poxed NANYANG
TECHNOLOGICAL
UNIVERSITY

SINGAPORE

ADAPTIVE COOPERATIVE CONTROL OF MULTI-AGENT
SYSTEMS

YING ZOU
SCHOOL OF ELECTRICAL AND ELECTRONIC ENGINEERING
2020



ADAPTIVE COOPERATIVE CONTROL OF MULTI-
AGENT SYSTEMS

YING ZOU

School of Electrical & Electronic Engineering

A thesis submitted to the Nanyang Technological University
in partial fulfillment of the requirement for the degree of

Doctor of Philosophy

2020






Statement of Originality

| hereby certify that the work embodied in this thesis is the result of
original research, is free of plagiarised materials, and has not been

submitted for a higher degree to any other University or Institution.

10/01/2020 WZM

Date YING ZOU






Supervisor Declaration Statement

| have reviewed the content and presentation style of this thesis and
declare it is free of plagiarism and of sufficient grammatical clarity to
be examined. To the best of my knowledge, the research and writing
are those of the candidate except as acknowledged in the Author
Attribution Statement. I confirm that the investigations were conducted
in accord with the ethics policies and integrity standards of Nanyang
Technological University and that the research data are presented

honestly and without prejudice.

10/01/2020

Date CHANGYUN WEN






Authorship Attribution Statement

This thesis contains material from 4 papers submitted to and published in

the following peer-reviewed journals in which | am listed as an author.

Chapter 3 is submitted to IET Control Theory & Applications as Y. Zou,
C. Wen, and M. Guan. "Distributed output feedback consensus tracking
control of multiple nonholonomic mobile robots with directed

communication graph and sensor faults,"

The contributions of the co-authors are as follows:
e | prepared the drafts of the manuscript, designed the control
algorithm and performed the simulations.
e Prof. Wen provided comments on the algorithm design and
revised the manuscript drafts.

e Mr. Guan assisted in simulations and revision of the manuscript.

Chapter 4 is submitted to IEEE Transactions on Systems, Man and
Cybernetics: Systems as Y. Zou, C. Wen, and C. Deng. "Distributed
output feedback consensus tracking control of multiple nonholonomic

mobile robots with only position information of leader,"

The contributions of the co-authors are as follows:
e | prepared the drafts of the manuscript, designed the control
algorithm and performed the simulations.
e Prof. Wen provided comments on the algorithm design and
revised the manuscript drafts.
e Dr. Deng assisted in the mathematical derivations, simulations

and revision of the manuscript.

Chapter 5 is published as Y. Zou, C. Wen, and M. Guan. "Adaptive
estimator-based formation maneuvering control of nonholonomic mobile

robots,” International Journal of Adaptive Control and Signal



Processing, https://doi.org/10.1002/acs.3078.

The contributions of the co-authors are as follows:

| prepared the drafts of the manuscript, designed the control
algorithm and performed the simulations.

Prof. Wen provided comments on the algorithm design and
revised the manuscript drafts.

Mr. Guan assisted in the simulations and revision of the

manuscript.

Chapter 6 is published as Y. Zou, C. Wen, and M. Guan. "Distributed

adaptive control for distance-based formation and flocking control of

multi-agent systems,” IET Control Theory & Applications, vol. 13, no. 6,
878-885, 2019.

The contributions of the co-authors are as follows:

10/01/2020

| prepared the drafts of the manuscript, designed the control
algorithm and performed the simulations.

Prof. Wen provided comments on the algorithm design and
revised the manuscript drafts.

Mr. Guan assisted in the simulations and revision of the

manuscript.

Date YING ZOU



Acknowledgements

I would like to take this opportunity to thank all who have helped me during the
past four-year study in NTU.

First and foremost, I would like to express my deepest appreciation to my super-
visor, Prof. Changyun Wen, for his continuous support, professional guidance and
positive encouragement during the PhD study. I still remember when I first came
to NTU in 2015, all the PhD students in the laboratory told me that Prof. Wen is
very amiable. After the first meeting with him, I really agree with what they said.
During the past four years, his admirable patience and academic sense gives me
great help on my research. For example, he will explain some theorems or lemmas
by completing the mathematical derivations step by step and takes some examples
to help me understand them. He will revise my QE report and research articles
sentence by sentence. His attitude towards research and rigor in mathematics have
a great influence on me and will benefit me in all my life. In addition to research,
he is always concerned with my daily life and encourages me to exercise more. To

me, he is not only a supervisor, but also like a father.

[ am also very thankful to Dr. Fanghong Guo, Dr. Jie Ding and Dr. Mao Shan.
Dr. Guo helped me to complete my application process before I came to NTU.
When I first came to NTU to take TPT examination in 2015, he took me for a
campus tour and a city tour. After I started my study in NTU, Dr. Guo and Dr.
Ding helped me a lot to get familiar with the campus quickly. During the first
year, when I encountered problems in my study, they always helped me to solve
them patiently. After I joined in the ST Engineering-NTU Corporate Laboratory,
Dr. Shan has helped me significantly to find theoretical problems from practical

i



1

applications. Even though now Dr. Shan is not working in Singapore, he is still

concerned with my research and discussed with me via Wechat.

My colleagues and friends in ST Engineering-NTU Corporate Laboratory and
Robotics I Laboratory also give me a lot of help throughout the past four years. I
am thankful to Mr. Mingyang Guan for his assistances and advices in the simula-
tion. I also would like to thank Mr. Yijie Zeng and Mr. Kun Cao for their patient
discussions and generous help in mathematical derivations. Special thanks go to
my friends, Ms. Keyu Wu, Dr. Yuanzhe Wang, Dr. Chule Yang, and Dr. Chao
Deng etc., for their support and company. My deep gratitude also goes go to Alex
for his delicious food, friendly guidance in cooking and patiently assistances during

my stay in the corporate laboratory.

Last but not the least, I would like to express the deepest gratitude to my family

for their love and support.



Contents

Acknowledgements i
Summary A
List of Figures vii
1 Introduction 1
1.1 Background and Motivation . . . .. .. ... ... ... ... 1
1.1.1 Distributed output feedback consensus tracking control of
multiple nonholonomic mobile robots . . . . . . . ... ... 2
1.1.2  Flocking with Distance-Based Formation Control . . . . . . 3
1.2 Contributions . . . . . . . ... 4
1.3 Organization of the Thesis . . . . . . . .. ... ... ... ..... 7
2 Literature Review 8
2.1 Distributed Consensus Tracking . . . . . . ... .. ... ... ... 8
2.1.1  Graph Theory . . . . . . .. ... 9
2.1.2 Integrator Type Dynamics . . . . . . . .. ... . ... ... 10
2.1.3 Linear Dynamics . . . . . . . . .. ... ... ... ... 11
2.1.4 Nonlinear Dynamics . . . . .. .. ... .. ... ... .. 12
2.1.5 Nonholonomic Dynamics . . . . . . . ... ... ... .... 14
2.2 Flocking with Distance-based Formation Control . . . . . . . . . .. 16
2.2.1 Undirected Graph . . . . . . . . .. ... ... 17
2.2.2 Directed Graph . . . . . . ... ... L 18
3 Distributed Output Feedback Consensus Tracking Control of Mul-
tiple Nonholonomic Mobile Robots with Directed Communication
Graph and Sensor Faults 20
3.1 Problem Formulation . . . . .. ... ... ... ..., 21
3.2 Controller Design . . . . . . .. .. ... 24
3.2.1 Estimator design . . . . .. ... ... L. 25
3.22 Observerdesign . . . . . ... ... oo 26
3.2.3 Controller design . . . . .. ... ... L. 29

3.3 Simulation . . . . . ... 33



CONTENTS iv

3.4 Conclusion and Future Work . . . . . . . . . . .. .. ... ... .. 38
3.5 Appendix . ... 39

4 Distributed Output Feedback Consensus Tracking Control of Mul-
tiple Nonholonomic Mobile Robots with Only Position Informa-

tion of Leader 42
4.1 Problem Formulation . . . . . . .. ... .. ... L. 43
4.2 Controller Design . . . . . . .. . ... oo 46
4.2.1 Estimator design . . . . . .. .. ... . Lo 46
4.2.2 Observer design . . . . . . . . ... 49
4.2.3 Controller design . . . . . . .. ... .. L 52
4.3 Simulation . . . . ... oo D7
4.4 Conclusion . . . . . . ... 61

5 Adaptive Estimator-based Formation Maneuvering Control of Non-

holonomic Mobile Robots 63
5.1 Problem Formulation . . . . .. .. ... ... ... ... ... 64
5.1.1 Basic concepts on graph . . . . .. ... 64
5.1.2  System model and problem formulation . . . . . . .. .. .. 65
5.2 Controller Design . . . . . . .. .. .. oL 66
5.2.1 Adaptive estimator design . . . . .. ... ... 67
5.2.2  Modified gradient controller design . . . . .. ... ... .. 68
5.3 Simulation . . . . . ... 73
5.3.1 Case 1: time-varying case . . . . . . . . .. .. .. .. ... 74
5.3.2 Case 2: constant case . . . . . . . . ... ... 76
54 Conclusion . . . . . . . ... 7

6 Distributed Adaptive Control for Distance-based Formation and
Flocking control of Multi-Agent Systems 79
6.1 Problem Formulation . . . . . . ... ... ... ... ........ 80
6.2 Controller Design . . . . . . . . .. .. oo 83
6.2.1 Controller Design for the First Follower . . . . . . . . .. .. 83
6.2.2 Controller Design for the Follower . . . . . . ... ... ... 87
6.2.3 Extension to N-agent Case . . . . . . . ... ... ... ... 91
6.3 Simulation . . . . . ... 93
6.4 Conclusion . . . . . . . . .. 96
7 Conclusion and Future Work 99
7.1 Conclusion . . . . . . . ... 99
7.2 Future Work . . . . . . .. ... 101
Author’s Publications 104

Bibliography 106



Summary

Cooperative control of multi-agent systems has achieved rapid development during
the past decades due to its broad applications in various areas, such as robotics,
intelligent transportation systems, surveillance and monitoring. Consensus is one
of the most popular topics in this area, which has attracted considerable attention
of numerous researchers. Although a large number of effective control approaches
have been proposed to address the consensus problem of multi-agent systems, there
are still a lot of open problems in this area. Among them distributed output
feedback consensus tracking control of multiple nonholonomic mobile robots in the
situations that i) sensor faults occur and ii) limited information of the reference

trajectory is available are two important problems to be studied in this thesis.

First of all, distributed output feedback consensus tracking control of multiple non-
holonomic mobile robots with sensor faults and communication through a directed
graph is studied. In the presence of sensor faults, the main challenge to achieve
distributed consensus tracking control lies in that both individual position mea-
surements and relative position between pairs of robots are faulty. To address this
issue, an adaptive output feedback fault-tolerant control scheme which involves es-
timator, observer and controller design is proposed to compress the effects of sensor
faults and realize consensus tracking, by estimating the reference trajectory and
velocity information. With the designed control algorithm, all the signals in the
resulting closed-loop system can be guaranteed to be bounded, and the consensus
tracking error of the system can converge to an adjustable neighborhood of zero

by appropriately choosing design parameters even in the presence of sensor faults.

Secondly, distributed output feedback consensus tracking control of multiple non-
holonomic mobile robots with only position information of leader is considered.

\%



To solve such a problem, an adaptive output feedback control scheme which in-
volves estimator, observer and controller design is proposed. Since only position
information of leader is available to a subset of following robots, a fully distributed
adaptive estimator is constructed to estimate the position information of leader for
each robot. Utilizing the estimated information, an observer-based adaptive output
feedback control law is designed to estimate unavailable velocity information and
unknown dynamic parameters and achieve trajectory tracking for each robot. It is
shown that the boundedness of all the signals in the resulting closed-loop system
and the convergence of consensus error to an adjustable neighborhood of zero is

established.

Another class of cooperative control problem arises when one wants all agents in
a formation to take up a desired shape which is described by the inter-agent dis-
tances and assume a common velocity. This is a combined problem of flocking and
distance-based formation control, namely flocking with distance-based formation
control. To solve such a control problem, most existing algorithms are proposed
just based on simple linear models, such as single- and double-integrators. Thus,
to overcome this restriction, distance-based formation and flocking control with
nonholonomic dynamics and parametric uncertainty are considered respectively in

the second part of this thesis.

Aiming to achieve the desired formation shape and an overall maneuvering velocity
for nonholonomic mobile robots, a control scheme consisting of an adaptive esti-
mator and a modified gradient control law is proposed. The adaptive estimator
is constructed to estimate the desired maneuvering velocity which can be either
constant or time-varying. Utilizing the estimated velocity, a modified gradient con-
trol law is developed based on the nonholonomic kinematic model to maintain the
desired formation shape. Local asymptotic convergence of the overall system is

guaranteed by choosing appropriate control parameters.

For distance-based formation and flocking control of multi-agent system with para-

metric uncertainty, an adaptive distributed control strategy is firstly proposed



based on a 3-agent leader—first-follower (LFF) system model. By introducing two
new variables that involve distance error and velocity error and utilizing them in
the controller design, it is shown that all agents will globally converge to the de-
sired formation and move with the velocity of the leader. Then the three-agent
case is inductively extended to N-agent case. The stability and the effectiveness
of the proposed control strategy are analyzed in theory and demonstrated through

simulation results, respectively.
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Chapter 1

Introduction

The introduction of this thesis is presented in this chapter. Firstly, the background
and motivation for conducting the research is introduced. Then, major contribu-

tions are summarized. Finally, the outline of the thesis is presented.

1.1 Background and Motivation

Cooperative control of multi-agent systems has attracted considerable attention
and achieved rapid development during the past decades due to its broad applica-
tions in both civilian and military fields, such as intelligent transportation systems,
unknown environment exploration and target tracking. Cooperative control aims
to employ a group of agents with interaction capacities to execute some tasks, such
as exploration, search and monitoring. Up to now, there are already some papers
that have comprehensively reviewed the existing works in this area, see [3-7] for
examples. The typical problems in cooperative control of multi-agent systems are
consensus, formation control, flocking, shape control and cooperative localization,
to name a few. Among the above-mentioned research topics, consensus is one of
the hottest topics and has attracted considerable attention of numerous researchers.

Consensus is usually aimed to reach an agreement for interested variables of the
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agents in a group, by only sharing information among neighbors through the com-
munication network. The interested variables can be position in rendezvous, pose

in coordination of robots or velocity in flocking.

1.1.1 Distributed output feedback consensus tracking con-

trol of multiple nonholonomic mobile robots

In recent years, considerable consensus approaches have been proposed which can
be essentially divided into two broad categories, namely, consensus without a leader
(i.e., leaderless consensus) and consensus with a leader (i.e., leader-follower consen-
sus or distributed tracking). Due to the increasing applications of nonholonomic
mobile robots in a large number of practical projects, the research on distributed
consensus tracking control of multiple nonholonomic mobile robots has attracted
an increasing interest in the past decades. However, to implement these proposed
approaches into practical applications, most of the existing approaches may suffer
from a variety of challenges due to different constraints. These constraints include

but not limited to the listed cases as follows.

(1) Sensor faults. Sensor fault-tolerant control is of both practical and theoreti-
cal importance. Although some results on the sensor fault-tolerant control of
individual system have been achieved, few efforts have been made on such an
issue with respect to multi-agent systems due to its significant challenge to
deal with both faulty individual measurements and faulty relative states/out-
puts. There have been some attempts in the literature, however, only with
additive sensor faults. Similar to actuator faults, multiplicative faults also
exist in practice and thus need to be considered in real applications. Fur-
thermore, these existing results are established for linear systems and cannot

be directly applied to nonholonomic mobile robots.

(2) Limited information of the leader. Provided that the reference trajectory is

prescribed or generated by a virtual leader with similar dynamics, most of
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the existing consensus methods are developed under the assumption that the
velocity or input information of the leader can be obtained by all followers or
a subset of followers. In some tasks, such information may not be obtained

by the followers.

(3) Independence of global communication information. Since consensus is achieved
based on the information transmission between neighboring agents, it is nec-
essary to consider the constraints and challenges associated with the com-
munication network topology. One common feature of most existing works
is that the knowledge of some eigenvalue information of the Laplacian ma-
trix associated with the communication graph is required to implement the
proposed controllers. Specifically, in the case that the communication topolo-
gies are undirected graphs, the smallest nonzero eigvenvalue of the Laplacian
matrix is required, while the smallest real part of the nonzero eigenvalues
of the Laplacian matrix is required for directed communication topologies.
However, it is worth mentioning that such information is global information
which means it requires the entire communication graph to be known by each

agent in the group.

1.1.2 Flocking with Distance-Based Formation Control

In terms of flocking behavior, it means the phenomenon that all agents in a forma-
tion move with identical velocity. This is a velocity consensus problem. Distance-
based formation control focuses on the inter-agent distances and aims to control
the agents in a formation such that the formation achieves the desired shape which
is described by the desired inter-agent distances and is invariant to combination
of translation and rotation. Thus, another class of consensus problem, namely
flocking with distance-based formation control, arises when a multi-agent system
is required to take up a particular shape and share a common velocity. Although
flocking with distance-based formation control has been studied in many research

works, there exist several important issues that deserve further attention.
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(1)

Motion constraint. Almost existing works on flocking with distance-based for-
mation control are developed based on single-integrator or double-integrator
models, which cannot fully express the dynamic model of real agents because
of the existence of motion constraints. Specifically, the velocity of a single
integrator can be arbitrarily assigned whereas the velocity of a nonholonomic
mobile robot is subject to nonholonomic dynamics. Thus, theses results can-

not be directly applied to multiple nonholonomic mobile robots.

Intrinsic model uncertainty. In some practical applications, it is difficult to
obtain the exact intrinsic model for each agent. However, intrinsic model
uncertainty has been less studied in distance-based formation control, even

though it is a hot-spot in other control areas.

Time-varying leading velocity. In most of existing results, the desired leading
velocity is assumed to be an unknown constant vector. Thus, some efforts
have been made to achieve flocking with distance-based formation control
of double-integrator agents with time-varying leading velocity. Nevertheless,
one important issue that remains open is to realize flocking with distance-
based formation control by considering time-varying leading velocity and mo-

tion constraint or dynamic uncertainty.

