded,
which implies that the robotic system is not guaranteed to be regulated to the desired con-
figuration. The inability to achieve position tracking stems from the scaling introduced
in (5.25), especially for rapidly varying time-varying delays. This observation is validated
in the experimental results discussed in Section 5.5.
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5.4.2 Position Feedback Controller

In order to achieve the desired regulation goal in the presence of time-varying de-
lays, an alternative architecture is proposed as shown in Figure 5.6. In contrast to the
control algorithm in Section 5.4.1, the proposed framework does not scale the scattering
or wave variables for ensuring the passivity of the communication block. In the pro-
posed architecture, the velocity signal ¢ is encoded by using scattering transformation
and then transmitted to the controller, and the configuration of the robotic manipulator ¢
is communicated directly to the controller. The signal u., which is decoded from scatter-
ing representation, and delayed position ¢(¢ — 77(¢)) are combined to generate a control

action from the controller which is given as

Yot Ye = Kiue + Ko(q(t — Ti(t)) — qa)- (5.28)

Then the output of the controller ¥, is communicated back to the robot via the scattering
transformation.
As there is no scaling in this framework, the transmission equations between the

robot and the controller are given as

2(8) = 2t — Ta(t)) , valt) = vi(t — Th(t)). (5.29)

Using the scattering variables z; and 2, in (5.4) with the transmission equation z;(t) =

2o(t — Ty(t)), it can obtain that
7o = b4 = ye(t — T(t)) — buc(t — Tu(t)). (5.30)
Then, the control torque to the robotic manipulator can be written as

Ts = Ye(t — Ta(t)) — buc(t — T2(t)) + b4 (5.31)
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Figure 5.6: A position feedback architecture with the use of scattering transformation are

proposed to ensure the tracking performance and stability of the closed loop system.

where bg comes from the scattering transformation.
The stability of the control system with position feedback and scattering transfor-
mation is studied next. For the sake of completeness, a brief overview of a technical result

developed in [69] that is utilized to finish the proof of Theorem 5.3 is provided.

Lemma 5.3 Given signals x,y € R", VT (t) such that 0 < T'(t) < Ty < oo, and o > 0

the following inequality holds

t 0 a T2
- / (o) / y(o + 0)dbdo < Jzl2 + Ty
0 ~T(o) 2 20

where || - ||2 denotes the Lo norm of the enclosed signal.

The reader are referred to [69] for a proof of the above result.

Theorem 5.3 Consider the closed-loop system described by (5.1), (5.4), (5.28), and (5.29)
with 7, = 0. If the time-varying delays satisfy 0 < Ty (t) + To(t) < Ty < oo, then for a
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range of the gain 0 < Ky < Ky /Ty, the signals ¢ and q — qq are bounded for all times

and asymptotically approach the origin.
Proof Consider a positive semi-definite storage function for the system as

S(4,9) = =(d"M(9)g + Ka(q — qa)" (¢ — q4))-

N | —

Taking the time derivative along the trajectories of the system, S is give by

§ =" (= Cla, )i —7.) + 50" N (@) + Kad"(a — a0) (5.32)

By using Property A.3, the controller (5.28), and the control torque (5.31), the derivative

of the storage function becomes

§ = —d" (yelt = Ta(t)) — buclt = To(8)) + bq) + Kad" (4 — 02
= =" (Kuuelt = To(0)) + Ka(alt = Ta(t) = To()) — a0)

—bue(t = To(t)) + ba) + K2d"(a — aa).
Choosing b = K to avoid wave reflection [66], the above equation can be rewritten as

S =—q"Ka(q(t — Tu(t) — To(t)) — qa) + ¢" Ko(q — qa) — 4" K1d"
= Kaoi" (g — q(t = T1(t) — Ta(t)) — K1¢" ¢

0
< Kog? / q(t +0)do — K" 4. (5.33)
=T (t)—T2(t)

Note that as the derivative of the storage function needs to be upper bounded, the sign of
the first term does not affect the subsequent calculations.

Integrating (5.33) from 0 to ¢ and using Lemma 5.3, it can be obtained that

S(4(0), a(1)) — SG(0),a(0)) < ~Kalldl + (11l + 2 dlD)
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KQCY o KQT]%J

< —|lall2 (K, — —— .
< (K, — =22 - =20t
Thus, if the following inequality given by
K. KyT?
Ky — 228 M (5.34)
2 2a

is satisfied for v > 0, then S(q(¢), ¢(t)) — S(¢(0),¢(0)) < 0 and hence the signal ¢(t)
is square integrable. The above inequality has a solution o > 0 if Ky > K5T),. There-
fore, if Ky < Ki/Ty, S(4(t),q(t)) < S(4(0),q(0)), Vvt > 0. Consequently, for any
appropriately selected K; and K as discussed above, the signals ¢, ¢ — qq € L.

Using the scattering variables v; and v, in (5.4) with the transmission equations

vo(t) = vy (t — T (t)), it is given that

ry(t = Ti(8)) + bt — Ty(£)) = yo + bu. (5.35)

Delaying the transmission equation (5.30) by 77 (¢) and subtracting from (5.35) yields

204(t — T1(t)) = ye — ye(t — T1(t) — To(t)) + bue + buc(t — Ti(t) — Ta(t)).

