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Abstract

Distributed Sliding Mode Control for Nonlinear Consensus
by
Yujia Wu
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Kameshwar Poolla, Chair

This dissertation is concerned with the distributed control of nonlinear multi-
agent consensus problems. The main objective of the consensus study is to design
distributed algorithms that rely on only local interaction to achieve global group
behavior. We propose a distributed sliding mode control (DSMC) framework for
nonlinear heterogeneous multi-agent systems under different information exchange
topologies. The DSMC constructs the topological sliding surface and reaching law via
a so-called “topological structured function”. The control law obtained by matching
the topological sliding surface and topological reaching law is naturally distributed.
Under this framework, topological diversity is explicitly incorporated. Also, the
consensus problem is significantly simplified by mapping N interconnected higher-
order dynamics into an N-th order sliding variable. The DSMC framework supports
both leaderless consensus and consensus with a leader. For both cases, we show
asymptotic stability when the topology contains a spanning tree, and further prove
finite-time convergence under the undirected topologies. We also extend the DSMC
framework to MIMO systems.

To demonstrate the usage and show the effectiveness of DSMC, we discuss two
major applications with simulation results. The first application is for heterogeneous
platoon systems. The control objective is to regulate vehicles to travel at a common
speed while maintaining desired inter-vehicle gaps. The information flow topology
dictates the pattern of communication between vehicles in the platoon. The second
application is for flocking of nonholonomic unicycle agents.
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Chapter 1

Introduction

The coordination problem of multi-agent systems has received tremendous attention
from the automation community in the past decade due to the broad applications in
many areas including control of vehicular platoons 77}, 84], coordination of unmanned
air vehicles [16], flocking [57], distributed sensor networks [11], and congestion control
in communication networks [49]. One critical issue arising from multi-agent systems
is to develop the distributed control law based on local information that enables all
agents to reach an agreement on certain quantities of interest, which is known as the
consensus problem [40].

1.1 Consensus Problem

Consensus problems have a long history in computer science as the foundation of
distributed computing [46]. The consensus problem was later applied to statistics
[12] in 1960s. The ideas of statistical consensus theory reappeared two decades later
in aggregation of information with uncertainty obtained from multiple sensors and
medical experts [73].

Distributed computation and consensus over a network has a tradition in systems
and control theory starting with the pioneering work in distributed estimation [6], de-
centralized decision making |69], rendezvous problems [43|, asynchronous asymptotic
agreement problems [70].

Since [48] introduced the distributed coordination of networked dynamical sys-
tems, we witnessed dramatic advances of various distributed algorithms that achieve
agreements. In [48], a general framework for consensus for networked single-integrators
with balanced graph topologies is established. The authors addressed the leader-
less consensus (cooperative regulation) problem with a linear consensus protocol
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based on disagreement functions, and discovered the connection between the alge-
braic connectivity and performance. Later, [54] extended this result to consensus
with second-order agents under directed topologies. This work showed that con-
taining a spanning tree is a necessary condition with the proposed protocol. [28|
27] introduced the leader-following consensus (cooperative tracking) protocol with
a distributed observer under bidirectional topologies. The state of the leader keeps
changing and is partially measured. It was proved that the agents can follow the
leader if the input of the leader is known. Leader-following consensus is also stud-
ied under directed topologies, proving asymptotic tracking is guaranteed with the
condition of a static leader and the existence of a spanning tree [55]. All the afore-
mentioned works limited the agent model to first or second order integrators. [40]
address the consensus problem with general linear node dynamics by introducing
a distributed observer-type consensus protocol (with an essence from the complex
networks synchronization problem). This method converts the consensus problem of
multi-agent system into a stability analysis of a set of matrices with the same low
dimension (as a single agent).