1.2 Contributions

This thesis investigates two categories consensus problems: distributed output feed-

back consensus tracking control of multiple nonholonomic mobile robots (Chapter

3 and 4) and adaptive distance-based formation and flocking control (Chapter 5

and 6). The main contributions of this thesis are summarized as follows.

(1)

Distributed output feedback consensus tracking control of multiple nonholo-

nomic mobile robots



1.2. Contributions )

(i)

In Chapter 3, distributed output feedback consensus tracking control
is investigated for multiple nonholonomic mobile robots with directed
graph in the presence of sensor faults. An adaptive-based output feed-
back scheme which involves estimator, observer and controller design is
proposed to address the fault tolerance issue. To avoid using the global
information of the communication graph, a fully distributed adaptive
estimator is constructed to estimate the reference trajectory informa-
tion for each robot. Moreover, to realize feedback control, an adaptive
observer is constructed for each robot to estimate velocity information.
Based on the estimated information from the estimator and observer, a
feedback control law is developed to compress the effects of sensor faults
and realize trajectory tracking. It is shown that the boundedness of all
the signals in the resulting closed-loop system can be guaranteed, and
the consensus tracking error of the system can converge to an adjustable
neighborhood of zero by appropriately choosing design parameters even

in the presence of sensor faults.

In Chapter 4, distributed output feedback consensus tracking control of
multiple nonholonomic mobile robots with directed graphs is addressed
by using only position information of the leader. To design the controller
without using the global information of the communication graph, a fully
distributed adaptive estimator is firstly constructed to estimate the po-
sition of leader for each robot. To realize feedback control and handle
system uncertainty, an adaptive observer is constructed for each robot
to estimate the velocity information and unknown dynamic parameters.
Based on the estimated information, an adaptive observer-based output
feedback controller is designed to realize tracking control. The bounded-
ness of all the signals in the resulting closed-loop system is guaranteed.
Moreover, the convergence of consensus tracking error of the system
to an adjustable neighborhood of zero is established by appropriately

choosing design parameters.
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(2) Adaptive distance-based formation and flocking control

(i)

In Chapter 5, the formation maneuvering control problem of a group of
nonholonomic mobile robots is studied with the objective of having a
desired formation shape described by distances between pairs of robots
and an overall maneuvering velocity. The desired maneuvering veloc-
ity, which can be constant or time-varying, is only known to a set of
agents. A control scheme consisting of an adaptive estimator and a
modified gradient control law is proposed to solve this problem. The
adaptive estimator is developed to estimate the desired maneuvering
velocity in either constant or time-varying situation. Utilizing the esti-
mated velocity, a modified gradient control law is designed based on the
nonholonomic kinematic model so that the objective is achieved. Local
asymptotic convergence of the overall system is guaranteed by choosing

appropriate control parameters.

In Chapter 6, distributed distance-based formation and flocking control
of multi-agent system with parametric uncertainty is considered. A 3-
agent LF'F system is considered first. The agents are supposed to have
non-identical dynamics, whereas with similar structure. By introducing
two new variables that involve distance error and velocity error and uti-
lizing them in the controller design, it is shown that all agents in the
formation will globally converge to the desired formation and move with
the velocity of the leader. Finally, the three-agent case is inductively
extended to N-agent case. The stability and the effectiveness of the pro-
posed control scheme are analyzed in theory and demonstrated through

simulation results, respectively.
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1.3 Organization of the Thesis

The thesis is mainly divided into two parts: distributed output feedback consensus
tracking control of multiple nonholonomic mobile robots and adaptive distance-

based formation and flocking control (Chapter 5 and 6).

In Chapter 2, we review existing approaches in literature on two categories of
consensus problems: distributed consensus tracking and flocking with distance-
based formation control. In Chapter 3 and Chapter 4, distributed output feedback
consensus tracking control is investigated for multiple nonholonomic mobile robots
with directed graphs in the cases that i) sensor faults occur and ii) only position
information of leader is available to a subset of follower robots. In Chapter 5
and Chapter 6, adaptive control schemes are developed to address flocking with
distance-based formation control of a group of nonholonomic mobile robots with
undirected graphs and a second-order multi-agent system with directed graphs
and dynamic uncertainty, respectively. In Chapter 7, this thesis is summarized

and recommendations for the future work are provided.



Chapter 2

Literature Review

In the past decades, consensus problem has been studied extensively in the field of
cooperative control of multi-agent systems, considerable consensus approaches have
been proposed. According to whether the final consensus values are predetermined,
these approaches can be essentially divided into two broad categories, namely,
consensus without a leader (i.e., leaderless consensus) and consensus with a leader

(i.e., leader-follower consensus or distributed tracking).

In this chapter, a deep survey of the existing results on two categories control
problems i) distributed consensus tracking and ii) flocking with distance-based

shape control, is presented.

2.1 Distributed Consensus Tracking

The main idea behind consensus problem is to design distributed consensus proto-
cols for multi-agent systems. As is known, consensus always focuses on the motion
of multiple agents. Thus, the dynamic model of each agent should be taken into
consideration when studying the consensus problem for multi-agent systems. In

this section, we firstly introduce some basic concepts of graph theory and then
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review distributed consensus tracking control problem for integrator type, linear,

nonlinear and nonholonomic dynamics.

2.1.1 Graph Theory

Suppose that the interaction and information transmission among N agents are
governed by graph G = (V, ), where V = {1,2,--- | N} denotes the set of vertices
corresponding to each agent and £ C V x V is the set of edges between two distinct
agents. If G is undirected, then the edge (i, j) € £ indicates that agent i and agent
j can obtain information transmitted by each other. In this case, agent j is called
a neighbor of agent i, and vice versa. Otherwise if the graph is directed, then the
edge (i,j) € & indicates that robot ¢ is a neighbor of robot j and only robot i
can obtain information from robot j. The set of neighbors of agent 7 is denoted
as N; = {j € V|(i,j) € £}. The connectivity matrix A = [a;;] € RV*Y is defined
as a;; = 1if (i,7) € € and a;; = 0 if (7,j) € €. Note that A is symmetric for an
undirected graph.An in-degree matrix D = diag(d;) € RY*Y is defined such that
di; = ZN a;;. Then, the Laplacian matrix of G is defined as £L =D — A.

j=1

If the graph is undirected, then G is connected means that there is a undirected
path between any two agents. A directed graph G is strongly connected means
that there is a directed path from each agent to each other agent. A spanning tree
of a directed graph is a directed tree formed by graph edges that connect all the
vertices of the graph. A directed graph has a directed spanning tree, if there is an
agent called root, such that there is a directed path from the root to each other

agent in the graph.
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2.1.2 Integrator Type Dynamics

For consensus problem of multi-agent systems, earlier studies start with single-
integrator or double-integrator dynamic systems. The distributed consensus track-
ing control problems for multi-agent systems with single-integrator dynamics is ad-
dressed in [8], where distributed control laws are introduced and convergence is an-
alyzed in three cases i) directed fixed communication topologies; ii) directed switch-
ing communication topologies; and iii) undirected fixed communication topologies
with time delays. In [9], by developing an identifier to estimate the unknown dis-
turbances and unmodelled dynamics, asymptotic consensus tracking is achieved for
multi-agent systems with integrator-type dynamics in the presence of disturbances
and unmodelled dynamics. Under directed noisy networks without/with communi-
cation delays, leader-following consensus controllers are developed for multi-agent

systems with single-integrator dynamics in [10, 11].

Note that, the results mentioned above are developed for single-integrator multi-
agents systems. Since it is a fact that the single integrator dynamic model some-
times cannot well express the dynamics of a real agent, some efforts have been
made to study double-integrator multi-agent systems. A consensus control scheme
is proposed in [12] for double-integrator agents. Distributed finite-time consensus
tracking control of multi-agent systems with double-integrator dynamics are solved
in [13-16]. Specially, the presence of external disturbances is considered in [13, 14];
in [15], both fixed and switching topologies are analyzed with the aid of graph the-
ory, matrix theory, homogeneity with dilation and LaSalle’s invariance principle;
while the absence of velocity measurements is addressed in [16]. A consensus algo-
rithm is proposed in [17] to address the double-integrator leader-following problem
subjects to input delay. Furthermore, a distributed event-triggered sampling ap-
proach is proposed in [18], where the double-integrator agents communicate with

their neighbors via a limited communication medium .

Besides single- and double-integrator type systems, finite-time consensus problem

has been extensively studied for high-order integrator systems with or without
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bounded disturbances in [19, 20].

2.1.3 Linear Dynamics

Besides the simple integrator type multi-agent systems, different topics on gen-
eral linear multi-agent systems have been discussed. For example, leader-follower
consensus control problems are discussed in [21-28] for multi-agent systems with
general linear dynamics. In [24], two distributed control schemes are developed for
leader-following consensus of general linear multi-agent systems by utilizing full
state feedback and output measurements, respectively. Using local information,
controller design and convergence analysis is presented for both fixed and switch-
ing topologies in [23]. In [28], distributed consensus tracking control is addressed
for linear multi-agent systems in the presence of bounded transmission channels,
where the transmission channel bound is expressed by applying a saturation func-
tion to each channel. It is worth noting that one common feature of results in
[21-28] is that the control input of the leader is assumed to be zero or available
to all the followers. In some scenarios, to achieve some certain objectives, nonzero
input may need to be applied on the leader. Furthermore, the input of leader may
only be available to a subset of followers or may not available to any follower in
some circumstances. Thus, a distributed fault-tolerant control law is designed in
29] to deal with leader-following consensus problem under undirected communica-
tion topologies against actuator faults and a dynamic leader with nonzero input.
In [30], based on the assumption that the control input of leader might be nonzero,
time-varying and not available to any follower and the communication network
topology of the followers is governed by an undirected graph, two distributed dis-
continuous controllers with, respectively, static and adaptive coupling gains, are
proposed to realize consensus tracking. To remove the assumption of zero control
input, distributed consensus tracking control of linear multi-agent systems with

directed switching topology and exogenous disturbances is investigated in [31].
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It should be pointed out that the eigenvalue information of the Laplacian matrix
associated with the communication topology is required to be known by each fol-
lower for the controller design in [21-31]. However, the eigenvalues of the Laplacian
matrix is global information, which means the entire communication graph is re-
quired to be known by each follower in the networks to obtain such information.
Therefore, these control schemes cannot be implemented by only using the local in-
formation. To address this issue, some fully distributed consensus tracking control
schemes are proposed in [32-40] based on adaptive control, where the controller is
designed without utilizing any global information of the communication networks.
Based on the assumption that the control input of leader is zero, adaptive consensus
control laws are designed in [32, 33] for multi-agent systems with undirected graphs.
Adaptive consensus tracking control approaches are developed in [34, 35] for linear
multi-agent systems with directed graphs and zero leader input. By assuming the
reference signal is constant, an adaptive distributed control law together with an
internal model are presented in [36] to achieve output tracking for unknown lin-
ear multi-agent systems under directed graphs. Based on the assumption that the
control input of leader is nonzero and bounded, leader-following consensus prob-
lem of linear multi-agent systems is solved in [37, 38] with considering parametric
uncertainties and external disturbances. In [39], fully consensus tracking problem
is addressed for linear multi-agent systems by assuming the unknown leader input
and time-varying disturbances are linearly parameterized with the basis functions
being known by all agents. In [40], a fully distributed output feedback consen-
sus control law is developed for linear multi-agent systems under directed graphs,

where the nonzero control input of leader is assumed to be bounded.

2.1.4 Nonlinear Dynamics

It is worth noting that the dynamics of almost all physical systems are nonlinear
in practice. Thus, besides integrator type dynamics and linear dynamics, research
attention also has been put on leader-follower consensus of nonlinear multi-agent

systems, which is more challenging to deal with because of its intrinsic complicated
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nonlinear dynamics. The leader-follower consensus control problems of first-order
nonlinear multi-agent systems are studied in [41-45]. In [43] and [45], adaptive
neural networks and a fuzzy observer are respectively employed to address the
system uncertainties derive from the unknown nonlinear dynamics and ensure that

consensus errors are uniformly ultimately bounded.

Distributed consensus tracking control problems of second-order nonlinear multi-
agent systems are studied in [46-56]. In [53], the control input of each follower
is assumed to be subject to unknown nonlinear dead zone. To address this issue,
an adaptive neural networks-based distributed controller is designed to guarantee
the consensus errors are semi-globally uniformly ultimately bounded. In [50], as-
sume the control input of leader is unknown to all follower agents, an adaptive
distributed nonlinear controller is constructed to achieve leader-following consen-
sus under directed communication graphs by only using relative state information
between neighboring agents. In [48], to handle multiple actuator faults and time-
varying dynamic uncertainties which is dependent on state and/or input, a robust
fault-tolerant leader-following consensus control strategy is proposed for a class of
nonlinear second-order nonlinear multi-agent systems. To avoid using the global in-
formation of the communication graph, distributed adaptive gain-design strategies
are proposed in [46, 55, 56] for multi-agent systems with second-order nonlinear

dynamics over undirected or directed communication topology.

Leader-follower consensus problem of multi-agent systems with high-order nonlin-
ear dynamics also has been investigated in some works. For example, the result
in [44] is extended in [57] to address finite-time consensus problem of higher-order
nonlinear multi-agent systems with undirected graph based on adaptive control. In
[58-62], distributed tracking control of high-order nonlinear multi-agent systems
with directed communication topologies and dynamic uncertainties is studied. In
[61], under the condition that the time-varying control gains of each agent are
unknown and some control directions are unknown, an adaptive control strategy
is designed to relax the requirement of identical unknown control directions of all

the agents. It is worth pointing out that the proposed control schemes in [57—61]



2.1. Distributed Consensus Tracking 14

can only deal with nonlinearities which in the control input channel. Technically,
these schemes are not applicable for nonlinear multi-agent systems with lower tri-
angular dynamics. Thus, distributed consensus tracking controllers are proposed
in [63-70] to address such an issue. In [70], the implementation of the proposed
adaptive control law requires only relative output measurements and the local in-
formation of the communication networks, thus the proposed adaptive controller

is fully distributed.

Note that, most of existing works on distributed consensus control problem are
developed for multi-agent systems with integer-order dynamics. However, many
phenomena in nature cannot be well approximated by an integer-order dynamic
model, such as food seeking of microbes and the collective motion of bacteria in
lubrications perspired by themselves [71, 72]. Therefore, it is of significant impor-
tance to study the consensus problem of multi-agent systems with fractional-order
dynamics. Consensus of fractional-order multi-agent systems is first investigated in
[73]. Leader-following consensus control of fractional-order nonlinear multi-agent

systems under undirected or directed graphs is discussed in [74-76].

2.1.5 Nonholonomic Dynamics

Due to the increasing applications of nonholonomic mobile robots in various fields,
the research on distributed consensus tracking control of multiple nonholonomic
mobile robots has attracted an increasing interest in recent years. Most of current
research on distributed consensus tracking control problem has mainly focused on
the controller design of kinematic model. In these works, it is common to transform
the nonholonomic kinematic model into a chained form model by applying a group
of new variables. Based on the chained form model, distributed consensus track-
ing control of multiple nonholonomic mobile robots with undirected or directed
communication topologies is investigated in [77-84]. Based on dynamic feedback
linearization, a consensus-based formation control scheme is proposed for nonholo-

nomic mobile robots without global position measurement in [85]. Distributed
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fixed-time consensus tracking control of nonholonomic chained-form systems with
undirected graphs and directed graphs are respectively studied in and [78] and
[84]. In [79], a switching finite-time control strategy is designed to achieve leader-
following consensus under undirected graphs based on time-rescalling technique
and graph theory. Based on the kinematic model and assume the desired veloci-
ties are bounded but not equal to zero, distributed finite-time tracking controllers
are developed for a group of nonholonomic mobile robots to handle time-varying
unknown parameters and external disturbances in [86, 87]. Finite-time consensus-
based formation control of multiple nonholonomic mobile robots is considered in
[88], where a distributed finite-time observer is proposed for each follower to esti-

mate the states of leaders in a finite time.

For practical reasons, it will be a motivation to design distributed consensus track-
ing control algorithms for nonholonomic mobile robots with higher-order models
which involves both kinematics and dynamics. Thus, the corresponding distributed
consensus tracking controller is proposed in [89] for nonholonomic mobile robots
with undirected graphs and partial known dynamics. In [69], distributed adaptive
consensus-based formation control scheme is proposed to deal with intrinsic mis-
matched unknown parameters for nonholonomic mobile robots with undirected or
balanced directed graph. Under general directed communication graph, distributed
consensus tracking for multiple nonholonomic mobile robots is address in [90, 91].
Furthermore, due to technology limitations or cost considerations, the velocity in-
formation for a mobile robot is unavailable in some circumstances. Hence, it is
meaningful in practice and worthy research to design distributed consensus track-
ing controller by utilizing output measurements for nonholonomic mobile robots.
Distributed output feedback tracking control of nonholonomic unmanned aerial
vehicles is considered in [92], where the controller is designed without linear and
angular velocities measurements by introducing a state observer. In [93], to handle
unavailable velocity measurements, some finite-time convergent observers are con-

structed to estimate both the unknown velocity information and the disturbance
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in finite time. Utilizing the estimated information, a finite-time consensus con-
trol law is developed for a group of nonholonomic mobile robots under undirected

communication topology.

2.2 Flocking with Distance-based Formation Con-

trol

In recent years, formation control, as a typical hot topic in cooperative control
of multi-agent systems, also has attracted considerable attention. According to
the variables to be controlled, the formation control problems can be categorized
as position-based, displacement-based, and distance-based formation control prob-
lems [4]. In position-based formation control, the desired formation is described
by desired positions with respect to global coordinate system. Global positions
of agents in the group are controlled to achieve the desired formation [94, 95].
In displacement-based formation control, the desired formation is formulated by
the desired relative displacements with respect to global coordinate system. Rela-
tive displacements among neighboring agents are controlled to achieve the desired
formation [96-98]. Different from position- and displacement-based formation con-
trol, distance-based formation control focuses on the inter-agent distances. That
is, the desired formation is formulated by the desired inter-distances between pairs
of agents. Thus, the desired formation can be treated as a given rigid body, which
means the desired formation is invariant to combination of translation and rotation.
The inter-distances between pairs of agents are controlled to achieve the desired
formation [99-101]. To achieve the desired formation shape by controlling the
inter-agent distances, the interaction graph needs to be rigid or persistent as dis-
cussed in [4]. In distance-based formation control, control laws are nonlinear even
if agent models are linear. Although the nonlinearity of the proposed control laws
complicates the stability analysis of the multi-agent system, much effort has been

made in this research area. Utilizing relative position obtained in the local frames
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instead of global position information in controller design, gradient descent con-
trollers have been widely used to address distance-based formation control problem

in [99-104].