Substituting the controller (5.28) into the equation above with b = K; gives that u,. €
L. Consequently, from the controller (5.28) it can be obtained that y. € L., hence
observing (5.31) gives 7, € L. Noting the system dynamics (5.1), this additionally
implies that the robot acceleration § € L. Hence as ¢ € L, and its derivative is bounded,
the robot velocity asymptotically approaches the origin.

To demonstrate asymptotic convergence of the tracking error, differentiating (5.1)
yields that the signal ¢ € L. (note that the derivative of the Coriolis term is also bounded
for revolute joints [69]). Hence, the robot acceleration is uniformly continuous and
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limy oo f(f G(s)ds exists and is finite. Invoking Barbalat’s Lemma [38], lim;_,, G(t) = 0.
From the closed loop dynamics (5.1), it can be obtained that lim;_,, 75(t) = 0. Delaying

the transmission equation (5.35) by 75(¢) and subtracting from (5.30) yield
2buc(t — To(t)) = 7t — T1(t) — To(t)) — 75 + bg(t — T1(t) — Ta(t)) + bg.  (5.36)

Taking the limit ¢ — oo on both sides of the above equation and using the results
that lim; ,, ¢(t) = 0 and lim;_,,, 75(t) = 0, it is given that lim; ,. u.(t) = 0, which
means that lim,; . y.(¢) = 0 from (5.35). By observing (5.28), it can be obtained that
limy 0 (q(t — T1(t)) — qa) = 0. As gq is a constant reference, the aforementioned re-
sults lead to lim;_,,(q(¢) — g4) = 0 and consequently the regulation objective is achieved

asymptotically. O

Utilizing the delayed position feedback and encoding the output of the controller
by scattering representation, the proposed control architecture in Figure 5.6 and Theo-
rem 5.3 can both stabilize the robotic manipulator with input-output time-varying delays
and ensure position regulation. Since the position signal is transmitted to the controller
directly, in this framework the controller does not need knowledge of the initial position
of the robotic manipulator. The performance of the control system can be adjusted by
tuning the controller gains. Moreover, the proposed architecture is able to guarantee sta-
bility and position tracking independent of the maximum rate of change of delays. The
efficacy of the proposed control scheme when the maximum rate of change is close to one

is validated in the next section.

Remark 5.2 In Theorem 5.2, gains d; and d, are required to satisfy the condition (5.24),
which implies that as ﬂ(t) approaches one, the gains d; and d, approach zero and hence
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the system performance deteriorates considerably. The result in Theorem 5.2 was based
on the assumption that E(t) < 1, but this assumption is not required in Theorem 5.3.
Hence the position feedback architecture is valid for all positive, continuously differen-
tiable, and bounded time-varying delays even if the maximum rate of change of delays
is higher than one. However, the derivative of the time-varying delays should be strictly

smaller than one for control systems due to the causality implications [45].

The control of robotic manipulator with time-varying input-output delays has been
studied in [8] to ensure position regulation under the assumption that there exists innate
dissipation in the robotic system. The proposed control scheme in Theorem 5.3 was
developed for the robotic system without innate dissipation but can be modified for robotic

systems with known internal damping. In this case, the robot dynamics are given as
St M(q)g+C(q,4)q + Bag = —Ts+ 7. =7 (5.37)

where B,, > 0 is a scalar denoting the natural damping in the system. The next corollary

follows from Theorem 5.3 for the robotic system (5.37).

Corollary 5.1 Consider the closed-loop system described by (5.4), (5.28), (5.29), and (5.37)
with 1. = 0. If the time-varying delays satisfy 0 < Ty (t) + Tz(t) < Ty < o0, then for a
range of the gain 0 < Ky < (K1 + B,,)/ Ty, the signals ¢ and q — qq are bounded and

asymptotically approach the origin.

Proof Consider a positive-definite storage function for the system as

(¢"M(q)q + K2(q — qa)" (g — qa))-

DN | —

S(4,q) =
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Taking the time derivative along the trajectories of the system and following the proof of

Theorem 5.3, the derivative of the storage function becomes

S = Kyg(q — q(t — Ti(t) — To(t)) — K1¢"¢ — Bag"q

0
< K, / it +0)d0 — (K1 + B.)i"d. (5.38)
—Tl(t)—Tz(t)

Integrating the above equation and using Lemma 5.3, if Ky < (K + B,,)/T), then
S(q(t),q(t)) <S(4(0),¢(0)), Vt> 0. Thus, following the analysis in Theorem 5.3, the
robot velocity asymptotically approaches the origin, and lim;_,~(q(t) — ¢4) = 0. Hence,

the regulation objective is achieved asymptotically. O

5.5 Experiments

As it has been shown via simulation [7] that the closed-loop system easily becomes
unstable even with small constant input-output delays, in this chapter, only the stable
system with the use of the proposed schemes are demonstrated. The various controllers
were validated via experiments on a PHANToM Omni haptic device. It is a cost-effective
device that can be utilized to test and validate control schemes after suitable modifica-
tions [4]. More details and model of a PHANToM Omni haptic device are mentioned in
Appendix B.