Following this, consensus problem has been studied from different angles. [2]
showed that for multi-agent systems with bidirectional topologies, the closed-loop
system exhibits a special interconnection structure inherited from the passivity prop-
erties of its components. A passivity-based design framework was proposed for ad-
ditional design flexibility. For multi-agent systems with external disturbances and
model uncertainties, [44] developed H., consensus control based on a reduced-order
system. For finite-time convergence, [10] considers a discontinuous control law for
bidirectional topologies. A distributed observer is brought up [65] for consensus
problems with general linear dynamics and an active leader. Consensus of general
linear agents with intermittent interactions is studied in 56, [74]. Distributed model
predictive control is introduced in [83] for consensus problems under bidirectional
topologies. There are other advances in topics such as nonholonomic agents, for-
mation transition and scaling, actuator saturation, and event-based consensus, etc.
There is no way to cover the literature exhaustively in this dissertation, interested
readers can consult recent surveys [52, 47).

Sliding mode control, with its robustness and easy-to-design nature, is widely
applied in platoon systems, which is often viewed as a subcategory of multi-agent
systems. The main shortcoming of existing research on SMC for multi-agent con-
sensus is that it is dedicated to specific fixed topologies. [66, 67] conducted the
research under a fixed leader-predecessor following topology. Here, each following
agent has access to the state information to its predecessor as well as the leader.
Based on this framework, [45] explored the effects of network communication delays
on the stability, and [36] applied the fuzzy-sliding mode control to address nonlinear
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paper ‘ type ‘ agent ‘ topology ‘ controller
- [48] leaderless single-integrator | balanced graph linear
[54] leaderless | double-integrator | spanning tree linear
~[28] | active-leader | double-integrator | bidirectional linear
~ [55] | static-leader | single-integrator | spanning tree linear
~ [41] | active-leader LTI spanning tree linear
~[10] leaderless single-integrator | bidirectional discontinuous
2 leaderless single-integrator | bidirectional passive
- [44] leaderless single-integrator | spanning tree Heo
~[65] | active-leader LTI bidirectional | output-feedback
74 leaderless LTI spanning tree intermittent
183 leaderless LTI bidirectional MPC
o all nonlinear all sliding mode

Table 1.1: Listing of some literature

node dynamics. [35] extended coupled sliding mode control to a specific bidirectional
topology. Similar structures were used in 23] to integrate tracking errors into the
sliding surface design to overcome bounded disturbances.

In this dissertation, we present a distributed sliding mode control (DSMC) frame-
work for nonlinear heterogeneous node dynamics, and all types of leaders and com-
munication topologies mentioned above.

1.2 Application of Consensus: Platoon Systems

The platooning of connected and automated vehicles is attracting increasing atten-
tion due to its potential in increasing traffic throughput and infrastructure utiliza-
tion, enhancing driving safety, and reducing fuel consumption. The objective of the
platoon control system is to regulate vehicles to travel at a common speed while
maintaining desired inter-vehicle gaps [29, 84].

Platooning was first proposed in the well-known PATH project [61], where linear
control strategies were designed and implemented based on linearized vehicle models.
Importantly, this work focused on a fixed communication topology of information ex-
change between vehicles. Following this, diverse aspects of platoon control have been
explored, including control architecture, platoon modeling, spacing policy, controller
synthesis, and performance requirements. Some representative examples of research
include selection of spacing policies [68], string stability [66], scalability [85], direct
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Figure 1.1: Common topologies: (a) predecessor following topology, (b) leader-
predecessor following topology, (c¢) bidirectional topology, (d) leader-bidirectional
topology.

consideration of powertrain dynamics , dynamic homogeneity and heterogeneity
[60]. A recent review on platoon control can be found in [37].

The information exchange topology plays a key role in the design of platoon
control systems . Much of the early research on platoon control focused on
radar-based sensing systems, where information topologies were limited to predeces-
sor following topology [25], [17]. The topology is shown in Figure (a), where
directed links denote information exchange. With the rapid adoption of vehicle-to-
vehicle (V2V) communications [75], a variety of new information topologies can be
supported, which offer the promise of high performance and robust platoon control.
These include leader-predecessor following topology , bidirectional topology
and leader-bidirectional topologies (see Figure [1.1)).

Under this diversity of possible information topologies, new control challenges
emerge, in particular when systematically considering nonlinear vehicle dynamics,
communication delay and topology switching. As a result, it is advantageous to
view the vehicle platoon as a multi-agent system, and to employ a networked control
perspective to design distributed controllers . This has led to new advanced control
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methods for platoon control.
Here we survey several distributed design methods specifically for platooning
systems.

e Linear consensus control.