In some practical applications, such as moving target enclosure, source seeking
and maneuvering of autonomous vehicles [105-107], one may want to achieve both
objectives of formation shape control and sharing a common velocity. Thus, an-
other control problem of multi-agent systems arises when it is required to main-
tain the desired formation shape and achieve velocity consensus for all agents in
the formation simultaneously. This control problem is referred as flocking with
distance-based formation control, in which the interaction graphs involve velocity
consensus graph and formation shape graph. We review flocking with distance-
based formation control under undirected and directed formation shape graphs in

the following,.

2.2.1 Undirected Graph

In the case that the formation shape graph of a multi-agent system is undirected,
the requirement on the interaction graph is characterized by rigidity [108]. Suppose
the undirected graphs for velocity consensus and formation shape control are the
same, and assume this undirected interaction graph is minimally and infinitesimally
rigid, flocking with distance-based formation control problem is addressed in [109]
for a group of agents with double-integrator dynamics. With the proposed gradient
descent control law, it is shown that local asymptotic convergence to the desired
formation shape is established and the final velocities of all agents can converge
to the average of the initial velocities of the agents. Under the same assumption,
local finite time convergence for the flocking of the desired formation shape is
guaranteed in [110, 111]. In [2, 112], consider the general case where the graphs
for velocity consensus and formation shape control can be different, assume the
undirected formation shape graph is rigid, flocking with distance-based formation

control is studied for double-integrator agents with undirected and directed velocity
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consensus graphs, respectively. Furthermore, in this work, the cases that there is
a leader or a group of leaders in the velocity consensus and formation shape graph
are investigated when both two graphs are undirected. It is needed to point out
that in [2, 109-112], the velocities of all agents converge to a constant value, which
may limit the application of the proposed control schemes. Thus, in [113], consider
a group of n agents modeled by single integrator dynamics and assume the desired
velocity is available to only a subset of agents, observer-based control schemes are
proposed to drive all the agents to maintain the desired formation shape while
moving with the desired translational velocity. In the proposed control schemes,
two different observers are designed to estimate the constant and time-varying

reference velocity for each agent, respectively.

2.2.2 Directed Graph

In the case that the formation shape graph of a multi-agent system is directed, the
requirement on the interaction graph is characterized by persistence [114]. Anal-
ogous to minimally rigid graph, minimal persistent graph is studied widely in the
distance-based formation control under directed graphs. Note that, any minimally
persistent formations belong to one of leader-first-follower, leader-remote-follower
(LRF), or co-leader-follower [115]. Thus, most of existing works on flocking with
distance-based formation control under directed graphs are studied based on these

three types of formations.

Focus on the case that there are two leaders and one follower which are all gov-
erned by single integrator dynamics, and assume the constant reference velocity is
available to leaders but unavailable to follower, flocking with distance-based for-
mation control is addressed in [116-118]. Based on adaptive control, the proposed
control schemes enable all the agents in the group to form a desired formation
shape and to maintain the desired moving velocity by employing an adaptive law
to estimate the reference velocity. Furthermore, in [116, 117], the proposed control

law is generalized to a N-agent case. In [1, 119], assume the unknown velocity of
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leader is constant, distributed formation control laws are developed for the multi-
agent systems with LFF formation. Additionally, the three-agent LFF case is
extended to N-agent case by an inductive way in [1]. Note that, in [1, 116-119],
the reference velocity is assumed to be constant and all the agents are modeled by
single integrator dynamics. As mentioned in last section, the control algorithms
ensure that the velocities of all agents converge to a time-varying value may have a
wider applications. Furthermore, it is worthy noting that extension of distributed
formation control algorithms from the first-order case to the second-order case is
nontrivial even in the linear formation control as shown in [12]. Thus, in [120], sup-
pose the desired formation is co-leader type and all agents are modeled by double
integrators, a backstepping controller is proposed to ensure that all agents in the
formation maintain the desired formation shape and move with a common velocity.
In the proposed control algorithm, the reference velocity can be time-varying but

is assumed to be known by all agents.



Chapter 3

Distributed Output Feedback
Consensus Tracking Control of
Multiple Nonholonomic Mobile
Robots with Directed
Communication Graph and

Sensor Faults

In this chapter, we address the issue of distributed output feedback consensus
tracking control for multiple nonholonomic mobile robots with directed graph in
the presence of sensor faults, by developing an adaptive-based fault tolerant scheme
consisting of a fully distributed adaptive estimator and an observer-based output
feedback controller. The controller design involves three steps. Firstly, a fully
distributed adaptive estimator is constructed to estimate the reference trajectory
information for each robot. Secondly, to realize feedback control, an adaptive ob-
server is designed for each robot to estimate velocity information. Thirdly, utilizing

the estimated information from the estimator and observer, a feedback control law

20
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is designed based on backstepping technique to compress the effects of sensor faults
and realize decentralized trajectory tracking control. Consequently, the main con-

tributions and novelty of this paper are summarized as follows:

e To the best of our knowledge, this is the first sensor fault tolerant method
for distributed consensus tracking control of multiple nonholonomic mobile

robots with directed communication topology.

o A fully distributed adaptive estimator is constructed to estimate the reference
trajectory information without using the global information of communica-

tion networks topology.

e The boundedness of all the signals in the resulting closed-loop system are
ensured. The consensus tracking error of the system can converge to an

adjustable neighborhood of zero by appropriately choosing design parameters.

3.1 Problem Formulation

Consider a group of N Type(2,0) wheeled mobile robots (WMRs) which is com-
posed of two driving wheels and one passive wheel. The posture of a WMR in
Catesian coordinates is described in Figure 3.1. The mass of centre is located at
C, the midpoint of the axis between two wheels is P. Taking the actuator into

account, the kinematic and dynamic models of the WMR can be given as follows

[121],

¢ =S (q:)m (3.1)
—r . = . niKif n?Kszf,
My + V (g1, 60) mi + Tay = 5 Biuy — =" B, BTy (3.2)
Ra,i Ra,i
where i = 1,--- N, ¢ = |2, y;, ¢:]7; pi = |24, y:]" is the position of the centre of

mass C' and ¢; is the orientation of robot i. n; = [v;,w;]T where v; and w; are the
linear and angular velocity respectively, u; is the input voltage, 7,; represents the
external disturbance. n; is the gear ratio, Kr; is the motor torque constant, Kj;

is the counter electromotive force coefficient, and R, ; is the electric resistance.
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FIGURE 3.1: A type(2,0) wheeled mobile robot.

In these expressions, m; is the mass of the robot, I, ; is the moment of inertia, b;
is the half width of axis between two wheels and r; is the radius of each wheel, a;

is the distance between C' and P.

In this chapter, multiplicative sensor failures are considered for the position mea-
surement p; of each robot. The failures that may occur on the position sensor in

system (1) at the time are modeled as

pi (t) = ps(t)pi (1), pi(t) = pieli) 0 - (3.3)
0 pi,y(t)

where p;, and p;, represent the sensor gain of position measurement x; and y;.

Sensor fault occurs if p; ,(pi,) # 1, otherwise senor works formally.

Suppose that the interaction and information transmission among the N WMRs
are governed by a directed graph G and the virtual leader moves along predefined
trajectory p,(t) = [z,.(t),y.(t)]". We use p; = 1 to indicate that robot i has access

to the reference trajectory information p,(t); otherwise, u; = 0.

Assume the reference trajectory information is represented by a virtual leader la-

beled by 0. The control objective is, while only part of the robots in the group
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have access to the leader, to design distributed control input u; for each robot by
utilizing only locally available information obtained from the intrinsic robot and

its neighbors such that
e All the signals in the resulting closed-loop system are globally uniformly
bounded;
e For each robot, the measured tracking error ||p; — p.|| can converge to an
adjustable neighborhood of zero.
To achieve the above mentioned objectives,the following assumptions are imposed.

Assumption 3.1. The first 2nd-order derivatives of reference trajectory p,.(t) are
bounded and piecewise continuous, and there exists a constant vector such that

%, ()] < o1 and [§,(t)] < 09. Thus, 0 = [0y, 05]" is available to robot i if p; = 1.
Note that the virtual leader can also be nonholonomic, as long as it is driven to
move along a predefined trajectory p,(t) which satisfies Assumption 1.

Assumption 3.2. The directed graph contains a spanning tree with the root being

the leader.

Assumption 3.3. The unknown external disturbances 7; 4 are bounded.
Assumption 3.4. p;, (p;,) and p; . (pi,y) are bounded, and there exist unknown
constants Pmin, and Pmin such that 0 < Pmin S Pizs Piy S Pmaz-

To develop and analyze the proposed control scheme, the following lemmas are

then introduced.

Lemma 3.1 ([122]). Under Assumption 3.2, the matrix H = £ + p is a positive

matrix, where p = diag(pq, pi2, -+ , py). Define

0 = [917827”' 76N]T = H—l]-N
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. 1 1 1
@—dlag{e—l,e—Q,"' ,%}
W =0H+ H"® (3.4)

Then 6; >0 fort=1,2,--- , N and W is a positive definite matrix.

Lemma 3.2 ([123]). Given any real-valued continuous function f(«,3) € R™
with a € R™= and § € R™#, there exist a smooth scalar function f;(«) > 0 and a

continuous scalar function fo(3) > 0 such that || f (o, B)|| < f1 (@) f2 (5).

Lemma 3.3 ([124]). For any scalars € > 0 and z € R, the following relationship

holds: 0 < |z| — < e

2
2
Vz2+e?

3.2 Controller Design

Under Assumption 3.2, in most existing works, to realize consensus tracking control
in the absence of sensor faults, the error variable s; = > a;; (p; — pj) + i (i — r)
is usually utilized to design control input to ensure s; — 0. Since s = H (p — 1y ® po)
and H is nonsingular, then s; - 0 = p; — py, which means consensus tracking
control will be achieved. However, when sensor faults occur, each robot can only

obtain that
§i = Z aij (pipi — pip;) + i (pipi — pr)- (3:5)

In this case, the effects of sensor faults of itself and its neighbors needs to be
compressed in controller design for each robot. Hence, to address our issue, a
fully distributed adaptive estimator is firstly introduced to estimate the states of
the leader. Based on the estimated states, a decentralized observer-based output
feedback controller is developed to compress the effects of sensor faults and achieve

trajectory tracking control for the whole group.
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3.2.1 Estimator design

Firstly, the reference trajectory is represented by a virtual leader expressed by the

following dynamic model,

7’.’0 = AT’O + BUO (36)
where ry = [pZ,p,T]T, Vo = Pr,
0, I 0
A |  B- 2
02 02 [2

Based on the information transmission among neighbors, the following fully dis-
tributed adaptive estimator is introduced to estimate the states of leader for each
robot,

7 = Ar; + By,

v; = — (¢; + 5;) Ks; — diag(sgn (Ks;))0;

¢; = sT PBBT Ps; (3.7)
. N
0i=— Y ai (6, = 6;) — i (61 — 0)

j=1

where r; =[]}, 7]L]", s = Zjvzl aij (ri — ) + pi (ri — ro), 6; is the estimation of

o of robot 7, gain matrix K = BT P and 3; = s! Ps; with P > 0.

Define the estimation errors as 7#; = r; —rg and 6 = 6; — 0. Let 7 = [F] - ,fﬁ]T
and s = [s],--- ,smT , then s = (H ® I,) 7. From (3.6) and (3.7), the estimation

error dynamics can be given as,

7::2‘ = Afz“—B(Uz —U())
(3.8)

Theorem 3.1. Suppose that Assumptions 3.1 and 3.2 hold. Then the estimation
error 77 and the adaptive gains ¢;, ¢ = 1,2,--- , N are bounded if K and P > 0
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satisfy the following linear matrix inequality

APt 4+ PtAT —2BBT <. (3.9)
Moreover, 7 and ¢ asymptotically converges to zero, i.e. lim||7|| = lim||5| = 0.
t—0 t—0
Proof. The proof of Theorem 3.1 is given in Appendix. O]

Remark 3.1. Note that, the designed adaptive estimator (3.7) is independent of
any global information of the communication graph, thus it is fully distributed. The
estimator design is motivated by the distributed consensus controller proposed in
[40]. However, ¢ is assumed to be known by all the agents in [40]. In this chapter,
o is only available by a subset of robots and will be estimated by adaptive control

for the rest robots that cannot access the reference trajectory.

Remark 3.2. Utilizing the estimated trajectory information r; as the reference
trajectory for each robot, the consensus tracking problem for a group of WMRs
can be transformed into decentralized trajectory tracking control of WMRs, which

makes it possible to individually compress the effects of sensor faults for each robot.

3.2.2 Observer design

In this chapter, velocity measurements 7); are unavailable, thus to design observer

to estimate 7;, the system models in (3.1) and (3.2) are rewritten as follows,

Di = Jin;
¢ = w; (3.10)

ni = —Rin; + B + Ta

where

cos¢; —a;sing; omi K Ky, | L/ 0

. R, ir? 9
sing;  a;cos ¢; o 0 02/ (I; —ma?)

i
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B = L / , o Tag = M7
o 0 b?/ (Il - miaz)

The observer is designed for (3.10) as follows,
i = Jifl + L (pi — By)
. (3.11)
i = —Rifli + Byw; + LigJ] (i — pi)

where p; and ), are the estimations of p; and n;, respectively. L;; and L;o are

observer gain matrices.

Define the observer errors as p; = p; — p; and 7; = 1; — ;. Let &; = [ﬁf, nt }T. Then

from (3.10) and (3.11), the dynamics of observer error can be expressed as,

& = A5é; + L; (p; ' — L) pi + d; (3.12)
where
_Lz‘ Jz Li 0
Azc = ! ) L’L = ! y d'L = ?
_Li,2JZ‘ —R; Li,2JiT Ti,d

The observer gain matrices L;; and L, are chosen such that A{ is Hurwitz. Then

é; can be directly calculated based on (3.11) as

t
& (t) = e'é; (0) + / ML (p7 ! — 1) pi + di] dr (3.13)
*ﬁ/—"' 0

€bi

Since A{ is Hurwitz, there exist known constants p;; > 1 and g; 2 > 0 such that

|| E2€Aft

< 0i1e % VE>0 (3.14)

where EQ = [02, [Q]T.
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From Lemma 2, there exit a smooth function fi(p;) > 0 and a continuous function

f2(pi) > 0 such that
ILi (pi" = 1) pill < f1 (B:) fa (i) (3.15)

Define ¥y = sup||p;J;|| and
>0

791,1 = max {SUPﬁOQi,lHdi (t)Ha Supﬁogi,lﬁ (pz)}
>0 t>0

Let ey = [el: |, el }T and ey, = [65,17 eg;’ﬂT. Then, from (3.10), (3.11) and (3.13),

ai,1’ ~ai,2

the time derivative of p; can be expressed as

pi= pip; D + pidini

(3.16)
= pip; 'Di + piJifli + Cain + Crin
where €49 = piJi€qi2 and €y 0 = p;Jiey 2. Based on (3.13)-(3.15), we have
| piJieviz|
¢
< lpedil [ IE (5 (9) £ (Laop) + s (O 3a)
0
¢
<1 e@i2(t=T) (fi (pi) +1)dr
0
Construct an auxiliary filter as follows,
G =—0ip6+ f1(Pi)) +1, (0)=0. (3.18)
Then g; () can be calculated as,
t
G (t) = €726 (0) + / e 22T (£ (p;) + 1) dr. (3.19)
0

Since ¢; (0) > 0, we can have

|\ pidievi2l] < Vi (3.20)



3.2. Controller Design 29

3.2.3 Controller design

Based the estimated states r; from (3.11), an observer-based failure tolerating
control law will be designed by using backstepping technique to realize trajectory

tracking control for each robot. Firstly, we define

T o__ = - C
Zi = DPi —Ti1, Zi1 = Pi —Ti1, Zi2 =M — 1. (3-21)

where 2] and z;; are the real and the measured tracking errors, respectively, and

n§ is the virtual command to be designed for 7;.

Based on (3.10), (3.13) and (3.21), the time derivative of z;; can be expressed as

p; i = Ji (0f + zi2) — aup; tzin — 0.5p; 20

(3.22)
+Zi1Xi1 + Py tCain + 0 iz
here S = [0 1501 o=1 511 and v, = [T T _ T 05,17
where =;1 = |:pz' PiPi 5 Py 5 P; } and ;1 = [p; y 1251 — 150, Y. Zi,l] .
Noting that =;; is bounded, define
012 = max {supl 2 suplor | st (323
>0 >0 >0

Considering (3.20) and (3.23) and applying Lemma 3, it can be obtained that

215X + 210 i < Vagllziall (Ixiall + <)

< Wiallzially/2x7 X + 267 (3.24)

T
< Viawiazi12in + €202

2967?,11)(1,14-2%2
(2X3:1Xi,1+2€i2)2iT,121,1+E§

where ;2 = \/ . Also utilizing Young’s inequality yields

T 1. T -1
Zi1P; a2 S Q1Zi1p; Zin T+ Aiq (3.25)

_ 1.7 1=
where A, ; = To Cai2Pi Cai2-
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Then to use Lyapunov stability theory, consider the following Lyapunov function

1 1 -
Vii=3 leilzi,l + —19?,2 (3.26)
272

where ;2 > 0 is a design parameter, 51,2 =Ui2— 19,-72 with 192'72 being the estimation

of 191‘72.