In the subsequent experiments, the detachable stylus was removed and the last two
joints of the manipulator were constrained for the purpose of reducing the influence of
unactuated links on the robot dynamics. Consequently, the device is equivalent to a fully
actuated manipulator with three revolute joints, whose joint angles are denoted by ¢ =
1, G2, Q3]T
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In order to implement the proposed control schemes, g € R3, the gravitational

torques of the fully actuated manipulator were compensated by

0

9= %771391252,3 + %(mz +mgz)glcy | (5.39)

1
§m3gl252,3

where s 3 denotes sin(gs + ¢3), c2 denotes cos(g2), m; is the translational inertia of link
1, and [; is the length of link ¢ with ¢ = 1, 2, 3. In the experiment, the values of %mgglg,
and %(mg + mg)gl; were experimentally selected with %mgglg = 70mNm, and %(mg +
ms)gl; = 85mNm. The control program was written in C with the use of OpenHaptics
API, which is due to SensAble Technologies [89]. The data collection and control input
rate ran at a sampling rate of 1kHz.

Since the effect of packet loss is not considered in the theoretical results, the sub-
sequent experiments were conducted using a single desktop computer, where no signals
are transmitted through the real network. The data, transmitted between the robot and the
controller, are stored in the FIFO buffers. The stored data is utilized within the computer
after a certain time interval so as to imitate communication delays.

In the constant delay case, the delays were selected as 77 = 0.3sec and T, =
0.2sec for the signals transmitting between the robot and the controller respectively. The
desired set point was given as ¢ = [0.4, 0.5, 0.3]7rad and the control parameters were
chosen as K; =diag{40, 40, 40}, K, =diag{400, 600, 600}, and b = 40. The initial
configuration of the robot is ¢(0) = [0, 0, 0]rad. Under the condition that z.(0) =
q(0), the experimental validation of Theorem 5.1, where the scattering variables are used
in the control system to compensate for the time delays, is demonstrated in Figure 5.7
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Figure 5.7: In the constant delay case, when the scattering variables are used, the closed

loop system is stable independent of the time delays.
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(a). As expected, the closed loop system is stable and the manipulator is successfully
regulated to the desired configuration represented by the dashed lines in Figure 5.7 (a).
The control torque for the experiment with constant delays is shown in Figure 5.7 (b).
The torque in Figure 5.7 (b) takes time in settling down due to the effect of the scattering
transformation. Moreover, the initial torque in the second joint is not zero due to gravity
compensation (5.39). The initial torques in the first and third joints are zero due to the
assumption that signals are zero for ¢ < 0. Hence, the signals 74(t) = 0, vy(t) = 0 if
t < Ty and 2, (t) = 0if t < T3, and the control torque is transmitted to the robot after
t = 17 + T5 units of time.

For the time-varying delay case, the delays were selected as

Ty(t) = 0.15 4 0.10sin(2mt) sec
(5.40)
Ty(t) = 0.15 — 0.10sin(2mt) sec
which are continuously differentiable and satisfy the condition (5.23). Hence, the constant
gains d; and dy were obtained as d; = dy = 0.8. In the subsequent experiments, the
desired set point is the same as in the constant delay case.

The experimental results are first presented for the architecture proposed in The-
orem 5.2. The control parameters for this case are given as K; =diag{50, 50, 50},
K, =diag{450, 450, 450}, and the wave impedance constant b is set equal to the value
in the matrix K. As shown in Figure 5.8 (a), even in the presence of time-varying input-
output delays, the closed-loop system is stable. However, the proposed control algorithm
was not able to regulate the robotic system to the desired configuration. The input torque
to the robot is shown in Figure 5.8 (b).

Next the position feedback architecture, proposed in Theorem 5.3 and Figure 5.6,
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Figure 5.8: The controller in Theorem 5.2 can ensure the system to be stable but cannot

regulate the robotic system to the desired equilibrium (dashed line).
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is validated in the experimental setup. In this case, the control gains is limited by the
maximum value of 77 (t)+75(t). Since there is unknown innate damping B,, in the robotic
system, Corollary 5.1 is utilized for the following experiments. The experiment using the
position feedback architecture in Section 5.4.2 was first conducted under the time-varying
delays (5.40), where the maximum value of the set of delays is 7, = 0.3sec. Therefore,
the control gains are constrained by the inequality Kl}{;ﬁl > (.3, which implies that /; >
0.3K2 + B,,. However, as the actual value of the natural damping in the robotic system is
unknown, the control gains are experimentally selected to demonstrate the performance
of the proposed control scheme. The control gains for delays (5.40) were selected as
K, =diag{50, 50, 50}, Ky =diag{250, 330, 370}, and the impedance parameter b = 50.
Experimental results are shown in Figure 5.9, where the system is stable and the control
system is able to regulate the robotic system to the desired equilibrium.

The proposed control architecture in Section 5.4.2 can regulate the robotic system
to the desired configuration under time-varying delays and achieve the control goal if the
maximum rate of change of delays approaches one. The next experiment demonstrates
the robustness of the proposed scheme under fast varying delays. The set of time-varying

delays are selected as

Ty(t) = 0.15 4 0.10sin(3t) sec
(5.41)

Ty(t) = 0.23 — 0.19sin(3t) sec
which are continuously differentiable and the maximum rate of change of T5(t) is 0.9948.
The maximum round-trip delays is T, = 0.47sec, so the control gains should satisfy
K, > 047K, + B,. Given K; =diag(50, 50, 50), K, =diag(200, 270, 310), and the

impedance parameter b = 50, the experimental results are shown in Figure 5.10. It is seen
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Figure 5.10: Even when the derivative of time-varying delays is close to one, the stability

and tracking performance are guaranteed by using the position feedback architecture.
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that the proposed algorithm is able to ensure position regulation and the control torque is

bounded independent of the maximum rate of change of time-varying delays.