Linear control is one of the most commonly used methods for platoon control
(68, 160], since it can not only facilitate theoretical analysis but is also suitable
for hardware implementations. Many existing results on stability region, sta-
bility margin, and string stability requirements are based on linear controllers
(60, 22, 63].

e Distributed robust control.

The robustness of platoon control systems is an important topic. One practical
way to handle model mismatches in vehicle dynamics is to use the consistent
and accurate input-out behavior of node dynamics [39]. But it is not easy to
accommodate the heterogeneity in node dynamics.

Considering the requirements of string stability, robustness, and tracking per-
formance [19] proposed an H., control method for a heterogeneous platoon
with uncertain dynamics and uniform time delays. In this study, all nodes
were combined as a big system. One disadvantage is that the designed con-
troller only works for a specific platoon and it needs to be redesigned when the
scale or interaction topology changes. Similar to the case of linear control, the
decoupling strategy of robust control is also an effective way to overcome this
problem.

e Distributed MPC.

MPC is an optimization-based control technique to anticipate future behavior
of plants and take control actions accordingly. Using MPC techniques, the
control input is obtained by numerically optimizing a finite horizon optimal
control problem where both nonlinearity and constraints can be explicitly han-
dled. This technique has been embraced by many industrial applications, for
instance, collision avoidance and vehicle stability 72, 13].

Currently, most MPCs are implemented in a centralized way. The distributed
MPC is proposed by [83], where each vehicle is assigned a local optimal control
problem only relying on its neighboring vehicles information. This method is
suitable for an unidirectional topologies.

Sliding mode control (SMC) is a promising method to handle nonlinear dynamics,
actuator constraints, and information topology diversity. The pioneering work of
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SMC research on platoon control was conducted by Swaroop and Hedrick (1996)
under a fixed leader-predecessor following topology. Here, each following vehicle can
access the position, velocity and acceleration information of both the lead vehicle and
the preceding vehicle [66]. This work was the first to introduce and analyze the key
notion of string stability of interconnected nonlinear systems. Under this information
topology, Liu et al. (2001) explore the effects of network communication delays on
the stability of the sliding-mode-controlled platoon system [45]. This research studies
the effects of preceding-vehicle information delay and lead-vehicle information delay
on string stability. Lee and Kim (2002) used fuzzy-sliding mode control for platoons
with leader-predecessor following topology to address nonlinear vehicle dynamics
and time-varying parametric uncertainty [36]. The fuzzy SMC controller generate
throttle and brake commands without requiring high-fidelity vehicle models. For
the predecessor-following topology, Ferrara (2009) designed a sliding mode controller
for each vehicle in a platoon to track its preceding vehicle under a constant time-
headway spacing policy |17]. Kwon and Chwa (2014) extended coupled sliding mode
control to bidirectional topology where the preceding vehicle information is used in
the sliding surface design [35]. Similar controller structures were used in [23] to
integrate tracking errors into the sliding surface design, and to overcome bounded
disturbances under different kinds of spacing policies.

The main shortcoming of existing research on SMC for vehicle platoons is that
they are dedicated to fized information topologies: leader-predecessor following topol-
ogy in [66], [67], [45], and [36]; predecessor following topology in [25] and [17]; bidirec-
tional topology in [35] and [23]. However, in a practical context, information topolo-
gies can vary as platoons are formed, or can change as topologies switch. Chapter
7 focuses on sliding mode control design for vehicle platoons that is agnostic to the
dynamic nature of the information topology.

1.3 Statement of Contributions

We present a distributed sliding mode control (DSMC) design framework for nonlin-
ear heterogeneous multi-agent systems. We propose a new “topologically structured
function” that is used to construct the topological sliding surface and reaching law.
This design results naturally in a distributed control architecture. The distributed
control law is obtained by properly matching the topological sliding surface and topo-
logical reaching law. The consensus problem is significantly simplified by casting N
interconnected higher-order dynamics into N-th order sliding variable. The stabil-
ity and convergence property are proved in the sense of Filippov to cope with the
discontinuity originated from switching terms.
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The advantage of our method is it explicitly supports both consensus problems
with /without leader. It also incorporates all possible information topologies ranging
from undirected topology to directed topologies with spanning tree, and gives stabil-
ity justifications for each one of them. Also, it fits all nonlinear feedback-linearizable

systems.