From (3.22) and (3.24), the time derivative of V;; can be computed as

: 1 1 ~ =
T 1 T .-1
Via = 2Py Zig + §Z¢,1Pi Zi1 + 5 V000
i,2

T c T 1 T —
=z, JJi (0 + zi2) — 12107 Zin + 21 501X

1 ~ =
+ZiT,1Pi_léai,2 + Zglpi_lébw — 5 Vi 2V 2 ) (3.27)
0,2
< Zglji (i + zi2) + 191‘,2%,22’{121‘,1 + €105 2
1 ~ =
+Ai1— —Vi20i2
Vi,2

Design the virtual command 7{ and the adaptive law of 192-72 as

’I]f == Ji_l (-k‘l - 191‘,2901‘,2) Zi,l (328)

~

Uiz = Yiapinzii2in — ialis (3.29)
where k1 and 9,2 are positive design parameters.

Substituting (3.28)-(3.29) into (3.27) results in

: Sio ~ -
‘/;71 S —klzglzi,l + Zij:l JiZLQ + —72 191'72191"2 -+ Ai,l + 62191"2. (330)
1,2

Then we need to design control input u; such that 7; will follow the virtual command
ns, i.e., stabilize the dynamic of error z;». From (3.11) and (3.16), we have

.2 .c
Zig =1 — 1

(3.31)
= Biu; + gi — hi1ZioXi2 — Pi2 (Cai2 + €pi2)
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T (= - - on; - omg T o T T
where g; = Lo J; (pi — pi) — Rif)i — FxiaXi3 ~ 5 €21 with x;3 = [7"1',1, TiosVi2, Si

— P _ ~ ons ong on¢
eo = [0,1)7, Zio = [pipi ', il Xi2 = [P] (Jmi)T]T, hiy = 3g: and h;p = 8712 +8%162T.

]T

Y

Define 9, 3 = supl||=Z;2 (t)|| and choose another Lyapunov function
>0

1
Vie=Vi1+ 522221',2 +

7+ V3 3.32
2751 ! 27i3 3 ( )

~

where 7, ; and 7, 3 are positive design parameters, zgi,,,b = — Vi, k = 1,3 with

ﬁi,ﬁ being the estimation of ¥; ,. Utilizing Young’s inequality again, we can have

T = T T
—ZighinZigXia < Vigwiazighinhizio + €3l (3.33)
T > T T
—Z;ohiglhio < Vin1pin7;0hioh; 2%i2 + €051 (3.34)
Ty > T T
—Zi9hi2€ain < 2Zi5high0%in + Aip (3.35)
T
X;.2Xi,2
where ;3 = :
o VzEhiahT ziaxToxi o 63
1= i and A; o = el &,
o Vzlohinhl ziad +ef 62 7 Yoy ai,2%ai2:

Taking (3.33) - (3.35) into consideration, we can get the time derivative of V;, as

1 ~ = 1 ~ =
Via¥in + V303

i,1 Vi3

. . T
‘/z‘,Q = V:i,l + 24,2%4,2 +

<Vii+ 2o Biui + 2} 09i + Vi3piszishiah 1 zio
. (3.36)

T T T T
i 19i120Ni2hi 022 + a2z ohigh 5zi0 + Ao

1 ~ = 1 ~ =
Vi1Vin — Vi3s3 + Vi1 + €33
Vi1 Yi,3

Then design the control input u; and the adaptive law for 7§z,1 and 191-73 as

-1 T T
u; = B (—kpzia — J; zia — iz — a2hi,2hi’22i,2

(3.37)
- 79i,3‘;0i,3hi,1h212z‘,2 - 79i,190i,1hi,2h222i,2)
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~

Uiz = ’Y¢,3<Pi,32iT,2hi,1hzlzi,2 — 8;30i3 (3.38)
Vi = Vi1 pinziohiohi oz — 8;10; 1 (3.39)
where ko, 9,1 and ;3 are positive design parameters. Substituting (3.37)-(3.39)
into (3.36) results in

3

: 5ip ~
Vio < k12l 21 — kozlozio — Z ’k U3+ A + 9 (3.40)
’ o - Pt 27k

where AZ = Ai,l + Ai72 and Q@ = Zi:l ( i 19227,{ + 6,67.97;’,{> .

2’7i,»§

Now we are in the position to present our tracking results, as summarized in the

following theorem.

Theorem 3.2. With the application of the observer (3.11) and the controller
(3.37) to the system modelled in (3.1) and (3.2), the boundedness of all the signals
in the resulting closed-loop system is guaranteed even in the presence of sensor
faults (3.3). Furthermore, it ensures that ||p; — p.|| will converge to a set which is

adjustable by appropriately choosing design parameters.
Proof. Let C; = min (2k; pmin, 2k2, 6;1, ;2,0i.3), (3.40) can be rewritten as

Via < —CiVig + A; + 2. (3.41)
From (3.41), we have

(1 —e 91V (3.42)

Via () < Vig (0)e " + C

where V; represents the effect of A; and decays to zero exponentially. From (3.42)
it can be concluded that all the signals in the resulting closed-loop system are

bounded. Furthermore, we can obtain that

2 main
i 2y Vip (1) < 2275 (3.43)
t—o0 ’ C’L
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By choosing design parameters appropriately, then the bound y/2pnax{2;/C; can

be adjusted as small as desired for each robot.

From Theorem 3.1 and (3.43), tlim |71 —prll = 0 and [|2;1]]* < 2pmaxViz (t). Then
—00

)

we can obtain that ||p; — p,|| is bounded by a function that converges towards a set

A =1{pi — pelllpi — ool < |lps — riall + 72 — prl| <€} (3.44)

where

e = max(\/2pmax$2:/C;), i =1,2,--- | N. (3.45)
[

Remark 3.3. From (3.44) and (3.45), it can be noted that the ultimate bound of
the tracking error depends on the constants (2; and C;. Furthermore, decreasing
(2;/C; can be achieved by decreasing {2; and increasing C;. From the expressions of
(2; and C}, it can be seen that they share some common design parameters, such as
din, k =1,2,3, thus it is difficult to decrease (2;/C; by adjusting these parameters.
Therefore, it is possible to decrease (2; by increasing ; ,,, while increasing C; can

be achieved by increasing k; ; and k; ».

Remark 3.4. Note that 2] = z;; + (pi_l — Ig) ;- Thus, if lim p; = I, i.e., no
t——+o0

sensor faults exist after a finite time instant or the sensors recover accurate mea-

surement gradually, in this case, with the proposed fault tolerant control scheme,

2! can converge to a residual set which can be made arbitrarily small by adjusting

the design parameters.

3.3 Simulation

To verify the established theoretical results, simulation study has been carried
out by considering a group of four identical WMRs with their physical parame-
ters set as follows, m; = 30, I,; = 19, b; = 0.5, a; = 0.3, , = 0.1, n; = 20,
Ky; = 0.019, K7; = 0.2639 and R,; = 1.6. The disturbance is assumed as 74, =
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[cos(mt/8), sin(7t/8)]T for simulation purpose, while it is unknown to designer.
The reference trajectory is given as p,.(t) = [3sin(wt/16) + 1, —2cos(wt/16)]*. The

communication topology of the group is shown in Figure2.

®

— e

Ficure 3.2: Communication topology of the 4 WMRs.

The initial positions and orientations of the four WMRs are set as p; (0) = [0, —2,0]7,
p2(0) = [-0.5,—2.5, 0], p3(0) = [1,—2.5,0]T and p4(0) = [0, =3, 0]7. The following

sensor faults are considered in the simulation for each WMR.
p1 = diag(1 — 0.04e % 1 —0.05e"),

po = diag(1 + 0.05e % 1+ 0.05e"1),
ps = diag(1 — 0.05e % 1 —0.07e" % cos(nt/10)),
ps = diag(1 + 0.1e” %" cos(nt/10), 14 0.1e” " sin(7t/10)).

The initial values of the estimator are set as r; 1 (0) = p;(0), r;2(0) = [0,0]7, ¢;(0) =
2 and 6;(0) = [0,0]”. The initial values of the observer are set as p; = 7; = [0, 0]%.
The design parameters in the control scheme are chosen as follows, L;; = 31,

LZ"Q = 2]2, k’l = ]{?2 = 2, 57;72 = 02, 51'71 = 5i,3 = 03, Yi,xe = 04, KR = 1,2,3.

The simulation results are shown in Figure 3-9, which verify the effectiveness of
the proposed observer-based output feedback consensus tracking control scheme

for nonholonomic mobile robots under sensor faults.
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The proposed control scheme involves estimator, observer and controller design.
The estimator errors 7,1 = [F;11,7:12]7 and &; = [6;1,7;2]" are shown in Figure 3.3
and Figure 3.4 respectively, which show that the proposed estimator can estimate
the trajectory information of the leader for each robot with bounded estimation

error and thus effectively illustrate the results in Theorem 3.1.

0.5 L

-
o
g
O) -
S
% ——Robot 1
g — — Robot 2| ]
B Robot 3
m ........ R0b0t4 7
0 10 20 30 40 50 60
Time (sec)
(a)
0.5
g
5O
. &
g-05f 7 Robot 1| -
£ - — Robot 2
2 1E Robot 3| 4
m e Robot 4
-1.5 1 1 1 1 1
0 10 20 30 40 50 60
Time (sec)
(b)

FIGURE 3.3: The estimation errors 7; 1 of four robots. Figures in (a) and (b) respectively
show fi711 and 721'712, 1= 1, 2, 3,4.

Overall, the trajectories and tracking errors of four robots generated by the pro-
posed controller are illustrated in Figure 3.5 - Figure 3.6, from which, it can be
seen that the effects of sensor faults can be compressed and the consensus tracking
performance can be achieved with the proposed control scheme. The control input

u; is illustrated in Figure 3.7.

To illustrate the discussions made in Remark 3.3, take Robot 1 as an example. In

terms of the observer-based controller, we also consider the following two cases:

Case 1: Change k; by setting k; = 2, 6 and 12 respectively, while other design

parameters are fixed as the values given above.
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FIGURE 3.4: The estimation errors &; of four robots. Figures in (a) and (b) respectively

show 5'1'71 and 5’1'72, 1= 1, 2, 3,4

Reference
——Robot 1

} Robot 2

—-—=-Robot 3

Robot 4

4

F1GURE 3.5: The trajectories of the four robots with the proposed control scheme. The
triangles represent the initial positions of the leader and four robots.
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FIGURE 3.6: The measured tracking errors z; 1 = [z 11, zMg]T and the real tracking error
2] = [2]4, zfg]T of four robots with the proposed control scheme, i = 1,2, 3, 4.
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FIGURE 3.7: The control input u; of four robots, i = 1,2, 3, 4.
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Case 2: Vary 71 by setting 7,1 = 0.1, 0.4 and 0.8 respectively, with the remaining

design parameters the same as the values given earlier.

The measured tracking errors of Robot 1, z; 11, with different k; and different ~; ;
are respectively shown in Figure 3.8 and 3.9, from which it can be observed that

the ultimate measured tracking error decrease as k; and v;; increase.

0.1

om N 7=
/\ / R
0- ~ >
| P -
N
N

—_— =2

SRR
k=12

21,11 (m)

0.06

=
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0.02

0

10 15 20 25
02 . . . . .
0 10 20 30 40 50 60
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FIGURE 3.8: 2,11 with different k.
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03 . . . . .
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FIGURE 3.9: 211 with different 7 1.

3.4 Conclusion and Future Work

In this chapter, distributed output feedback consensus tracking control is studied

for multiple nonholonomic mobile robots with directed communication graph in
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the presence of sensor faults. In the proposed control scheme, a fully distributed
estimator is firstly constructed to estimate the reference trajectory for each robot
without using any global information of communication network topology. In the
presence of sensor faults, to compress the effects of sensor faults and realize de-
centralized trajectory tracking, an observer-based output feedback control law is
designed based on backstepping technique and the estimated information. The
proposed control scheme can guarantee the boundedness of all the signals in the
resulting closed-loop system. Moreover, the consensus tracking error of the sys-
tem can converge to an adjustable neighborhood of zero by appropriately choosing
design parameters. The simulation results verify the effectiveness of the proposed

control scheme.

3.5 Appendix

Consider the following Lyapunov function,

N ~
1 201—}—57, T CZ2 1 ~T ~
V.=- E ( QZ S; Ps; + Q_Z + Oi%ai o; |, (346)

=1

where ¢; = ¢; — ¢® with ¢* being a constant will be defined hereinafter. Based on

(3.6) and (3.7), the time derivative of V, can be computed as

V.= : (—2 B s+ ol ps+ S 5;51)
= [(c+ ) O® (ATP+ PA)| s
—s" [(c+ B)W (c+ B) ® PBB"P| s
—25" [(c+ B) OH ® PB]diag (sgn [(H ® K)#) (1® o) (3.47)
—2s" [(c+ B)OH @ PB] (1 ® v)
— 25" [(c+ B) OH @ PB]diag (sgn[(H ® K)7]) &

1
+s"[(c+B-c1)@ PBB"P]|s— —6" (W®1L)d

Yo
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where ¢ = diag(017027"' aCN)7 /8 = diag(ﬁlvﬂ?v"' 76N) o= [~¥1a557"'

Since H =D — A+ p and based on Lemma 3.1, it follows that

—s'[(c+ B)OD ® PB]diag (sgn [(H ® K)7]) (1® o)

:_2“%4 TKT| o

—2s7 [(c+ B) OH @ PB]diag (sgn[(H ® K)7]) &

—_

< g’ [gj\U (c+ 5)2 ® PBBTP} + =616

e

where U = OHHTO and Ay = Apax(U).
Thus, substituting (3.48)-(3.51) into (3.47) results in
V.<s'[(c+B)O® (ATP+ PA)]s
— " [(Aw —sA\v) (¢ + B)* ® PBB"P] s
+s" [(c+ B—c'I)®@ PBB"P] s — <— — —) &'
where Ay = Apin (W). Choose ¢ and 7, such that

- A 1
)\W > §)\U, W > —.
Vo S

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)



3.5. Appendix 41

Furthermore, since

s" [(c+8)©®3PBB"P| s
- (3.54)
<s" [(Aw —shv) (c+ B)” + ¢*©) ® PBB"P| s
where ¢* = 9\yax(0)/4 (Aw — cAu), we can obtain
V.<s"[(c+B)O@® (A"P+ PA—2PBB"P)]s
—s" [(c+B—c1)© @ PBB"P| s
3.55
—I—ST[(ch/B—c*I)@@PBBTP}s—(/\—W—1>&T6 (3.55)
Yo oS
<s"[(c+B)O® (A"P+PA—-2PBB"P)] s — (A—W — 1) 5’
Yo oS
Let 5§ = (Inxny ® P)s. (3.55) can be rewritten as
V.<5 [(c+B)O® (AP '+ P AT —2BB")] 5
_ (3.56)
_ (A_W _ 1) 5T645 —V,(5,6)
Yoo S

It follows from (3.8) that AP~ + P~'AT —2BBT = —Q < 0, V, (5,5) is positive
definite. Thus we can obtain from (3.56) that V., < 0, which means 3, &, & and
V, are bounded. It can also be checked that s, s and 5 are bounded. By taking
integration of both sides of (3.56), it has

Viloo)+ [ Vils.o)ir < V(0 (3:57)
0
which means fooo V. (5,5)dr is bounded. So based on Barbalat’s lemma, it has
lim|[s]| = lim|&]| = 0. (3.58)

Since P and H are non-sigular, it ensures that r; asymptotically converge to ry,

ie. limr;, = rg.
t—o00



Chapter 4

Distributed Output Feedback
Consensus Tracking Control of
Multiple Nonholonomic Mobile
Robots with Only Position

Information of Leader

In the previous chapter, distributed output feedback consensus tracking control of
multiple nonholonomic mobile robots with directed graph is investigated. However
the control scheme is developed based on the assumption that the reference tra-
jectory is represented by a virtual leader whose position and velocity information
is available to a set of follower robots. The first 2nd-order derivatives of reference
trajectory are bounded and piecewise continuous. Furthermore, dynamic uncer-
tainty is not taken into consideration. In this chapter, we address the issue of
distributed output feedback consensus tracking control of multiple nonholonomic
mobile robots under directed graph by using only position information of the leader.

To solve the problem, a new control design scheme involving three steps is proposed.

42
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Firstly, a fully distributed adaptive estimator is constructed to estimate the posi-
tion of leader for each robot via the communication topology. Secondly, to realize
feedback control, an adaptive observer is designed for each robot to estimate the
velocity information and unknown dynamic parameters. Thirdly, utilizing the es-
timated information from the estimator and observer, a feedback control law is
designed based on backstepping technique to realize trajectory tracking control for
each robot. Consequently, the main contributions and novelty of this paper are

summarized as follows:

e To the best of our knowledge, this is the first work to achieve fully distributed
consensus tracking control for multiple nonholonomic mobile robots under

directed communication topology.

e Only position information of the leader is available to a subset of follow-
ers, adaptive control is employed to deal with the requirement of velocity

information of the leader in the controller design.

e The dynamic model considered in this chapter involves parametric uncer-

tainty and unknown external disturbances.

e The boundedness of all the signals in the resulting closed-loop system are
ensured. The consensus tracking error of the system can converge to an

adjustable neighborhood of zero by appropriately choosing design parameters.

4.1 Problem Formulation

Consider a group of N wheeled mobile robots (WMRs) which is composed of two
driving wheels and one passive wheel. The posture of a WMR in Catesian coordi-
nates is described in Figure 4.1. The mass of centre is located at C', the midpoint of
the axis between two wheels is P. Taking the actuator into account, the kinematic

and dynamic models of the WMR can be given as follows [121],

G =>S <Q’L) i (4-1)
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— — NZKzf NQKZKsz
Mini +V (65, @) mi + Taq = 7 T Byu; — =" B, BTy, (4.2)

wherei =1,--- | N, ¢ = [x;,y;, ¢:]7; (x5, ;) is the position of P and ¢; is the orien-
tation of robot i. n; = [uv;, wi]T where v; and w; are the linear and angular velocity
respectively, u; is the input voltage, 74, represents the external disturbance. N; is
the gear ratio, Kr; is the motor torque constant, Kj; is the counter electromotive

force coefficient, and R, ; is the electric resistance.

coso; 0
_ my; 0
S(q) = sing; 0|, M; = )
0 Ini mlaz2
0 1
_ ] 0 0o _ !
V (Qw QZ) - , Di — .
0 b; —b;
Y
oLy :

FIGURE 4.1: A type(2,0) wheeled mobile robot.