5.6 Summary

In this chapter, the problem of set-point control in rigid robots with constant and
time-varying input-output delays was studied. Without the precise knowledge of time de-
lays and robot dynamics, control algorithms based on the use of scattering representation
between the controller and the robotic system were proposed to ensure stability and posi-
tion regulation. It was first demonstrated that using the scattering variables can stabilize
an otherwise unstable system for arbitrary unknown constant delays. The tracking errors
asymptotically converge to the origin if there is no initial position difference between the
robot and the state of the controller.

For time-varying delays, the closed-loop system was stabilized using a modified
scattering representation scheme in Theorem 5.2. While stability was preserved by the
proposed algorithm, due to scaling of the power variables in the control scheme, the
regulation goal was not always achievable. Moreover, the control scheme was dependent
on the maximum rate of change of delays in the communication channel. To improve the
tracking performance, a new control architecture was proposed in this chapter with the
use of position feedback and scattering representation. Given the control gains, which
are contingent on the maximum round trip delay, the architecture can guarantee stability
of the closed-loop system and also position regulation. Moreover, this algorithm works

even if the maximum rate of change of delays is extremely close to one, and additionally
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the controller does not require knowledge of the initial position of the robotic system.
Experiments were performed in this chapter to validate the efficiency of the proposed

control architecture.
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Chapter 6

Conclusions and Future Directions

The aim of this dissertation is to study control problems of networked robotic sys-
tems in order to guarantee stability and to enhance performance when the system is sub-
jected time delays. The problem of controlled synchronization, semi-autonomous teleop-

eration, and control of robots with input-output delays were studied in this dissertation.

6.1 Synchronization of Networked Robotic Systems

The problem of synchronization was studied in Chapter 2 under the assumption
that the communication topology is balanced and strongly connected. By exploiting out-
put synchronization results proposed previously [12], the interconnected robots achieved
synchronization under dynamic uncertainties. It was demonstrated that the proposed con-
trol scheme can guarantee that the output of robotic systems asymptotically converge to
each other. If the networked robotic systems is subjected to constant communication
delays, the convergence of synchronizing errors to the origin is also guaranteed.

In addition, the presence of human input to the networked robotic systems with syn-
chronization was also studied in Chapter 2. In this case, robots follow a desired trajectory,
which can be intermittently changed by teleoperation based on task requirements by the
human operators. Excessive communications between the agents, resulting from strong

assumptions on communication topologies, makes the system hard to be scalable. By uti-
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lizing weighted storage function it was manifested that the proposed system will achieve
synchronization over strongly connected communication graphs that are not necessarily
balanced.

From the perspective of practical applicability, Chapter 3 studied synchronization
problem for heterogeneous (degree-of-freedom) robotic manipulators in the task space. It
was demonstrated that the task-space tracking controller developed in [92, 116] is input-
output passive. Exploiting the passivity property, a controller was presented to guarantee
the convergence of the tracking and synchronizing errors in the task space to the origin,
provided that the communication topology is balanced and strongly connected. Sub-
sequently, synchronizing networked robotic systems under time-varying communication
delays was also studied. Under the assumption that the maximum rates of change of
the various time-varying delays are known, the proposed control algorithm was shown to
guarantee task-space synchronization of the robotic manipulators.

The synchronization problem was studied in this dissertation under the assumption
that every individual robotic system in the network can acquire information about the
desired trajectory. However, this assumption might not be feasible in practice. It is pos-
sible that only a subset of the robots in the network can receive the desired trajectory,
and signals of the desired trajectory are probably subjected to time delays in the com-
munication channels. This issue should be considered in the future while dealing with
synchronization of networked robotic systems. In addition, the control schemes were
developed under the assumption that the knowledge of the network topology and cou-
pling weights are available controllers. Therefore, future work of this research involves

achieving synchronization with unknown communication topologies. Moreover, the ap-
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plications of synchronized networked robotic systems to cooperative manipulation could

benefit from the studies in this dissertation.

6.2 Semi-autonomous Teleoperation Systems

Teleoperated robotic system is a useful tool to accomplish tasks in remote or haz-
ardous environments. However, due to limited communications, the information ex-
changed between the master and slave robots is insufficient for human operators to accom-
plish complicated tasks in cluttered environments with high performance. Therefore, a
semi-autonomous teleoperation system, where the master and slave robots are assumed to
be heterogeneous robotic manipulators, was addressed in Chapter 4. Different from pre-
vious works [14,15,47,70], a control architecture was presented for teleoperation system
to enhance efficiency for operating in cluttered environments. The proposed controller
was shown to guarantee position and velocity tracking between heterogeneous robotic
manipulators with time delays. By utilizing the redundancy of the slave robot, the semi-
autonomous behavior was achieved with the use of only one master robot, while [54]
requires dual master robots to control the slave robot.