1.4 Outline

of Dissertation

A brief outline of content of the various chapters is as follows:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

Chapter 8:

Here we review the necessary mathematical tools. The dis-
continuous dynamical systems and the Filippov method are
introduced.

In this chapter, we present graph theory, the modeling of in-
formation topologies, and some algebraic results for graphs.

This chapter presents the problem formulation, definition of
the topological structured function, and DSMC design for con-
sensus 1. without a leader, 2. with a static leader, 3. with
an active leader. The design process includes the introduction
of topological structured sliding surface and reaching law. We
will show how to match the sliding surface and reaching law
to arrive at a distributed control formula.

Here we presents the stability analysis results. This chapter in-

cludes the discussions on Lyapunov stability, finite-convergence,
input-to-state stability, robustness, and the relation between

graph and performance.

This chapter contains the application of DSMC to a platooning
system. In addition, we have a discussion on propogation of
disturbance and topology.

In this chapter, we present the MIMO DSMC design. We also
show an application of using DSMC to study the sparsity-
promoting optimal control framework.

This chapter presents some conclusions, a summary and some
directions for future research.



Chapter 2

Discontinuous Dynamical Systems

Discontinuous dynamical systems appear in many real-world applications. There are
applications in minimum-time trajectory generation, thermostats on-off controllers,
robot manipulation, etc. In sliding mode control, discontinuities are also intentionally
designed to achieve regulation and stabilization.

Usually, we describe nonlinear time-invariant systems as:

#(t) = f(x(t), x(lo) = o, (2.1)

where z € R™ n is a positive integer, f : R" — R". If z(¢) is a solution for
(2.1), z(t) has to be continuously differentiable (due to the right-hand side). If z(t)
satisfies Z(t) = f(x(t)) and z(to) = zo, and z(t) is continuously differentiable, then
it is called a classical solution. Usual Lyapunov analysis relies on the existence and
uniqueness of the classical solution [32]. One common sufficient condition for the
classical condition to exist and being unique is f being Lipschitz continuous [32].

If f is not continuous, then the classical solution z(¢) might not exist. Consider
the example [9]:

-1 >0

ro={ 7 120

does not have a classical solution from zero. Suppose that there exists a continuously
differentiable function = : [0,7] — R such that @(¢) = f(x(¢)) and 2(0) = 0. Then
#(0) =1, and &(t) = —1 for any ¢ > 0, which shows x(¢) is not continuous at t = 0.

One sufficient condition on the existence of the classical solution is z — f(x)
being continuous. One common sufficient condition on the uniqueness of the classical
solution is  — f(x) being locally Lipschitz, which can be relaxed to one-sided
Lipschitz.

However, for sliding mode control, f is not continuous, under this case, classical
solution-based Lyapunov analysis could not be applied. Fortunately, for discontin-
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uous dynamical systems, there are several other solutions, such as Caratheodory,
Filippov, Krasovskii, Sample-and-Hold, etc.

A Caratheodory solution for is a absolutely continuous function z : [0,7] —
R™ that satisfies except for a p-null set. A Filippov solution for is a
absolutely continuous function satisfies the differential inclusion

#(t) € F(x(t)),

where F : R" — B(R") is the Filippov set-valued map generated from f, which will
be introduced in the next subsection.

Based on the properties of different systems, we should employ different solu-
tions. Caratheodory solutions are employed for time-depend vector fields that
depend discontinuously on time, such as dynamical systems involving impulses and
discontinuous inputs. Filippov solutions are for systems with switches and sliding.
Krasovskii solution is similar to Filippov solution, and it applies to discontinuous
systems with delay.

It is hard for us to survey many of solutions in this dissertation due to the space
limit, readers could consult: Caratheodory and Filippov [9], [18], Krasovskii [34],
Sample-and-Hold [33], Hermes [26], [3], Ambrosio [1], and Yahubovich-Leonov-Gelig
[31].