In these expressions, m; is the mass of the robot, I,,; is the moment of inertia, b;
is the half width of axis between two wheels and r; is the radius of each wheel, a;

is the distance between C and P.

Suppose that the interaction and information transmission among the N WMRs
are governed by a directed graph G. Labeling the leader robot as agent 0, we use
1; = 1 to indicate that robot ¢ has access to the position information of the leader

po(t) = [zo(t), yo(t)]T; otherwise, u; = 0.

The control objective is to design distributed control input u; for each robot by
utilizing only locally available information obtained from the intrinsic robot and

its neighbors such that
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e All the signals in the resulting closed-loop system are globally uniformly

bounded;
e The design parameters are independent of the global information of the graph.

e The consensus error of the whole group can converge to an adjustable neigh-
borhood of zero under the situation that only position information of the
leader is available for a subset of followers.

To achieve the above mentioned objectives, the following assumptions are imposed.

Assumption 4.1. The linear and angular velocities of the leader are bounded and
piecewise continuous, and there exists a constant vector o = [0y, UQ]T such that

|2o(t)| < oy and |yo(t)| < oo. Furthermore, o is available to the ith robot if p; = 1.

Assumption 4.2. The directed graph contains a spanning tree with the root being

the leader.

Assumption 4.3. The unknown external disturbances 7; 4 are bounded.

To develop and analyze the proposed control scheme, the following lemmas from
[122] and [124] are then introduced.

Lemma 4.1 ([122]). Under Assumption 4.2, the matrix H = £ + p is a positive
matrix, where p = diag(p, pi2, -+ , py). Define

9: [015027”' 70N]T:H_11N
1 1 1
—di - 4.
W =0H+H"'®
Then 6; > 0 for: =1,2,--- , N and W is a positive definite matrix.

Lemma 4.2 ([124]). For any scalars € > 0, z € R, the following relationship holds:

2
0§|Z|_\/z§—?<€
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4.2 Controller Design

In this section, we will show the above described control problem is solvable by our

proposed scheme.

4.2.1 Estimator design

Denote p; as the estimation of py from the estimator designed for the ith robot.

Introduce the error variable

- Z CL,] p] + 2% (pz pO) (44)
and define the estimation error as e; = p; — pg. Let e = [elT, e ,e%]T and s =
[s], - ,SMT, then

s=(H®IL)e. (4.5)

Based on the communication among neighbors, design the fully distributed adap-
tive estimator for the ith robot to estimate the position information of leader as

follows

pi = —cos; — diag (sig (s;)) 6; (4.6)
Z a; (6 — pi (07 — o). (4.7)

where ¢y > 0 is a design parameter, ¢; is the estimation of ¢ and sig(s;) =

T
[ \/s;’l - \/5;’2+ 2] with € being a positive constant. Then, we can have
SinTe Si2T€
$ = (H ® I) (—cos — diag (sig (s)) & — 1y @ po) (4.8)
Define 6; = 0 — 65, and let 6 = [67] - ,62Tf and 6 =[], ,&QT]T, then

o= —(H®I)o. (4.9)
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Theorem 4.1. Under Assumptions 4.1 and 4.2 and with the proposed adaptive
estimator given in (4.6) and (4.7), the estimation errors e and & are bounded.
Moreover, it ensures that ||e]| will converge to an adjustable neighborhood of zero

by appropriately choosing design parameters.

Proof. Consider the following Lyapunov function for the closed-loop system

1 1
V., = §sT (O® Iy) s+ 5 il (O®L)d (4.10)

e

where 7, is a positive design parameter. Then

V. = —%ST [(OH+H'O) @ L] s — s" (OH @ I,) diag (sig (s)) &

1
—s"(OH @ 1) (1y ® po) — 5

&' [(6H+H"0) ® I,] &

€

1
- —%ST (W& L)s—5—5" (WeL)s (4.11)
Ve

+s"TOH QL)X (Iy® o) —s" (OH @ I,) (1y @ po)
— 5T (OH ® I) diag (sgn (s)) (Iy ® o) + s” (OH @ I) diag (sig (s)) &

where x = diag (sgn (s) — sig (s)).

From the definition of H we can obtain that,

N
di;
—s7 (0D ® I,)diag (sgn (s)) (Iy ® 0) = — Z 7 ‘ ;‘F‘ o
=1 ¢
v (4.12)
ik
SR
i=1 k=1
NN
sT(OA® L) diag (sgn (s)) Iy @ 0) <> > sl|o (4.13)
i=1 k=1
N .
— s (Op® I,) diag (sgn (s)) (Iy ® 0) = — Z M |s] | o (4.14)
i=1
—sT(OH ® 1) (1y ®p0)zzﬂ§po gZ%pﬂa (4.15)
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where |s?| = [|s;1], |si2|]. Substituting (4.12)-(4.15) into (4.11) and using Young’s

)

inequality yield,

Veg—%ST(W®]2)3—|—5T(@H®]2)X(1N®a)

1
+ s (OH ® I,) diag (sig (s)) & — > (W el)a (4.16)
G 1 dan (W) (OH] 7.
< _Ggrg - A
=Tt 2( Ve A (W) ) 70 5

where ¢y = (cg — & — 1) Apin (W) and A, = % with £, being a positive

constant.

Choose ¢y and 7, such that

Co > ge +1 (417)
Aduin (W)
0<ve < mra—m", (4.18)
IOH]|?
then we obtain
Vo< —cVe+ A (4.19)
where ¢, = min {¢y, VeCo } /Amin (@) with ¢, = Am:e(w) — /J'QI{J;). From (4.19), we
have
—cet Ae —cCet
Ve(t) Ve (0)e ' + == (1 —e ) (4.20)
Ce

from which it can be concluded that s and & are bounded. Furthermore,

2A
lim 2V, (1) < —

t—o00 Ce

(4.21)

Based on (4.5) and s (O ® I3)s < 2V, (t), we also obtain that the estimation error

lle|| converges towards a set

A= {ellle]| < ec} (4.22)

where €, = /24, /ceAmin (HTOH).
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Remark 4.1. Note that, the designed adaptive estimator given in (4.6) and (4.7) is
independent of any global information of the communication graph, thus it is fully
distributed. From (4.22), it can be seen that the ultimate bound of the estimation

error can be decreased by increasing cy, & or decreasing 7.

Remark 4.2. In case that the reference trajectory is prescribed or generated by
a virtual leader, most existing methods are developed under two types of assump-
tions: (i) the velocity information of the leader is known by all followers or a subset
of followers [79-81], (ii) the bound of velocity or input is known by all followers
(82, 84, 93, 125]. As seen from (4.6) and (4.7), our proposed estimator no longer
requires the velocity information of the leader. Also the bound o is only needed by
a subset of robots and it is estimated by the adaptive law (4.7) for the rest robots

that cannot access the position of the leader.

4.2.2 Observer design

Since velocity measurements 7; are unavailable, thus we need to design an observer
to estimate it for controller design. Introduce a new position off the wheel axis of

the 7th robot by a distance h;, which is given by

T; COS ¢;
Yi sin ¢;

Then the system models in (4.1) and (4.2) can be rewritten as follows,

Di = Jin;
6 = wi (4.24)

n; = —Rin; + Byu; + g

where

cos¢; —h;sing; R 2Kk, 1/m; 0

(] ) (] Ra,ﬁ"? 9 I

sin ¢z hl COS (bz 0 b?/ (Imﬂ — my;a; )
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S 1/m, 0
N; K7 ; ? r—1—
Bi = Roor ih’l s Tdﬂ' = Mz Td,i~

Based on (4.24), the observer is designed as follows,
i = Jiii + Lia (i — )

. ) . (4.25)
N = —Ri; + Biw; + Lio (pi — Pi)

where p; and 7); are the estimations of p; and 7, respectively, L;; and L;, are
observer gain matrices, R, = diag(]:?m, ng) and B; = diag(Bi,l, Blg) with le and

A~

B, i, representing the estimation of R, and B;j, respectively, k = 1,2,

Define the observer errors as p; = p; — p; and 7; = 1; — 7;. Then from (4.24) and

(4.25), the dynamics of observer errors can be expressed as,

pi = Jifi — Liipi + Li,Jliﬁi
) ~ ~ (4.26)
ni = —Rini — Rif); + Biug — LiaDi + Tig

where él = di&g(Ri’l,éiyg) and Bl = diag(ém, BLQ) with Ri,k‘ = Ri,k — Ri,k and

A

Bix = Bix — Bip, k=1,2.

The observer gain matrices L;; and L; o are then chosen such that
LiyPiy+ PiaLiy = Qi >0 (4.27)

JiTPi,l —PioL;o=0 (4.28)
with P, and P, being given diagonal positive definite matrices.

Based on Lyapunov stability theory, a Lyapunov function with the following form

is chosen to develop the adaptive laws for le and Bm

[ R}, B
Vio = B Poadi + i) Pioli + Y | 57 + 5 4.29
. AP e =\ Wirk 27ik (4.29)
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where 7;,, > 0 and 7;, > 0 are design parameters. Let ();2 = RiTPm + PioR;.
Using (4.27) and (4.28), the time derivative of V; can be computed as,

Vio = =P Qinpi — N Qo — 20F Pio Ryt

2 - 2 o
7 3 n Rl Rz Bz Bz
+ 27] Py o Byu; + 20] PioTiq — Z kiVik | DikDik
=1 \ ik Vi bk

. . (4.30)
< - 1]3?@‘ — 2772-T7~h'—7~]¢TRi77¢ + ﬁlTBzuz

9 .
i, RZ Bz B
Z( Rk | Dik >+§“D2

k=1 Yirk “Yi,bk

where ;1 = Apin(Qi1), Q2 = Amin (Qi2) — || Pial|?/&1 with & 1 being a positive

design parameter, ||7; 4| < D and

Since 7; = Ji_lﬁi + Ji_leﬁi, we can have,

—ﬁzTRifh + ﬁiTBiUz‘

o —1% 17 = T R — B.5.
_(Ji Di +J; Ll,lpl) (Bzuz Rﬂh) (4.31)

2 2
= Z <Ri,k90i,rk + Bi,k%’,bk) + Z (Ri,kwgrkﬁi + Bi,kwiT,bkﬁi>
k=1 k=1
where @; ., = — (f]@'_lLi,lﬁi)k Niky Piok = (Ji_lLi,lﬁi)k Uik, Ve = — (J@-_l)k Mi e and
iT,bk = (Jiil)k Uik

Let filk = fifk + 7, and sz = Bfk + Yiwk, K = 1,2. Then the adaptive laws of
Ri,k and B,k are respectively designed as
2 pik(t)

R;k = YirkPirk — 5i,rkéi,m n,rk = f)/i,rk/ wgrkdg (432>
Pix (0)

R . Dik (1)
B = ik @ik — 0ipk Big, Tipr = %’,bk/ U pds (4.33)
p:

pik (0)

where 0;, and 0, 55, are positive design parameters.
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Substituting (4.31)-(4.33) into (4.30) results in

2 ~ X ~ X
: T~ T RiwRi BBk
Vio < —iap! Pi — o] il + &1 D* — Z ( T A —

—1 Yi,rk i, bk
2 2
+ Z (Ri,kwi,rkﬁik + Bi,kl/fi,bkﬁik) + Z (Rz‘,k%',rk + Bz’,k%’,bk) (4.34)
k=1 k=1

2
Oirk 7 Oibk 2
< —aia P P — il T — Y (’—R?k + o5 Bix ) +4i0
= \2Virk 2%i bk

_ 2 2 dirk P2 dibk 122
where A;jg = &1D* + %, (zymk R+ msz :

4.2.3 Controller design

Based on the estimated position p; from (4.6), an observer-based output feedback
control law will be designed by using backstepping technique to realize trajectory

tracking control for each robot. Firstly, we introduce two error variables
Zi1 = Pi — Di (4.35)

Zig =1 — N5 (4.36)
where 7){ is the virtual command for 7;.

Since 1; = nf + z;2 + 7;, we have,

zfléi,l = 2’3:1 (Jim - 151) (4 37)
= ZZ-T,l (Jing — Di + Jizio + Jimhi)

From Theorem 3.1, we know ||s|| and ||&|| are bounded, which implies that |7 || and
p; are bounded. Let [pi1| < ¥1, |Pi2| < Yia, and 9; = [0, 1, 19,-72]T. To stabilize the

dynamic of z; 1, the virtual command 7 is designed as

n=J! <_Ei,lzi,1 — diag (sig (2i,1)) éz) (4.38)
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where ¢; ; is a positive design parameter and 1§Z is the estimation of ¥; with 15, =

V; — U . Furthermore, utilizing Young’s inequality, we can obtain,

T
2 il < Lt 12 L 7712771 (4.39)

Substituting (4.38) and (4.39) into (4.37) results in

~

21'7:121',1 = —Ei,lzglzi,l — zfldiag (S’Lg (Zi,l)) 191 — Zg;lﬁi -+ zgljizm + Zgljth
R 0,
< —cinziizin — 2 diag (sig (zi1)) Ui + 20| 9 + 2] Jizio + ’TZ (4.40)
~ nL'n;
< —ci71ziT712i,1 + Zgldiag (sig (zi1)) 0 + \/§e||19|| + zgljizm + 12 ‘
where Ci1= 51'71 —0.5.
By considering the following Lyapunov function
1 1 ~p=
Vii = Vio + 52020 + 5—0; Ui (4.41)

2 277, c

)

where ;. > 0 and v;,, > 0 are design parameters, we design the adaptation law
for 19, as

~

;’i = 'yi,cdiag (S’Lg (Zi,l)) Zi,l — (51"0191' (442)

where 0; . is positive design parameter. From (4.40) and (4.42), the time derivative

of Vi1 can be computed as

. ) 1 ~nx
. 51 c 3T 4 ~T~
< Vio — cipnzdyzin + - FL0; + V/2¢ 0 ?71277 (4.43)
< ‘./i,O — Ci,lzglzi,l — 2;"C 1§1Tfl§z + Ai,l + Zgl JZi,2 -+ T]z2772

where A; 1 = v/2¢||9]| + 2=

Gl

2'yc
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Then we need to design control input w; such that 7); will follow the virtual command

ns, i.e., stabilize the dynamic of error z; 5. From (4.36) and (4.38), we have

T - c
2 2222 = Z7,2 (771 m)

) (4.44)
= 25:2 [_Rﬁ Bul+Ll2< pz) 771]
. ong . ong s Ong ong T -
¢ =Pt i o (B + . + 7 4.45
=P 55,0t o, (s + 1) + 90,° ()i + 1) (4.45)
where e!' = [0, 1].
Utilizing Young’s inequality again, we can have
T O . v Ong . (On i 7
L Jn; tJ tJ f ! 4.46
128 —2126 (8]71 272+ 9 ( )
T 0§ . r 0N (9 0?7
— L J; L J LJ ; L. 4.47
128 —2228 (apz Z,2+ 92 ( )
Substituting (4.46) and (4.47) into (4.45) results in
where
0 ons 0 0 .
g = 717, b4 ijﬁl nz Jz 7 + Th _Tnz
op; v, op; 0
187] ons r 10n¢ (on r R .
—J | 5 2= oA - i2 — Lig (pi — Di) + Rin
~sap? (Ge7) e~ g0i (gh,) =eLalon=io+ B
Based on (4.48), the control input u; is finally designed as
u; = F)’i—l (_Ci,QZi,2 + i — Jz’TZi,l) (4.49)

where ¢; o is a positive design parameter. Then choose a Lyapunov function as

1
Vie=Vi1+ 2zz2z12 (4.50)
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From (4.48) and (4.49), we can get the time derivative of V;, as

) ) .
‘/i,2 = ‘/i,l + Zi.2%0,2

: T T 4T T~

S Vig — Giazigzia — 29y 2in +1; 1

T ~ ~T ~ T T 4.51
S —QGaD; Pi — Q30 i — Cij1%51%i,1 — Cij2%; 9502 ( )

2
(e ) - Bt
=1

271 rk e 27@ bk Yi,c
where Q3 = QG2 — ]_5, Az = Ai,[) + Ai,l-

Remark 4.3. In trajectory tracking control, the tracking error is normally defined
as z = p — po and pg, Po are used in controller design based on backstepping
technique. However, in this chapter, since the velocity and input information of
the leader are unavailable, only estimation of the position information of the leader
is obtained from the proposed adaptive estimator given in (4.6) and (4.7), i.e. p;.
Then in controller design, to avoid the requirement of p; in the design of u,, the
estimation of the bound of p; is employed to design the virtual command 7§ in

(4.38).

Now we are in the position to present our practical tracking results, as summarized

in the following theorem.

Theorem 4.2. With the application of the estimator (4.6) and (4.7), the observer
(4.25) and the controller (4.49) to the system modelled in (4.1) and (4.2), the
boundedness of all the signals in the resulting closed-loop system is guaranteed in
the presence of parametric uncertainty and external disturbances. Furthermore, it
is ensured that ||p; — po|| will converge to a set which is adjustable by appropriately

choosing design parameters.

Proof. (4.51) can be rewritten as

%,2 < —Cz‘Vz',2 + A; (4.52)
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where
(6751 ;3

)\min (Pi,1> 7)\min (Pi,Q)
5i,rk7 5i,bk7 51’,0)'

Ci = mln( y 261"1, 261'72,

From (4.52), we have

ﬁu — e G, (4.53)

Via(t) < Via (0) e 4

from which it can be concluded that all the signals in the resulting closed-loop

system are bounded. Furthermore, we can obtain that

24,
C;

1 : < . .
Bim2V;, () < (4.54)

By selecting design parameters P i, Cik, Vie, Vire @0d 7 p appropriately, then the
bound /2A4;/C; can be adjusted as small as desired for each robot.