Moreover, the developed teleoperation system was able to achieve tracking even
when the human operator exerts a damping force. In hard contact, the signals of the
system were shown to be ultimately bounded with force reflection. Based on the pro-
posed semi-autonomous teleoperation framework, the redundant slave robot can regulate
its configuration for achieving some additional tasks while following the position of the

master robot in the task space. Three sub-task controls, which are singularity avoidance,
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joint angle limits, and collision avoidance, were discussed subsequently in this research.
A previously developed collision avoidance control, which was originally designed for
multi-agent systems, was modified and applied in this research for obstacle avoidance for
redundant slave robots.

Task-space position and velocity tracking were studied in the problem of semi-
autonomous teleoperation. However, the orientation tracking of the end-effector, which is
significant in practice, was not considered. In addition, time delays in the communication
channels were assumed to be continuous in this research. Therefore, future work in this
topic encompasses studying system performance under time-varying delays, developing
algorithms for end-effector attitude tracking, and enhancing the quality of force reflection

in the teleoperation system.

6.3 Control of Robotic System over Networks

Controlling robotic systems over networks will be the harbinger of potential appli-
cations, such as controllers, which can be installed in portable devices for human opera-
tors to remotely control the robotic manipulators. However, unreliable communications
between the controller and the robotic system are crucial for stability and performance of
networked robotic systems. Hence, the problem of controlling robotic manipulators with
input-output delays was studied in Chapter 5. After demonstrating that the robotic system
and controller are both passive systems, scattering representation was utilized to passify
the communication channels subjected to constant delays. Utilizing the property that a

feedback interconnection of passive system is also passive, stability of the closed-loop
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system was guaranteed.

The architecture with scattering representation was applied for the system with
time-varying delays after slight modification. Even though stability of the closed-loop
system is recovered by utilizing this architecture, the robotic system can only be oper-
ated with poor performance. Hence, a controller with a position feedback and scattering
representation was presented to ensure both stability and tracking performance when the
system is subjected to time-varying input-output delays. The proposed control systems
were validated experimentally via a PHANToM Omni device.

The control problem that signals exchanging between robotic manipulators and con-
trollers are subjected to communication delays was studied in this dissertation. However,
the system was considered only for set-point control. In order to enhance practicability
of this study for various applications, more complicated control schemes, such as trajec-
tory tracking and path planning, should be considered in this research. Moreover, the
assumption that the communication channels are continuous (constant and continuous
time-varying delays) is inadequate to cope with the discrete nature in the communication
network. Hence, future work in this topic includes not only trajectory tracking control of
robotic manipulators under input-output delays, but also studying discrete time network

effect in the communication channels [9, 32].
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Appendix A
Background

A.1 Passivity

A passive system is one in which the output energy from the system is less than or
equal to the input energy exerted from external source. The concept of passivity is one of
the most physically appealing concepts of system theory and, as it is based on the input-
output behavior of a system, it is equally applicable to both linear and nonlinear systems.
Most of the ideas presented in this section are adapted from [38]. The purpose of this
section is to set the background and notation of passivity for the study in this dissertation.

A control affine nonlinear system is considered having the form

#(t) = f(x) + g(z)u(t)

Y= (A.1)
where x € R", u € R™, and y € R™. The functions f(-) € R", ¢g(-) € R™™, and
h(-) € R™ are assumed to be sufficiently smooth. The admissible inputs are assumed to
be piecewise continuous and locally square integrable. For simplicity, it is noted that the

dimensions of the input and output are the same, and f(0) = 0 and ~(0) = 0.

Definition A.1 [38] The nonlinear system X is said to be passive if there exists a C*

non-negative definite storage function V(x) > 0 with V(0) = 0, and a function S(x) > 0
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such that for all t > 0,

Vialt) - Vo) = [ o [ Setohds @2
which can be written as
V(x) =u" (t)y(t) — S(x) (A.3)
Moreover, the system is said to be
o strictly passive if S(z) > 0 so that (A.3) can be written as u"y > V (x)
e lossless if S(z) = 0 so that (A.3) can be written as u"y = V (x)

o input strictly passive if uTy > V(z) + uTe(u), where u"p(u) > 0 for some

function ¢ and Vu # 0

o output strictly passive if uTy > V(x) + y"p(y), where y"p(y) > 0 for some

function p and ¥y # 0

A.2 Euler-Lagrangian System

A dynamic system can be represented by using Euler-Lagrange equations. Follow-
ing [95], in the absence of friction and disturbances, the Euler-Lagrange equations of

motion for an n-degree-of-freedom robotic system are given as

M(q)§+C(q,4)q+g(q) = u (A4)

where ¢ € R" is the vector of generalized configuration coordinates, © € R" is the vector
of generalized forces acting on the system, M (¢q) € R™ ™ is a symmetric, positive definite
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matrix, C'(q, )¢ € R" is the vector of Coriolis/Centrifugal forces, and g(q)=% € R"is

the gradient of the potential function G(q).
For robotic systems with all revolute joints, the above equations exhibit certain

fundamental properties due to their Lagrangian dynamic structure [95].

Property A.1 The matrix M(q) is symmetric positive definite, and there exists positive

constants \,, and Xy such that
where L, is an n X n identity matrix.

Property A.2 For any differentiable vector & € R™, the Lagrangian dynamics are lin-

early parameterizable which implies that

M(q)é + C(q, ))& + g(q) = Y(q,4,€,€)© (A.6)

where O is a constant w-dimensional vector of unknown parameters, and Y (q, g, &, f ) €
R™"™ is the matrix of known functions of the generalized coordinates and their higher

derivatives.

Property A.3 Under an appropriate definition of the matrix C, the matrix M - 2C' is

skew symmetric.

Property A.4 For q, ¢, £ € R", there exists k. € R" such that the matrix of Corio-

lis/Centrifugal torques is bounded by

1C(q, 9] < kelgll€]- (A7)
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A.3  Graph Theoretic Terminology

Communication topology and information exchanging between agents can be rep-
resented as a graph. Some basic terminology and definitions from graph theory [26],
which is sufficient to follow the subsequent development, are mentioned in this section.

By a graph G(V, ) it means a finite set V(G) = {v;,...,vn}, whose elements
are called nodes or vertices, together with set £(G) C V x V, whose elements are called
edges, which is an ordered pair of distinct vertices. An edge (v;, v;) is said to be incoming
with respect to v; and outgoing with respect to v; and can be represented as an arrow with
vertex v; as its tail and vertex v; as its head. The in-degree of a vertex v € G is the number
of edges that have this vertex as a head. Similarly, the out-degree of a vertex v € G is the
number of edges that have this vertex as the tail. If the in-degree equals the out-degree
for all vertices v € V(G), then the graph is said to be balanced.

If, for all (v;,v;) € E(G), the edge (v;,v;) € E(G) then the graph is said to be
undirected. Otherwise, it is called a directed graph. A path of length ¢ in a directed graph
is a sequence vy, . .., v, of £ + 1 distinct vertices such that for every i € {0,...,¢ — 1},
(v;,v;41) is an edge. A weak path is a sequence vy, . . ., v, of £ + 1 distinct vertices such
that for each ¢ € {0,...,¢ — 1} either (v;, v;41) or (v;11,v;) is an edge. A directed graph
is strongly connected if any two vertices can be joined by a path and is weakly connected
if any two vertices can be joined by a weak path.

From the above terminology, the information exchanging between the networked
robotic systems can also be represented by a weighted directed graph G, = (V,E, W),

where the vertex set ) denotes robots in the communication network, the edge set £
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denotes communication between robots, and W(G,,) = {w;;}, j € N; denotes the weight
of each link. Here, N; denotes the set of neighbors of edge v; if (vj,v;) € £, and wy;
denotes the weight of the edge from v; to v;. In the following, agents are used to denote
the individual robotic systems in the communication graph.

The weighted Laplacian L,,(G,,) for the interconnection graph is defined as

;

:Zje/\fi Wi if 1=

Ly = [Luijl = § = —wj; if jeN;

=0 Otherwise

\

Lemma A.1 [33, 78] If the communication graph is strongly connected and weights are
positive, there exists a vector v (with positive elements) satisfying ¥* L., = (), where ()

denotes a zero vector, and the vector vy is defined as
Y=, ), % >0 Vie{l,...,N}

for the case with N agents.
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Appendix B

Kinematic and Dynamic Model of PHANToM Omni

PHANToOM haptic device [88] is mainly used for human operator to interact with a
virtual environment because of its low inertia, large workspace and precise measurement
of position. The device has been implemented in many haptic applications [29, 61]. In
addition to haptic applications, PHANToM device can be utilized to test and validate con-
trol schemes after suitable modifications and improvements. Researchers in [4] studied
the mechanical and electrical properties of the PHANToM device in order to overcome
the limitation and use for control application with high performance. The experimental
identification and analysis of the dynamic model has been discussed in [101]. However,
most of these researches focused on PHANToM Premium 1.5 haptic device; the study of
PHANToM Omni for the implementation of control scheme has not been well studied.

PHANToM Omni, as seen in Figure B.1, is a cost-effective haptic device having

6-DoF position sensing and force feedback on the axis of x, y, and z. Only three of six

Figure B.1: The appearance of PHANToM Omni haptic device.
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(a) Schematic of the home configuration (b) Offsets dy and ds on joint 2 and 3

Figure B.2: The schematic diagrams of PHANToM Omni haptic device.

joints of PHANToM Omni are actuated. The end-effector position resolution is 0.055mm,
and the maximum and continuous exertable force at the end-effector are 3.3N and 0.88N,
respectively. PHANToM Omni uses the interface IEEE-1394 Firewire port to communi-
cate with a computer. Using OpenHaptics API 2.0 [89], user can acquire data from and
send control command to a PHANToM Omni device. For the experiments conducted in
this dissertation, it is assumed that all signals acquired from the API are reliable.

Since the control schemes developed in this dissertation consider fully actuated
robots, the detachable stylus of PHANToM Omni is removed and the last three joints are
constrained in order to reduce the influence of the unactuated links on the behavior of
the manipulator. The schematic diagrams of the modified PHANToM Omni are shown
in Figure B.2 (a) and (b), where 6, 05, 65 are joint angle, my, mg are the translational
inertias of link 2 and 3, and [y, I, are length of links. In addition, X(¢) = [x,v, 2|7
denotes the position of the end-effector, X (¢) denotes the velocity of end-effector, §(t) =

01, 05,05]" denotes the joint angles, and 0 denotes the angular velocity of joints. The
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position X and linear velocity X of the end-effector can be acquired directly by using

OpenHaptics API for PHANToM Omni.