From (4.54), we have ||z;1||* < %A‘ Then combing the results in Theorem 4.1, we

can obtain that ||p; — po|| converges to a set

A = {pi — polllpi — poll < |lpi — oill + ||Pi — pol| < €} (4.55)

where

e =g, + max(/24;/C;), i=1,2,--- ,N. (4.56)
[

Remark 4.4. From the definition of \/2A;/C;, it can be noted that the ultimate
bound of the tracking error of each robot depends on the constants A; and C;. Fur-
thermore, decreasing \/m can be achieved by decreasing A; and/or increasing
C;. From the expressions of A; and Cj, it can be seen that they are mutually de-
pendent as they share some common design parameters, such as d; 4 , ;5 and &; 3,
thus it is difficult to decrease \/m by adjusting these parameters. Therefore,
it is possible to decrease A; by increasing 7;., Vi, and 7;pk, while increasing C;

can be achieved by increasing ¢;; and ¢; o.
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4.3 Simulation

To verify the established theoretical results, simulation study has been carried out
by considering a group of four identical WMRs with their physical parameters of
corresponding SI units set as follows, m; = 30, I,,; = 19, b; = 0.5, a; = 0.3,
r; = 0.1, N, = 20, K;,; = 0.019, K;; = 0.2639 and R,; = 1.6. The disturbance
is assumed as 7y; = [cos(mt/8),sin(mt/8)]T for simulation purpose, while it is un-

known to designer. The communication topology of the group is shown in Figure2.

FIGURE 4.2: Communication topology of the 4 WMRs.

The initial positions and orientations of the four WMRs are chosen as p;(0) =

[—1.5,—1,-0.6]T, p2(0) = [0, —4, 2], p3(0) = [-1.5,—4,0.5]7, p4(0) = [-2.5,—-3,0.7]%.

The initial values of the estimator and the observer are respectively given as p;(0) =
pi(0) and &;(0) = [0.2,0.2)7, and p;(0) = 7;(0) = [0,0]7, Ry = Ris = 0 and
BM = BLQ = 0.2. For each robot, h; is set as h; = 0.05. The design parameters in
the control scheme are chosen as follows, c¢o = 4, P;1 = s, Pio = 215, L;; = 315,
Gip = 1, cia = 2, 01,1 = 0100 = 0.1, 991 = 2,0 = 0.2, 93,1 = 03,0 = 0.4,
dar1 = 0.1, 040 = 0.4, dip1 = Oipe = 0.02, y101 =4, Y102 = 2, Yo,1 = Vo2 =
Yart = Yar2 = 2, 1 = 2, W2 = 1, Yipr = Ve = Yo = Yepe = 0.05,

Y3p1 = V3p2 = 0.08, vap1 = Yape = 0.1

The simulation results are shown in Figure 4.3- Figure 4.10. The estimator errors
e; = lei1, ei0)” and G; = [6,1,0;2)7 are shown in Figure 4.3 and Figure 4.4 respec-
tively, which show that the proposed estimator can estimate the position of the
leader for each robot with bounded estimation error and thus effectively illustrate

the results in Theorem 4.1.  Utilizing the estimated position information from
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FIGURE 4.3: The estimation errors e; = [e; 1,¢€;2]7 of four robots. Plots in (a) and (b)
respectively show e; 1 and €;2, 7 =1,2,3,4.
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FIGURE 4.4: The estimation errors ; of four robots. Plots in (a) and (b) respectively
show 5’1'71 and 5’1'72, 1= 1, 2, 3,4
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the estimator, an observer-based controller is developed to address the parametric
uncertainty and realize trajectory tracking control for each robot. The trajectories
and tracking errors of four robots are illustrated in Figure 4.5 - Figure 4.6, from
which, it can be seen that the consensus tracking performance can be achieved with

the proposed control scheme and therefore the results of Theorem 4.2 are validated

4 .
3 L SO .
2 L .
l L .
~ 0F i 1
E \
~ 1t ]
2+ N
Leader
3r Robot 1| 7
Robot 2
4+ —=-==-Robot 3| -
........ RObOt 4
-5 L
-5 0 5

X (m)

FIGURE 4.5: The trajectories of the four robots with the proposed output feedback
control scheme. The triangles represent the initial positions of the leader and four robots.

To further demonstrate performances of the adaptive observer quantitatively, the
observer errors are exhibited in Figure 4.7-4.8, from which it can be seen that all

these errors are bounded.

To illustrate the discussion made in Remark 4.2 and 4.4, we also consider the

following two cases:

Case 1: In terms of the designed estimator, change ¢y by setting ¢y = 2, 4 and 8

respectively, while other design parameters are fixed as the values given above.
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FIGURE 4.6: The tracking errors z;1 = (211, zi712]T of four robots. Plots in (a) and (b)

respectively show z; 11 and z; 12,7 = 1,2, 3,4.
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FIGURE 4.7: The observer errors p; = [p; 1, pi2]? of four robots, i = 1,2, 3, 4.
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FIGURE 4.8: The observer errors 7j; = [, ;)7 of four robots, i = 1,2, 3, 4.

Case 2: In terms of the observer-based controller, take Robot 1 as an example,
vary 7, by setting v, . = 0.25, 0.5 and 1.5 respectively, with the remaining design

parameters the same as the values given earlier.

The estimation error of Robot 2 ey with different ¢y and the tracking error of
Robot 1 z;1; with different +; . are respectively shown in Figure 4.9 and 4.10, from
which it can be noted that the ultimate estimation error and tracking error decrease

as ¢ and ;. increase.

4.4 Conclusion

In this chapter, distributed output feedback consensus tracking control is studied
for multiple nonholonomic mobile robots under directed graph by using limited
information of leader. Since only the position of the leader is available to a set of
robots, a fully distributed estimator is firstly constructed to estimate the position of

the leader for each robot without using any global information of the graph. Based
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on the estimated position information, to realize trajectory tracking for each robot,

an observer-based output feedback control law is designed based on backstepping

technique. The proposed control scheme can guarantee the boundedness of all the

signals in the resulting closed-loop system. Moreover, the consensus tracking error

of the system can converge to an adjustable neighborhood of zero by appropriately

choosing design parameters. The simulation results verify the effectiveness of the

proposed control scheme.



Chapter 5

Adaptive Estimator-based
Formation Maneuvering Control

of Nonholonomic Mobile Robots

In the previous two chapters, distributed consensus tracking control problems are
studied for multiple nonholonomic mobile robots. From this chapter onwards,
another class of consensus problem of multi-agent systems, namely flocking with
distance-based formation control problem, will be investigated. In this chapter,
a control strategy consisting of an adaptive estimator and a modified gradient
control law is designed to address distance-based formation shape and maneuvering
control for a group of nonholonomic mobile robots under the condition that the
desired maneuvering velocity is only known to a set of robots. The controller
design involves two steps. Firstly, an adaptive estimator is designed for each robot
to estimate the desired maneuvering velocity in either constant or time-varying
situation. Secondly, utilizing the estimated velocity, a modified gradient control
law is introduced to design linear and angular velocities based on the nonholonomic
kinematic model such that all the robots converge to the desired formation shape

and maneuvering velocity.
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Consequently, the main contributions and novelty of this paper are summarized as

follows:

e An adaptive estimator is proposed to estimate the desired maneuvering ve-
locity, which can be either constant or time-varying and is only known to
set of robots. It avoids to use different estimators to address constant and

time-varying cases respectively as done in [113].

e With appropriate control parameters, local asymptotic convergence to the
desired formation shape and maneuvering velocity is established for a group

of mobile robots subject to nonholonomic constraint.

5.1 Problem Formulation

5.1.1 Basic concepts on graph

Consider an undirected graph with n vertices and m edges, denoted by G = (V, ),
where V = {1,2,--- ,n} denotes the set of vertices and &€ C V x V is the set of
edges between two distinct vertices. If (i,7) € £, agent j is called a neighbor of

agent i. Hence the set of neighbors of agent ¢ can be denoted as

Ni={jeVIij) €&}

Let p; € R? denote the position assigned to vertex i. The stacked vector p =
[pf, 0%, ,pZ]T € R?" represents the realization of G in R?. A formation of G
in R? can be denoted by the pair (G, p). Based on an arbitrary ordering of the m
edges in &, the rigidity function g (p) : R*" — R™ associated with (G, p) is given

as
1 T ..
wg(p) = 5 [ 7”]92' —ijQ,"'] , (2,]) et
where || - || denotes the Euclidean norm. The rigidity of a formation is defined as

follows.
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Definition 5.1. [126] A formation (G, p) is rigid in R? if there exists a neighbor-
hood U of p such that w;l [ (p)] NU = Yt [k (p)] NU where K is the complete

graph of n vertices.

One useful tool to characterize the rigidity property of a formation is the rigidity

matrix R € R™*?" which is defined as

R(p) - 2

Based on the rank property of R(p), the infinitesimal rigidity of a formation is

defined as follows.

Definition 5.2. [126] A formation (G, p), where p € R*® and n > 3, is infinitesi-

mally rigid in 2D space if rank[R(p)] = 2n — 3.

Specifically, if the formation is infinitesimally rigid in R? and has exactly 2n — 3

edges, then it is called a minimally and infinitesimally rigid framework.

5.1.2 System model and problem formulation

Consider a group of n nonholonomic mobile robots modeled as follows,

T cost; 0
V; .
Ui | = |sin6; 0 , YieV (5.1)
. W;
0; 0 1

where [z;,y;]7 = p; € R? and 6; € R are the position and orientation of robot i,

v; € R and w; € R are linear and angular velocities.

Suppose that the interactions and information transmission among the n robots
are denoted as an undirected graph G = (V,£). Robot i can measure the relative
positions of its neighboring robots and obtain the information transmitted from

them. Let formation (G, p*) be the desired formation with desired distances d =
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(- s dij,--+), ¥(i,7) € € where di; = |[pf — pj|. In this chapter, (G, p*) is assumed

to be an infinitesimally and minimally rigid formation in R2.

In terms of formation control, the objective is to realize the desired formation which
is formulated by the desired distances d. Define the distance error between robot

7 and robot j as follows,
eij = llpi — psIIP — 5 V(i) €€ (5.2)

From (5.2), the distance between robot ¢ and robot j converging to d;; is equivalent
to the distance error e;; converging to zero, i.e., ||z;;|| = d;; < e;; = 0. Furthermore,
to achieve an overall group maneuvering velocity, all the robots are required to
maneuver with the same velocity, i.e. p; = g, € V. In the formation, only a

17 s

set of robots are supposed to have access to piq. Moreover, fig = [fta1, flaz2
assumed to be bounded, i.e., |fiq1] < f1 and |f1g2| < B2 where 81 > 0 and f > 0

are unknown constants.

Therefore, the control problem in this chapter is formulated to design the linear

and angular velocities, v; and wj;, for each robot such that,
€i5 — 0, V(Z,]) S g, (53)

5.2 Controller Design

The controller design can be divided into two steps. In the first step, an adap-
tive estimator is designed to estimate the desired maneuvering velocity for each
robot. In the second step, utilizing the estimated velocity, a modified control law
is proposed to design the linear and angular velocities in such a way that e;; will

converge to zero and p; will converge to the desired maneuvering velocity.
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5.2.1 Adaptive estimator design

Motivated by [113], the following estimator is designed to estimate g for each
agent,

where ¥; = zje./\/’i (fu; — i) + a; (i — pa), D; = diag <Bz> with 3; being the esti-
mation of 3 = [B1, 3]? of agent i. « is a positive design parameter, and a; = 1
if robot ¢ has access to py and otherwise a; = 0 . Define the estimation errors as
fui = fu—pa and §; = B — B and let i = [if , 43, im]", B =81, 65, -+, B7]",
B=BT,BT,--- BT and D = diag(3). Then we can have the following estima-

tion error dynamics,

f=—-a[(L®L) i+ (B® L) —Dsgn[(L® L) i+ (B® L) ] — 1, ® fiq

=—a(H®L)jp— Dsgn|[(H® )i —1, ® fiq
(5.6)

where L is the Laplacian matrix associated with graph G, B = diag(by,bs, - ,by)
with at least one nonzero b;, and H = £ + B. Since G is rigid, it is connected and

H is positive definite [127].

Consider the Lyapunov function

-‘/E):

DN | —

. T T
it (He L) i+ %5Tﬁ- (5.7)
The time derivative of Vj can be computed as

1 :ﬁT(H®12)ﬁ+%BT5L
= —ap' (H® L) i — i" (H ® L) Dsgn [(H ® L) fi
AT (H® L) (1, @ u) + %BTE (5.8)

< —af (H L) i— " |(H @ L) jil + |i" (H® L)| (1, ® B) + %BTB

. . = . 1~
< —ap” (H® L) i— " |(H® L) i + ;BTB
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The update law for BZ is designed as follows,
Bz’ = |V (5.9)

which yields,
B=7I(HebL)j (5.10)

Substituting (5.10) into (5.8) yields,

Vo < —ai" (H® )" i
(5.11)
§ _a/\min/]Tﬁ

where Ay, is the minimum eigenvalue of matrix (H ® I5)?2.

Remark 5.1. Note that for the robots with b; = 0, the only information available
about the desired maneuvering velocity is |fq1| < 1 and |fae| < P2 with (5
and s being unknown constants. Such a condition is much weaker than that in
[128] where /i is linearly parameterized and the corresponding basis functions are
known by all the robots in the group. Unlike designing two different estimators
to respectively estimate time-varying and constant pg in [113], in this chapter, the
proposed adaptive estimator can perform well for both constant and time-varying
1, which will be proved hereinafter. Furthermore, the upper bounds of 14, 81 and
Ps which are supposed to be known in [113], are unknown and would be estimated

and compensated by adaptive technique in this chapter.

5.2.2 Modified gradient controller design

Utilizing the estimated velocity i, we need to design linear and angular velocities
for each robot to realize the formulated objective. Consider the following Lyapunov

function

1
=Vt > e (5.12)
(i.j)e€
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Then the time derivative of V] is given as

Vl = Vo + Z €ij (pi —pj)T (ﬁz‘ —pj)
(4,7)€E

:Vo—l-Z@TPi

1Y

(5.13)

where ¢; = ZjeM eij (Pi — pj)-

Note that the kinematics of nonholonomic mobile robots in (5.1) is a nonlinear
model. To realize exact linearization for controller design, we firstly introduce a
virtual gradient control law p$ that involves the estimated maneuvering velocity fi;
as follows,
P = P = —koi + fi; (5.14)
Pia
where k is a positive design parameter. To make ¢; converge to zero and p; converge

to fi;, it requires to design v; and w; such that,

Pi = vih; = py (5.15)

where h; = [cos 0;,sin §;]7. Define the deviation between p; and ps as €; = v;h; — 5.
Thus, the control objective can be expressed as to make e; converge to zero. Then
we introduce the following relationship,
h? Vi — h?pf (5.16)
E; = .
()" — (n)" ¢

where hi* = [—sin6;, cos 6;]7. Note that h; is perpendicular to h;-. Since the matrix
on the left side of above equation is nonsingular, v; — h? p¢ and (hf)T p§ converging

to zero is equivalent to g; converging to zero.

Thus, to make sure €; converge to zero, the linear velocity can be designed as,

v; = hl 5. (5.17)



5.2. Controller Design

70

Furthermore, from (5.16), it is required that

()" e = |1p¢] sin; = 0

(5.18)

where 0, = 65 — 6, and 0¢ = atan2 (PS4, 951), which indicates we should have

sin 91 =0.

With the control command v;, the nonholonomic model in (5.1) can be expressed

as
Din = v cosb;
= Pi1 cos” 0; + Pj o cOs 0; sin 6;
=Pi1 — (pf,1 sin 0; — p; , cos 9,-) sin 6;
= 5y + ||| sin 0, sin 6;
and

Di2 = v;sinb;
= p, cos 0;sin 0; + pS, sin® 0
)
-c e .c
= pi,2 + (pi,l S11 97, - pi72 COS 61) COS 91

= Py — ||Pf]] sin 0, cos b,

which can be summarized as

pi = p¢ — |95 sin 0,

Therefore, (5.13) can be rewritten as

Vi=Vo+ 3 oF (56 + 1l sindini
=%

=Vo+_ (—kol o+ 0Tt — [lp5llo7 hi-sin ;)

eV

(5.19)

(5.20)

(5.21)

(5.22)
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Next, in terms of w;, it will be designed to ensure sin; — 0 by considering the

following Lyapunov function
Vo= Vi+ (1-cosd;). (5.23)

Then the time derivative of V5 can be given as

Vo= Vot D (~kaloi+ oF i) + 3 (0 = wi— |pcllol i ) sinfi. (5.00)

icy icy
Choosing the following angular velocity
w; = kg sinf; — ||pf||qb;rhzl + Hf (5.25)

we can have,

% — Vb + Z (—]{;Qﬁ?@ﬁl — k’g sin2 él + QSZT,&Z)
i€V (5.26)
< —0Amin07 0 — k") — kgnTn + 7 i

where ¢ = [¢T,¢T, -+, ¢T]" and n = [sinfy,sin by, - - - ,sin 6,]7.

Remark 5.2. Based on the virtual gradient control law in (5.14) and the trans-
formation in (5.16), linearization is realized by designing the linear and angular
velocity as in (5.17) and (5.25). Unlike the controller design without linearization
in [129, 130] which can only ensure formation shape stabilization, distance-based
formation maneuvering can be achieved with the modified gradient based controller

design in this chapter.

AT
Let 6 = [qTa ,aTa 6T:| ) where q = [Q{v q;; T 7q771“]T with q; = [xh Yi, ei]Ta and define
a level set 2 (r) = {& : Va(§) < r} where r > 0. The main results are stated in the

following theorem.

Theorem 5.1. For a group of nonholonomic mobile robots modeled by (5.1), under
the control of designed linear and angular velocities respectively in (5.17) and (5.25)

with the estimator (5.12), if £(0) € 2 (o) with ro > 0 and the design parameters
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are according to the conditions that
1 1
/\min > _7]‘/; > = 527
a 5 5 (5.27)

asymptotic convergence of the system to the desired formation (G, p*) and an overall

maneuvering velocity p, is ensured.