Since the joint angle of the third joint obtained from OpenHaptics API is depen-

dent on the second joint, for the sake of conforming usual practice, the captured signal

is modified to make the third joint independent of the second joint. In the system model,

the center of mass for all the links are assumed to be in the halfway along the link seg-

ment. Furthermore, two offsets, d; and ds, on the second and third joints, as shown in

Figure B.2 (b), are assumed to have the same length and be massless. The required model

for the experiments are discussed based on these assumptions and modifications. In this

appendix, the derivation of rigid body transformations, forward kinematics, and dynamic

model are followed the notation in [63, 95].

B.1 Kinematic Model

Following the naming convention and home configuration shown in Figure B.2,

the forward kinematic configuration of a PHANToM Omni can be characterized by the

following vectors and points.

W1 = [07 - 17 O]Ta

q1 = [07 07 - ll]Ta g> = [_dh l27 - ll]T7 qs = [dQ - dl; l27 O]T

The rotation matrices for individual joints are given as

w161 __

cos 0,
0

sin 91

0

0

—sin 91
0

cos 0,

waba __
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Wy = [_17 07 O}Tv

w33 __

0

0

cos 0

—sin 92

W3 = [_17 07 O]T7

sin 92

cos 6o

(B.1)

(B.2)



With the twist

1

i=1,2,3,

ewiti (I — Wit (Wi X Ui) + WiwiTUz’Qi

The forward kinematics map of a PHANToM Omni has the form

gst(9> — 6516165292653939515(0) —

The individual exponentials and g, (0) are given by

St —

ef202 —

ef30s —

cosf; 0 —sinb,
0 1 0
sinf; 0 cosb,

0 O 0

0 0

R(0) p(0)

0 1

—ll sin 01
1
ll COS 01 — ll

1

0

cosfy sinfy 13 sinfy — Iy cosly + 1o

—sinfy cosfy 1y cosOy+ lysinfy — 1y

0 0

1 0 0
0 cosf3 sinfy
0 —sinfs; cosfs

0 0 0
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1

0
—lycos0; + [y
{5 sin 05

1

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)



and g5 = I44 identify matrix.

By expanding the product terms of the exponentials formula, the R(#) and p(6) can

be given as
- cosfy sin(fy + 03)sinf;  — cos(b + 03) sin b, |
R(0) = 0 cos(6z + 05) sin(6y + 63) (B.9)
sinf; —sin(fy + 03) cosfy  cos(fy + 03) cos by

—sin 0y (I3 sin(Oy + 03) + 14 cos 6)

p(0) = ly — I cos(0y + 03) + 1 sin by = X. (B.10)

cos 01 (I; sin(0y + 03) + 15 cos B2) — 1y

Since only the linear Jacobian is required in the experiment, the linear Jacobian
matrix can be directly obtained by taking the derivative of p. The structure and elements
of Jacobian are listed in the equation (B.11) and (B.12). Here, s;, c¢;, Sij, ¢ij, S,
C2i, S2ij, C2ij, S2i2; and cg;9; where ¢, j = 1, 2, 3 are represented in the following as
shorthand for sin 0;, cos6;, sin(0;+6;), cos(;+6;), sin(26;), cos(26;), sin(26;,+6;),

cos(260; + 6;), sin(26; + 26;) and cos(26; + 26;), respectively.

Jii Ji2 Jiz
J=1 0 T Ja (B.11)
I J31 Jzo Js3 |
Jin = —liciea — lacicasy — laciSacs, Jio = 12518283 + 115152 — l251Ca03
J13 = —12810203 + l2818253 5 JQQ = l28203 + 126283 + l102
Joz = lycysg + lasacs . J31 = —l38150c3 — [15105 — 1251283
3o = lac109c3 — [2¢15283 — l1¢182 , J33 = lacicacs — lzs3c1 87

(B.12)
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For computing the Jacobian, the link lengths can be obtained based on the forward
kinematics and the linear property of kinematics that X = h(#) = Yj(0)Ly, where Y}
is known regressor matrix, and Ly = [, l5]” is the unknown link length vector for the
PHANToOM Omni. As the position of the end-effector are available from the OpenHap-
tics API and there are only two unknowns in three equations, the length of PHANToM
Omni can be obtained that Ly, = Y3(0)TX = [133mm, 133mm]’. The Jacobian matrix
acquired from OpenHaptics API is the same as the Jacobian computed from (B.11) based
on the length obtained above. As all the required signals are all available, the elements of
the regressor matrix Y (6, 0,v, a) can be obtained and computed for the experiments.

In this dissertation, since the angular velocities of joint are required to implement
the control schemes, Jacobian matrix and linear velocities of the end-effector are used to
obtain angular velocities by 8(t) = J~'() X (t), where J() denotes the linear Jacobian
matrix. Moreover, due to that the control with the use of OpenHaptics API 2.0 can only
be applied to PHANToM Omni in the joint space by motor DAC value or the task space
by linear end-effector force, in all experiments, the torque, computed from the proposed

control scheme, will be converted to force in the end-effector by using Jacobian matrix.

B.2 Dynamic Model

The dynamic model can be derived by using Euler-Lagrange equations. The func-

tion, which is the difference of the kinetic and potential energy, can be given as

L=K-P (B.13)
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where L is Lagrangian, K is kinetic energy, and P is potential energy due to gravity.
Then, the equations of motion of the robotic system is

doL oc .
T A i=1,2,3 (B.14)

where 7; is the force associated with joint 6;.