Proof. Since ¢ = R (p)" ewithe=[--- e, ---]7, and ji = i— (1, ® pq), from the
property of R(p), it can be obtained that e’ R (p) (1, ® j1q) = 0. Then it follows

that,
Vo < —adinliil|* = klle" R (p)||* = kollnl* + " R (p)

< (@i = 3 ) 117 = (K= 3 ) 1T RGP (5.2

— Kgl|n|* < 0

Since V, < 0, 2 (V(£(0))) C £2(ro) is positively invariant. Let M = {¢ : V3(€) =
0}, the system starting from any point in (2 (V5(£(0))) converges to the largest
invariant set in MN{2 (V2(£(0))) by the invariance principle [131]. Then from (5.28)
we can get ||| — 0, || R(p)|] — 0 and ||n|| — 0. For some sufficiently small r,
and for all points in the set 2 (r), the formation (G, p) is minimally infinitesimally
rigid and close to the desired formation, which implies that R(p) is of full row rank
[126, 132]. Under this condition, it can be obtained that R (p)T e=0=e=0,i.e.,
the system asymptotically converges to the desired formation. From (5.14) and
(5.15), it can be obtained that p; — fi;. Since g — 0, it follows that p; — pg. In
summary, under the proposed control scheme, the system asymptotically converges

to the desired formation and maneuvering velocity.
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5.3 Simulation

To verify the established theoretical results, simulation study has been carried
out. In the simulation, a group of four unicycle mobile robots is considered. The
desired formation is a square as shown in Figure 1 with the robots located at the
four vertices. There are five edges as shown in the figure. It can be verified that the
formation is minimally infinitesimally rigid. Besides, the desired distances between
robots that represent the desired formation are set as dis = diy = dog = d3y = 2
and dy3 = 2v/2. In the formation, only robot 1 and robot 2 have access to jg, i.e.

a; = a3 = 1 and ay = a4 = 0. The units of all variables are the SI units.

1 4

2 3

FIGURE 5.1: The desired formation.

The initial positions and orientations of the four robots are set as ¢;(0) = [1.35, 3.05, 0.785],
¢2(0) = [0.36,0.52, —0.785]T, ¢3(0) = [2.81,0.125,0]7 and ¢4(0) = [3.32,2.61, —1.571]7.

The proposed control scheme consists of an adaptive estimator and a modified gra-

dient controller. The initial estimations, j;(0) and j3;(0), are set as zero. Further-

more, according to (5.27), the control parameters are designed as v = 12, v = 0.8,

k=1 and kg = 3.

In the simulation, both time-varying and constant maneuvering velocities are taken

into account to demonstrate the effectiveness of the proposed control scheme.
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5.3.1 Case 1: time-varying case

In the time-varying case, pg is set as

2+ 0.5 sin (0.15¢)

pa (t) =
1.5 cos (0.15t)
14 T T T T
— — Robot 1
i P it —-—-Robot 2| |
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FIGURE 5.2: The trajectories of the four robots. Black, blue and red shapes denote the
formation shapes of the system at 0s, 10s and 20s, respectively.

Overall, the trajectories of the four robots are shown in Figure 5.2, from which, it
can be seen that the four robots achieve and maintain the formation during their
motions. The estimation errors ji; of the proposed estimator are shown in Figure
5.3, from which it can been shown that the proposed estimator can estimate the

desired maneuvering velocity for each robot.

Now the performance of the controller is assessed. The formation shape control
performance in terms of distance errors e;;, V(i,7) € &€ is illustrated in Figure 5.4.
As observed from the figure, the distance errors between pairs of robots converge
to zero, which means the system converge to the desired formation. Additionally,
d

in terms of the maneuvering velocities of four robots p; = [%;, ¢;]*, which are shown
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FIGURE 5.3: The estimation error fi;;, i =1,2,3,4, j = 1,2.

in Figure 5.5, it can be found that all agents approach the desired maneuvering

velocity and then maintain this velocity with the proposed controller.
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FI1GURE 5.4: The distance errors between pairs of robots.
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FIGURE 5.5: The maneuvering velocities p; = [#;, §;]” of four robots. Figures in (a) and

(b) respectively show &; and y;, i = 1,2, 3, 4.

5.3.2 Case 2: constant case

In the constant case, piq is set as ug = [1.5,1.5]7.

The trajectories of the four robots are shown in Figure 5.6, from which, it can
also be seen that the four robots achieve and maintain the formation during their
motions. Meanwhile, the distance errors between pairs of agents converge to zero

as observed from Figure 5.7. Additionally, as can be seen in Figure 5.8, all agents

approach the desired maneuvering velocity.
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FIGURE 5.7: The distance errors between pairs of robots.

5.4 Conclusion

An adaptive control scheme for formation maneuvering control of mobile robots

subject to nonholonomic constraint is proposed in this chapter. The control objec-

tive is to achieve the desired distance-based formation shape and a overall maneu-

vering velocity, which can be either constant or time-varying. The control scheme
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FIGURE 5.8: The maneuvering velocities p; of four robots. Figures in (a) and (b)
respectively show ; and y;, ¢ = 1,2,3,4

consists of two main steps. In the first step, an adaptive estimator is designed
to estimate the desired maneuvering velocity for each robot. In the second step,
utilizing the estimated velocity, a modified gradient control law is designed based
on the nonholonomic kinematics to ensure the system achieve the desired forma-
tion shape and maneuver with the desired velocity. Choosing appropriate control
parameters, local asymptotic convergence of the system is established. Meanwhile,

simulation study is carried out to verify the effectiveness of the proposed control

scheme.



Chapter 6

Distributed Adaptive Control for
Distance-based Formation and
Flocking control of Multi-Agent

Systems

In the previous chapter, flocking with distance-based formation control of multiple
nonholonomic mobile robots with undirected formation shape graph is addressed.
However, the proposed control scheme can only be applied to first-order dynamics
without parametric uncertainty under undirected formation shape graph. In this
chapter, an adaptive control strategy for distance-based formation and flocking
control of multi-agent systems is proposed. Since it is really difficult to consider
general directed graphs, similar to most existing works, we focus on minimally
persistent graph. We first study a system with LFF type triangular structure,
which means the system only consists of three agents, i.e., the leader with time-
varying velocity, the first follower and the follower. The three agents are modeled
by nonidentical second-order dynamics with parametric uncertainty. To solve our
formulated problem, adaptive technique is employed to estimate and compensate

for the unknown parameters. Furthermore, by introducing two new variables that

79
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involve distance error and velocity error and utilizing them in the controller design,
it is established that all agents in the formation globally converge to the desired
formation and to the velocity of the leader. Then, the LFF type system is induc-
tively extended to N-agent system, in which the proposed control strategy can be

applied.

Consequently, the contributions and novelty of this paper are summarized as fol-

lows:

e Global convergence of all agents in the system to the desired formation and

to the time-varying velocity of the leader is achieved simultaneously.

e The agents are modeled as nonidentical second-order dynamics with para-
metric uncertainty. In controller design, adaptive update laws are designed

to estimate and compensate for the unknown parameters.

6.1 Problem Formulation

Consider a group of N agents moving in the 2D Euclidean space, which can be

modeled as follows,
b=t VieV (6.1)
b = u; + i (v:)" 6;
where p; € 12, v; € R2 and u; € R? are the position, velocity and input of agent i.
0; € R is a vector of unknown constants and ¢;(v;) is a matrix with appropriate
dimensions of known smooth nonlinear functions. The system model described in
(6.1) allows the agents to have nonidentical dynamics with parametric uncertainty.
Clearly this class of systems is more general than those described as single- or

double-integrator in most of existing work including [1, 2, 118] and those exactly

known second-order dynamics in [133].

Suppose that the interactions and information transmission among the N agents

can be modeled by a directed graph G. In distance-based formation control, the
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objective is to realize the desired formation which is formulated by the desired
distances between agents. For a given graph G, the desired distances are given as
d=(---,dij,---), VY(i,j) € € where d;; > 0 is the desired distance between agent
i and agent j. In this chapter, z;; € R? and e;; are respectively defined as the

relative position and the distance error as follows,
Zij = Di — Dj V(Z,j) e (62)

ey = |l2il|* —di V(i,5) € € (6.3)

From (6.3), the distance between agent ¢ and agent j converging to d;; is equivalent
to the distance error e;; converging to zero, i.e., ||z;|| = d;; < e;; = 0. Therefore,
to achieve the desired formation shape, it is required to make all of e;; converge to
zero. Furthermore, assign Agent 1 as the leader, to achieve the flocking behavior,
the other agents are required to approach the velocity of the leader. Thus, the
control objective of this paper can be expressed as designing controller for each
agent such that

U; >0 VieV, i#1 (6.4)

2]l = dij V(i,5) €E (6.5)
where v1; = v; — v; is the velocity error between agent 1 and agent 1.

Firstly, we focus on the multi-agent system with LFF type triangular structure, as
shown in Figure 6.1 where Agent 1 is assigned as the leader, Agent 2 is called the
first follower and Agent 3 is the follower. The leader is supposed to perform the

following dynamics by human operator or self-navigation,

Z).’Jl (t) = U1 (t)

0 () = ay (1)

(6.6)

In this case, the velocity of the leader is time-varying.

Remark 6.1. Note that global convergence for distance-based formation control

of an LFF system is achieved in [1], but it assumes each agent to be a single
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FIGURE 6.1: The system setup of LFF in Cartesian coordinates (Taken from [1]).

integrator and the velocity of the leader is a constant vector. Furthermore, it is
pointed out that extending such simple dynamics to high-order dynamic systems is
very complicated. As addressed in [2, 120], for distance-based formation control of
agents modeled as double-integrators, there is no complete solution that can ensure
a global convergence for a group of agents in the constant or time-varying leading
velocity case. Thus, it is actually an important yet difficult problem to achieve
global stability for agents with unknown second-order dynamics in the case that

the leading velocity is time-varying.

To solve the mentioned distance-based formation and flocking control problem of

a LFF system, we need the following assumptions:

Assumption 6.1. The information, v;(0) and a;(t) expressed in (6.6), of the leader
can be obtained by all the agents in the formation. Moreover, v,(t) and a,(t) are

assumed to be bounded.

Assumption 6.1 is equivalent to that v;(t) is known, as it can be derived from
v1(0) and a4 (t). Actually, for the case of double-integrator agents in [112] and [2],
the velocity of the leader is also assumed to be known, but it is a constant which

implies a; is 0.

Assumption 6.2. The desired formation for the system given in Figure 1 is real-
izable. The necessary and sufficient condition for the existence of a realization is

given as follows,

dyo < dyg + das
das < dya + di3
dy3 < dig + dag
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Assumption 6.3. [1, 114] The desired formation is minimally persistent obtained

as the result of a Henneberg sequence.

6.2 Controller Design

In this section, the control laws for the first follower and follower in the LFF system
will be designed separately, and then the extension of LFF system to N-agent

system will be derived.

6.2.1 Controller Design for the First Follower
Introduce a new variable v15 = 012 + ky2he where
hg = €12%212, (67)

i v . .
kp is a positive design parameter

Remark 6.2. The introduction of variable v15 is a key technique to achieve global
stability in the proposed control strategy. Note that, v;5 involves distance error
e12 and velocity error 015. If U730 — 0 and hy — 0, then 95 — 0. Utilizing 919, the
proposed controller makes hy and the velocity error 15 converge to zero, which will
be established subsequently. Afterwards, based on the stability analysis, it can be
proved that the first follower will converge to the desired formation by choosing

appropriate control parameters.

Firstly we derive an adaptive law to estimate the unknown parameter in the dy-

namic model of the first follower. Define ég as the estimate of 6,.

Choose a Lyapunov function candidate as

1 1 1~ ~
‘/2 = 16%2 + 5?7?2?712 + 59;F202 (68)
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where 0y = 05— 0 and I} is a user defined positive definite matrix with appropriate

dimension. Then, the time derivative of V5 can be computed as

. 1 . . ~ i
‘/2 = 5612612 + U%;Ulg + 62TF202
(6.9)

= 6122?2 (7712 — k?pghg) + '17?2(0/1—’11/2 - @592 + kp2h2> — égFQéZ

Based on (6.9), the control law and the parameter update law are designed as

Uy = kyolia + a1 — <P2Té2 + k‘p2h2 + ho (6.10)

~

02 = — 2_1(,021712 (611)

where ko is a positive design parameter and from (6.7)
hy = 221925015 + €101, (6.12)
Substituting (6.10) and (6.11) into (6.9) yields
Vo = —kya|ha|l* = kualr2]* < 0 (6.13)

Lemma 6.1. With the application of control law (6.10) and parameter update
law (6.11) to the first follower, all the signals in the resulted closed-loop system
are bounded. In addition, h, and the velocity error v15 asymptotically converge to

zero, i.e., hs — 0 and 919 — 0 as t — .

Proof. From (6.8) and (6.13), it can be obtained that V5 > 0 and V; < 0, therefore,
€12, 212, U12, D19 and 0y are bounded. Then, based on (6.9) and (6.13), it can be
established that V5 is bounded. By applying Barbalat’s lemma [131], we can obtain
Vo = 0, ie.,

lim ([[ha]) + [[2rel}) = 0 (6.14)

Hence, the asymptotic convergence of the velocity error (i.e., o35 — 0 as t — 00)

can be derived from (6.7). O
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Remark 6.3. It should be noted that with the existing distance-based gradient
control, the results in Lemma 6.1 cannot be obtained. Technically, if applying such

an approach here, the following Lyapunov function would be considered

1 1.+ 1- ~

W = 1—16%2 + 51]{21}12 + 595[1292
which could yield the control law and parameter update law as uy = kyot12 +
e12212 + a1 — ¢2Té2 and 52 = — 2_1g021712, respectively. Then the resulting time

derivative of W would be

. o
W = —kyU15012 < 0,

from which only the global convergence of ¥15 to zero could be obtained. In this
chapter, based on the introduction of the new variable v15, the proposed control
law (6.10) with parameter update law (6.11) ensures the asymptotic convergence
of both hy and 15, which is crucial in establishing the global convergence of the
follower to the desired formation and to the velocity of the leader, as seen in the

following analysis.

Lemma 6.2. The states of the first follower converge to one of the following two
equilibrium points,

1) €12 = 0, 1~)12 = 07 (615)

2) 212 = 0, 1712 =0. (616)

Proof. Based on Lemma 6.1, e15212 and 015 converge to zero. From the definition
of e13 in (6.3), it can be found that e;2 and 2 cannot be zero at the same time.
Therefore, the states of the first follower can only converge to one of the two

equilibrium points: e;5 = 0 and 15 = 0 or 235 = 0 and 15 = 0. O

From Lemma 6.2, there are two global equilibrium points in the solution space and
the one in (6.15) is the desired equilibrium point. If the equilibrium point (6.16)
is unstable, then from Lemma 6.2 the other one (6.15) is globally stable which

will ensure the first follower converges to the desired formation. By analyzing the
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stability of the system and choosing the design parameters appropriately, this can

be achieved, as summarized in following theorem.

Theorem 6.1. The convergence of the first follower to the desired formation, i.e.,
ez — 0 and 919 — 0 as t — oo, is ensured by the control law (6.10) and parameter
update law (6.11) with the design parameters k,2 and k,o chosen according to the

following guideline,

k’pzd%Q — k‘vz > 0.

Proof of Theorem 6.1. Define ¢ = [¢T ¢2]7 = [2], 91,]" and consider the following

dynamics:
G =112 = fi

Py = —902T§2 — kyot1p — /fp2il2 — hy = fo.

Let f = [fl fI]T. To analyze the stability of the equilibrium point (6.16), the

above dynamics is linearized as follows,

8f1 Of
of | _ |as 96
0P|, ofs  Of2
?lomo 961 902 ] |y—g
02><2 12

= = A.
Yorla  ya2lo
where Y21 = (kpgkvg -+ 1) d%Q and Y22 = kpgd%Z - kl,g. Calculating det ()\14 - A) = 0,

the characteristic equation of matrix A is given as
/\4 — 2’}/22/\3 + (’7222 - 2’}/21) /\2 + 2’721*722/\ + ’}/221 =0 (617)

Utilizing the Routh-Hurwitz stability criterion, it can be obtained that, there is
at least one solution which has positive real part if 92 > 0. Therefore, if k2 and
k.o are chosen such that kp2df2 — kya > 0, the equilibrium point (6.16) is unstable.
In this case, since the system is asymptotically stable from Lemma 6.1, the other

equilibrium point (6.15) is globally stable. It means that the first follower will
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converge to the desired formation stated in (6.4) and (6.5) if kyo and ko satisfy
kpad3y — kya > 0. O

Remark 6.4. The above proof process is a common way to analyze the stability
of such systems which has been used in [116] and [1]. However, in contrast to the
approach there, we need to consider how to choose appropriate control parameters
based on the stability analysis to make sure that only the equilibrium point (6.15)
is stable in this chapter.

6.2.2 Controller Design for the Follower

Using a similar controller design process as done for the first follower, a new variable

U1 = V13 + kpshs is firstly introduced for the follower by defining
hs = e13213 + €23293 (6.18)
where k3 is a positive design parameter. It can also be noted that, if v;3 — 0 and

h3 — 0, then v13 — 0.

The control law and parameter update laws for the follower are designed as

us = ]’CU3T}13 +a; — (pgég + k’p3h3 + h3 (619)

A

03 = —F3_1§031713 (620)

where k,3 is another positive design parameter, [ is also a user defined positive
definite matrix with appropriate dimension, 05 is the estimate of 03, and based on
(6.18)

il3 = 22132%7713 + 6137713 + 22232%?3 (1}2 - ’03) + 623(1]2 - 7)3), (621)

in which vy is the velocity of the first follower.
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To analyze the stability of the proposed controller for the follower, consider the

following Lyapunov function,

1 1 1 Lop o 5
Vi = Z—lefg + Z—Legg + 5171";,1713 + 593{’1})93 (6.22)

where 9~3 = 95 — ég.

Then, the time derivative of V3 is given as

. 1 . ]- . _T = ~ <
Vi = 513613 + 5623623 + V15013 + 03 303

= 13213013 + €323 (T13 — D12) — 9??1“303
+ ?7%;3 <a1 — Uz — @geg + kp3h3>
(6.23)

_ T T T ~

= —k’pg (613213 + 623223) h3 — €23%93V12
T T T AT 1 4

— V13P3 93 — ]ﬂv3@13?]13 — 93 Fgeg

I* -

== p3||h3 kv3||1713||2 - 6232’%@12

IN

I* -

—ky3||Ps kus |01 ]|” + [|easzas]|[| 012

Lemma 6.3. [1] Applying the proposed control (6.19) and parameter update law
(6.20) to the follower, all the signals in the resulted closed-loop system are bounded.

Lemma 6.4. ||hs|| and ||o13]| shown in (6.23) converge to zero, i.e., ||hs]| — 0 and

l|o1s]] — 0, as t — oo.

Proof. From Lemma 6.3, V3 is bounded, thus, there exists > 0 such that ||egzzo3|| <
1. Furthermore from Lemma 6.1, 915 — 0 as ¢ — oo. Therefore, for any € > 0,
there exists 7" > 0 such that ||912|| < € when ¢t > T'. Then, it can be obtained that
fort > T

—p(t) = ¢ < Vi < —p(t) +¢

where pu(t) = kysl|hsl|? + kusl|v13])* and ¢ = en. If tlim,u(t) = 0, then the proof
—00
is completed. Otherwise, V3 < 0 for all sufficiently large ¢. Therefore, V3 is a

decreasing function and

limVs=M >0
t—o0
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Hence, applying Barbalat’s lemma, it can be obtained that V5 — 0, then tlim |hs]| =
—00

0 and lim ||3y3]| = 0. O
t—o0

As it is proved that ||hs|| and ||v13]| converge to zero in Lemma 6.4, and moreover,
it is obvious that €13 (e23) and 213 (223) cannot be zero at the same time, the states

of the follower will converge to one the following three equilibrium points:

1) ei3 # 0, 213 = —%223, U3 = 0; (6'24)
€13

2) ex3 #0, 293 = _@Zl& v13 = 0; (6.25)
€23

3) €13 = 0, €93 — O, 1~)13 =0. (626)

Note that, the equilibrium point (6.26) represents the desired formation of the
follower. Therefore, the convergence of the follower to the desired formation is
equivalent to that the equilibrium points (6.24) and (6.25) are unstable. Applying a
similar proof process as done for the first follower, we will show that the equilibrium
points (6.24) and (6.25) are unstable. Before proceeding with stability analysis,

the following two lemmas are presented.

Lemma 6.5. [1I] When the states of the follower converge to the equilibrium
point (6.24) or (6.25), it can be obtained that zi3;12932 — 21322231 , Where 213 =
[213,1 213,2]T and zg3 = [223,1 223,2]T

Lemma 6.6. [134] When the states of the follower converge to the equilibrium
point (6.24) or (6.25) and further e;2 = 0, it can be obtained that e;3 4+ €93 < 0 .

Then we can establish the results presented in following theorem.

Theorem 6.2. Under the control law (6.19) with parameter update law (6.20),
the follower converges to the desired formation, i.e., e;3 — 0, es3 — 0 and ;3 — 0

as t — oo.
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Proof of Theorem 6.2. Define ¢ = [T 11T = [21; 2L]7, hence, the dynamics of

1) can be given as follows:

151 = —4,03T§3 — ky3Uiz — k‘p3h3 —hs =g

1%2 =uy + 3y —ay — SOg,Tés — ky3Uiz — kp3h3 — hg = g.

Let g = [g] ¢2]", the following Jacobian matrix can be obtained

99 991
99 _|ow wi| _p
o g2 g2 '
oY1 O2

From Lemma 6.1 and Lemma 6.4, 15 — 0 and 013 — 0, hence, vo—v3(= 013—012) —
0. To analyze the stability of the equilibrium points (6.24) and (6.25), substituting

13 = 0 and vy — v3 = 0 into the above Jacobian matrix, we have,

Y31 V32
Y31 V32

where k = kp3k'v3 + 1, Y31 = 613[2 + 22132{;} and Y32 = 623[2 + 22232%;). Therefore,

the characteristic equation of matrix B can be calculated as
)\4 + kSl)\S + ]{32 (82 + 83) )\2 =0 (627)

where

s1=2 (e + €23 + [|213)1* + l|z23]*),

sy = (e13 + €23) (€13 + €23 + 2||Z13||2 + 2||Z23||2)v
s3 =14 (213,1223,2 - 213,1223,2)2-

According to Lemma 6.5, 21312232 — 21312232 = 0, i.e., s3 = 0. Therefore, the

above characteristic equation can be rewritten as follows,

M4k (a+B) N+ KaBA =0 (6.28)
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where o = €13 + ea3 and 8 = e13 + ea3 + 2||213]|* + 2| 2232

In Theorem 6.1, the convergence of e;5 is proved. From Lemma 6.6, if the states
of the system reach the equilibrium point (6.24) or (6.25) and further e;o = 0,
then o < 0. The system is unstable if at least one of the solutions of the above
characteristic equation has positive real part. According to the Routh-Hurwitz
stability criterion, the stability of the system with characteristic equation (6.28) is
related to the sign of k (o + 3) and k*af3. Since a < 0 and k > 0, we consider the

following three cases to analyze the stability of the system:

e 1)3>0

Thus k?af8 < 0, there is at least one solution that has positive real part.

e 2)3<0

Thus k(a + ) < 0, there is at least one solution that has positive real part.

e 3)3=0

Thus k(a+ 3) < 0 and k?a = 0, there is one solution that has positive real

part.

In conclusion, when the states of the system converge to the equilibrium point
(6.24) or (6.25), at least one solution of (6.28) has positive real part, hence, the
equilibrium points (6.24) and (6.25) are unstable. Therefore, the states of the

follower will converge to the equilibrium point (6.26). O

Combining Theorem 6.1 and Theorem 6.2, it can be concluded that, the proposed
control strategy makes the LFF system converge to the desired formation and to

the velocity of the leader as described in (6.4) and (6.5).

6.2.3 Extension to N-agent Case

In the previous parts, global convergence of an LFF system to the desired for-

mation and to the velocity of the leader is proved. Now the convergence of an
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N-agent system to the desired formation can be inferred inductively. Without loss
of generality, similar to the inductive procedure done in [1], taking the LFF system
as a base case, a cycle-free persistent graph G is obtained as the result of a Hen-
neberg sequence containing only vertex additions. Technically, agent 4 is obtained
by adding an agent into graph of LFF using Henneberg sequence, and the resulted
graph is still cycle-free persistent graph, subsequent agents are added one by one

similarly.

An example of G for an extended 5-agent system is shown in Figure 6.2. The
control law (6.19) with parameter update law (6.20) designed for the follower can
be applied to the added agent 7 as,

u; = kyiUy; +ug + Qpipéli - @?éz + kpihi + h;

0; = —Fi_l%'@h‘

(6.29)

where vy; = U1; + kpihi; with k'pi > (0 and

h; = Z €ijZij-
JEN;
Assume the obtained n-agent graph locally converges to desired formation, then
the n + 1-agent graph is obtained by adding an agent to the n-agent graph using
Henneberg sequence. Applying the control law and parameter update law in (6.29)
to the added agent, then from the above lemmas and theorems, it can be proved
that the n+1 agents locally converge to the desired formation. Based on the results
established for the LFF system (i.e. the base case), by mathematical induction, the
cycle-free persistent graph locally converges to the desired formation by applying

the designed control law.

Even though it has been established that the LFF system globally converges to
the desired formation, with the same analysis as in [1], the N-agent system locally
converges to the desired formation because there are two positions that satisfies
e;; = 0 for each agent. For example, consider the system in Figure 6.3, agent 4 has

another position p, satisfies e;4 = ey = 0. If agent 4 converges to p4, in this case
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, it may have ||ps4|| > dss + dy5, which makes it impossible for agent 5 to achieve

e35 = e45 = 0, i.e., the system cannot converge to the desired formation.

P2 Ds

§ 2 Ps

FIGURE 6.2: The system setup of 5-agent system in Cartesian coordinates.

FIGURE 6.3: An example of two positions of agent 4 that satisfies e;4 = esq = 0.

6.3 Simulation

To verify the established theoretical results, simulation study has been carried out.
In the simulation, a group of five agents, whose interaction structure is shown
in Figure 6.2, is considered. Besides, the desired distances between agents that
represent the desired formation are set as dios = diz3 = dog = diy4 = doy = 4 and

dss = dg5 = 5. The function matrices and constant vectors in the dynamics of each
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agent (6.1) are given as follows,

0 sin (’0272) 1
Yo = ) 02 - ;
cos (va,1) 0 0.5
V3,1 sin (t) 0 0.7
3 = , 03 = ;
0 3.9 cos (1) 0.3
V4,2 sin (’04’2) 0.6
Y4 = , Vg = )
cos (v4,1) (R} 0.9
sin? (vs,1) 0 0.8
2 ) 95 =
0 cos? (vs.2) 0.45

where v; = [v;1v;0]7, i = 2,3,4,5.

The initial positions of the five agents are set as,

p1(0) = :4 o.Q}T, p2(0) = [0.23 —2.1]T,
p3(0) = :—0.19 Q.Q}T, pa(0) = [4.3 —4.2}T,

p5(0) = :—1.2 —3.2]T.

The initial velocity and acceleration of the leader are respectively set as v1(0) =
2,1]T and a,(t) = [0.5 cos(0.5t), 0.5 cos(0.5¢)]7. The initial values of the estimates
are set as 50% of their true values. Furthermore, the design parameters of the

proposed control scheme are set as k,; =1, k,; = 4 and F;l = 0.515.

Note that no theoretical result is established for this example system by using
existing methods and thus so far no method is applicable it. However, in the
simulation, a comparison with the control scheme proposed in [2] is conducted,
even though its control scheme is designed for the constant leading velocity case
and based on double-integrator model. Also since there is no adaptive law to
address the dynamic uncertainty, thus the initial value 0, (0) is used in the control

law. Let L be the Laplacian matrix of the graph in Figure 6.2 with the following
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form,

01><4

L22

lel

Lo

L= (6.30)
There exists a diagonal positive definite matrix P such that Q := PLgy+ LI, P > 0
[135]. Then the control law in [2] can be given as follows,

u=—(L®Lv+ (P '@ Lh—d"O0)+1,.1 ®a (6.31)

T.--
25

and © = [07 ..

where u = [u ,u5T]T, h = [hQT, e ,hg]T, L= [Loy Las], ® = diag([¢2,

.,0T]T . In the simulation, P = diag([2,2,2,2]).
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FIGURE 6.4: The trajectories of the five agents generated by the proposed control scheme.
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FIGURE 6.5: The trajectories of the five agents generated by [2].
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Overall, the trajectories of the five agents generated by the two control schemes
are respectively shown in the Figure 6.4 and Figure 6.5, from which, it can be
seen that the five agents achieve and maintain the formation during their mo-
tions with both control schemes. Now the control performance is assessed by the
formation shape control performance and velocity consensus performance. The
formation shape control performance of two control schemes in terms of distance
errors e;;, V (i,7) € £ are illustrated in Figure 6.6 and Figure 6.7, respectively. As
observed, the distances between pairs of agents converge to zero under the proposed
control scheme, however, such control objective is not achieved with the control
scheme in [2]. Additionally, from the velocities of agents as shown in Figure 6.8
and Figure 6.9, it can be seen that all agents approach the velocity of the leader
and then maintain the same velocity with the proposed control scheme, whereas ,
there exists deviations between the velocities of leader and other agents with the
control scheme in [2]. These simulations illustrate the effectiveness of the proposed

scheme and also verify the theoretical results established.

! €12
7 - Cp3
6 5\ x| |
N e,
NE 5 o I R el |
?5/ €35
5 4 T
I5) -5
g 3 0 0.5 1
Z o]
1 h\
0 B
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FIGURE 6.6: The distance errors between agents of the proposed control scheme.

6.4 Conclusion

A distributed adaptive strategy is proposed for distance-based formation and flock-

ing control of LFF systems in this chapter. Different from existing research works
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FIGURE 6.7: The distance errors between agents of the control scheme in [2].
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FIGURE 6.8: The velocities of the five agents of the proposed control scheme. (a) and
(b) respectively show the two components, v; 1 and v; 2, of v;, i =1,2,3,4,5.

in this area, the global stability is established in the case that the leading veloc-
ity is time-varying, and all agents are supposed to have nonidentical second-order
dynamics with parametric uncertainty. By employing adaptive technique, the un-
known parameters are estimated and compensated. The introduction of two new
variables that involve distance error and velocity error makes sure that the system

globally converges to the desired formation and all agents share a common velocity.
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FIGURE 6.9: The velocities of the five agents of the control scheme in [2].

The stability and effectiveness of the proposed control strategy is analyzed in the-
ory and verified through simulation results, respectively. Additionally, the result

is extended from LFF system to N-agent case.



Chapter 7

Conclusion and Future Work

In this chapter, the main results of this thesis are summarized and suggestions for

future research are provided.

7.1 Conclusion

This thesis investigates two categories consensus problems, the first one is dis-
tributed output feedback consensus tracking control of multiple nonholonomic mo-
bile robots with directed graphs in two situations (i) sensor faults occur (ii) only
position information of the leader is available to a subset of follower robots. The
other consensus problem is the flocking with distance-based formation shape con-

trol with undirected graph and LFF system.

The obtained results are summarized as follows.
1 In Chapter 3, distributed output feedback consensus tracking control of mul-
tiple nonholonomic mobile robots with directed communication graph in the

presence of sensor faults is studied. The proposed control scheme involves a

fully distributed estimator and an observer-based output feedback controller.

99
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The estimator, which is independent of global information of communica-
tion network topology, is constructed to estimate the reference trajectory
for each robot. Due to the presence of sensor faults, an observer-based out-
put feedback control law is designed to compress the effects of sensor faults
and realize trajectory tracking based on backstepping technique and the es-
timated information. With the proposed control scheme, the boundedness of
all the signals in the resulting closed-loop system is guaranteed and the con-

vergence of consensus tracking error to an adjustable neighborhood of zero is

established.

2 In Chapter 4, distributed output feedback consensus tracking control for mul-
tiple nonholonomic mobile robots under directed graph is addressed by using
only position information of leader. Since only the position of the leader is
available to a set of robots, a fully distributed estimator is firstly constructed
to estimate the position of the leader for each robot without using any global
information of the graph. To handle unknown parameters and realize trajec-
tory tracking for each robot, an observer-based output feedback control law
is designed based on the estimated position information. The proposed con-
trol scheme can guarantee the boundedness of all the signals in the resulting
closed-loop system and the convergence of consensus error to an adjustable

neighborhood of zero.

3 In Chapter 5, formation maneuvering control problem is investigated for mo-
bile robots subject to nonholonomic constraint. To achieve a common velocity
for the whole group, an adaptive estimator is firstly designed to estimate the
desired maneuvering velocity for each robot. Utilizing the estimated veloc-
ity, a modified gradient control law is designed based on the nonholonomic
kinematics to achieve the desired formation shape and maneuvering velocity.
With the proposed control scheme and appropriate control parameters, local

asymptotic convergence of the system is established.
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4 In Chapter 6, a distributed adaptive strategy is proposed for distance-based
formation and flocking control of LFF systems. Two new variables that in-
volve distance error and velocity error are introduced in the controller design
to makes sure that the system globally converges to the desired formation
and all agents share a common velocity. To handle the unknown parame-
ters, adaptive laws are designed to estimate unknown parameters and the
estimates are employed in the controller design. With the proposed control
strategy, the global stability is established in the case that the leading veloc-
ity is time-varying and the agent dynamics contain parametric uncertainty.

Additionally, the result of LFF system is extended to N-agent case.

7.2 Future Work

Although the consensus of multi-robot systems has been investigated in depth in
the literature and this thesis, there are still several interesting research problems

that are worthy for further research, which are outlined as follows.

1 Distributed output feedback consensus tracking control of multiple nonholo-
nomic mobile robots in the presence of sensor faults is significant in many
practical applications and has been investigated in Chapter 3. With ap-
plication of the developed smooth control law, we can only ensure that the
consensus error converges to an adjustable neighborhood of zero. Asymptotic
convergence may be achieved by using sign function to design a non-smooth
control law to achieve distributed tracking and compress the effects of sensor
faults. It can be an interesting issue for future research. It can be noted that
only position is controlled and position sensor faults are considered. There-
fore, how to realize consensus on both position and orientation in presence
of position and orientation sensor faults is worthy for further investigation.
Furthermore, dynamic uncertainty is also an important issue in practical ap-

plications. However, it is not simple to realize distributed output feedback
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consensus tracking control of multiple nonholonomic mobile robots in the
presence of both sensor faults and dynamic uncertainty. Thus, solving this

problem is also an interesting future work.

2 Distributed output feedback consensus tracking control of multiple nonholo-
nomic mobile robots is addressed in Chapter 4 using only position infor-
mation of the leader. Note that, the proposed control scheme focuses on
controlling the position without considering the orientation as done in some
existing works on multiple nonholonomic mobile robots. Thus, a controller
design that can achieve consensus of both position and orientation is worthy
for future research. Furthermore, the communication networks considered in
Chapter 4 is fixed. However, in some applications, a switching communica-

tion network is required. Thus, this is another interesting research problem.

3 An adaptive estimator-based control scheme is designed for formation maneu-
vering control of nonholonomic mobile robots in Chapter 5. In the proposed
control scheme, unmodelled dynamics and exogenous disturbances are not
considered in the system model. It is noted that [136] addressed the issue
of disturbance attenuation in distance-based formation control for a group
of single-integrators in 2D space under an undirected complete graph. In-
spired by this, studying the robustness of the proposed scheme with respect
to these uncertainties is an interesting problem in distance-based formation
control under general undirected graph network topology. However, the prob-
lem is rather challenging and requires new techniques, perhaps by following
some ideas in [137]. Thus, how to deal with such problems is worthy for

further research.

4 Distributed distance-based formation and flocking control of multi-agent sys-
tems is solved in Chapter 6. However, the controller is designed based on
the assumption that the information of the leader needs to be known by
each agent. Therefore, how to relax this condition is worthy for further in-
vestigation. Furthermore, collision avoidance is also an important issue in

the formation control. However, it is not simple and requires much effort to
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achieve collision avoidance and global stability simultaneously because of non-
linear dynamics. Finally, motion constraint such as nonholonomic dynamics
is not considered in Chapter 6, thus an extension to control such multiple

nonholonomic mobile robots would also be an interesting future research.
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