Referring to [63], the instantaneous body linear and angular velocities are given as

v =RI'P, &= RIR, (B.15)

2

where R; is the rotational matrix shown in (B.2). Then, the kinetic energy of a PHANToM

Omni can be written as

1 1

3
97t
1

(2

where M is the total mass of link ¢, and Z; is the inertial tensor of link 7. The potential

energy of a PHANToM Omni can be given as
3
P=3 Mig"p (B.17)
i=1

where ¢ is the vector giving the direction of gravity, and p.; gives the coordinates of the
center of mass of link 7. The equations of motion can be derived by (B.14), and kinetic
and potential energy.

Based on the above assumptions and modifications, in the absence of frictional and

viscous damping forces, the dynamics of the robotic system can be written as
M(8)8 + C(0,0)0 + G(H) = u(t) (B.18)

where M(#) € R is the inertia matrix, C(0,0) € R*<3 is the vector of Corio-
lis/Centrifugal forces, and G() € R is the gravitational vector. Here, u(t) = [uy, ug, us]”
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and 0(t) = [0, 05, 05]7 denote the torque command to drive PHANToM Omni and the
angular positions of three actuated joints, respectively.
Rearranging C'(q, ¢) in the structure that makes M (q) —2C(q, ¢) a skew symmetric

matrix, the dynamics of PHANToM Omni can be written as

My, 0 0 él Cii Ci2 Cis 91 0 U
0 My Moy é2 T | Cy Oy Oy 92 TGy | = | w
0 Msy, Mss fs Csi Cs O fs G us

) T ) ) o ) ) ) ) (B719)

where the elements of the matrices M (6), C(6,0) and G(6) are listed as follows

1 1 1 1 1 1 1 1
My, = 512,2 — §[2y022 + §[3y + Sl =5 3yC22,23 + §I2z022 + §[3z022,23 + §]3Z
1 1 1 1 1 1
—|—]12 —|— gmgl% + §m3l3022 —|— §m3l1l232273 —|— émgl% —|— émzl%cm + gmglg

1 1
- §m313022,23 + §m3l1l233

1 1
M22 = ]237 + Igz + mgl% —+ m3l11283 + —mglg + —mgl%

4 4
1, 1
M23 = M32 = ng + nglz + §m3l1l253
1 2
M3z = I3, + nglg
C :(lmfﬁs —1771128 + —malisyy — —mal?s —|—1mllc ,
11 g/Mal2522,28 — 5M3liS22 T gMaliS — 5MalySo2 + 5MahilaCa 3
1 1 1,
—§]2z822 + §]2y522 - §]3z322,23 + 5131/522,23)92 + (§m352322,23
1 1 1 .
+Zm3l1l2022,3 + 1m351l203 + 5 3yS22,23 — §]3z822,23)93
1 2 1 2 2 1
Cig = —Coy = (§m3l2822,23 — §m311822 + §m211822 + §m31152022,3
1 1 1 1 .
—émzl%Sm + §I2y522 — 513,2522,23 + §I3y522,23 - 512,2522)91
1, 1 1
Cis3=—Cs = (§m352522,23 + Zm35112022,3 + Zm3l11203
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1 .
—13,52223 + —[3y822,23)91

2 2
1 )
Co = §m3l1120393

023 = 5771;3[1120392 + §m3l1l26393

032 = —§m3l1l20392
1 1
Go = §m395282,3 + §m39l102 + §m29l162

Gs = §m395252,3

where m; and [;; are the translational and rotational inertia of link ¢, in which = 1,2,3
and j = 2,9, 2.

By the Property A.2, the Lagrangian dynamics of the device can be linearly param-
eterized as

M(0)6+C(0,0)0 + G(0) =Y (6,0,0)0 (B.20)

where © € R 8 is the unknown parameter vector and Y € R 3*® is the regressor ma-
trix. For implementing the proposed control scheme, the regressor matrix Y (6, 0, é)
in (B.20) is modified to Y (6,0, v, a), where a(t) and v(t) were defined in the proposed
control scheme. Based on the system dynamics, the vector of unknown parameter ©
and regressor matrix Y (0, 9, v, a) are calculated in (B.21), and (B.22) to (B.24), where
Y =1V, Ya, Y};]T. Notations vy, vs, V3, a1, a2, and ag are the elements corresponding to

the vectors v(t) and a(t) defined in the proposed control scheme.
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1
8

Imsl + tmold + 115, — 31,
—smsl3 — 115, + 315,
%mglllg
malf + smal3 + smsli + 3. + 513y + 510y + 555, + 1.
imald + mgld + mol} + I, + I,
}lmglg + I,
smagly

%m39l1 + %m2951

@1Co2 — VS22 — V159205
—U3322,2391 - U1322,2392 - U1322,2393
@1C9293 — U2522,2391

1 1 0 9
ai(so2s + s3) + (50303 + VaC223 + 5113022,3) 1+ V1Co2.302

+(3vics + Luiepnz)d

5U1C3 T 5V1C223)U3

a1

0
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V152004

U1522,2391

2a253 + azS3 — 1)1022’391 + U3€392 -+ (1)363 + 63U2>03

283 — (%

0
5)
as

523

Co

0
?11522,2391
. . .
V1Ca2,3 + 5V1C3)01 — C3020;

0

a2+a3

523
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