By the nature of our system, we choose the Filippov solution, and carry out our
Lyapunov analysis under this framework. In the following part of this section, we
introduce mathematical preliminaries and Filippov solution. This framework extends
Lyapunov theorems to dynamical systems with measurable and locally essential
bounded f.

2.1 Preliminaries

Notation

For a set M, its closure is written M. The smallest convex set containing M (i.e.,
its convex hull) is denoted by coM. Equivalently, coM is the set of all convex
combination of points drawn from M. The set of positive real numbers is denoted
as R*. For a function f, define f(M) to be the image of M under f. For the affine
function f(z) = Az + b, where A € R"™*" we write f(M) = AM +b. If M is closed
and bounded (i.e., compact), co(AM + b) = AcoM + b.

For a symmetric matrix A, the maximum and minimum eigenvalues are denoted
by Amax(A) and A\yin(A), respectively. If A is positive definite, the square root of the
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matrix is denoted by A%, which is also symmetric and positive definite. For a vector

=[x, 79, - ,7,]" € R", define sgn(z) as
sgu(z) =[sgn(w1), sgn(as), -, sgn(z,)] ",
where
-1, x; <0,
sgn(z;) = 0, x;=0, forie{l,--- n}.
1, T; > 0.

Measure theory

Our later analysis relies on the measure theory and the Lebesgue measure. In this
section, we will give a quick review on measure theory to help us understand basic
concepts.

Definition 1. Let X be a non-empty set, M is said to be an algebra on X if it
satisfies

1. contains empty set and X: ) € M and X € M.
2. closed under complement: if E € M then X \ E € M.

3. closed under finite intersection and union: if Ey,--- ,E, € M, then |J! E; €
M and O} E; € M.

The algebra is a o-algebra if the intersection and union can be countable infinite
many.

Let A denotes o-algebra, (X, .A) is called a measurable space. The sets in A are
called measurable sets.

Definition 2. For topological space X, let G be the collection of open sets. o(G) is
the smallest o-algebra containing open sets. B := o(G) is called Borel o-algebra. The
elements of B are called Borel sets.

Denote the Borel g-algebra in R as Bg, it will play an important role in the
construction of set-valued map. Bg can be generated by each of the following

1. the open intervals,
2. the closed intervals,

3. half open intervals: £ = {(a,b] : a < b} or E' = {[a,b) : a < b},
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4. the open rays: F = {(a,00) :a € R} or E = {(—00,a) : a € R},
5. the closed rays: E = {[a,00) : a € R} or E = {(—00,qa] : a € R}.
The Borel o-algebra in R” is the product Borel o-algebra generated by sets:

{77 YE) : B; € My,i€{1,--- n}},

(2

where 7; : R" — R are the coordinate maps, M, is the Borel o-algebra on the i-th
coordinate.

Definition 3. A measure p : A — [0,00] is defined on measurable space (X,.A),
satisfying:

1. pu(0) =0,

2. countable additive: if { E;} is a collection of disjoint sets in M, then p(|J;>, E;) =

221 E;

By p-null set, we mean a measurable set with zero measure.
By the definition of measure, some properties follow:

1 ACBeA= u(A) < u(B),
2. countable sub-additivity for A = |J;~ A;, p(A) < 72, u(A)
3. continuity from above, A; T A, then p(A) = lim, o u(A;,)
4. continuity from below, A; | A with u(A;) < oo, p(A) = lim, 00 pt(A4,).
Definition 4. Outer measure pu* is defined on all subsets of X.
1. (@) =0
2. w(A) <u*(B)if AC B.
3o (U A) <Dt (A) countable sub-additivity.
Definition 5. p*-measurable of a set A is p*(E) = p*(ENA) + p*(E N A°).
This guarantees the inner measure is equal to the outer measure.

Theorem 1. Caratheodory’s theorem: If p* is an outer measure on X, the collection
M of u*-measureable sets is an o-algebra, and the restriction of u* to M s a complete
measure.
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Definition 6. A mapping f : (X, Ax) — (Y, Ay) is said to be measurable iff
J7UE) € Ax for dll E € Ay.

Remark 1. The functions we discuss in this dissertation are all measurable. Almost
all functions we see on mechanical systems are measurable. To my knowledge, the
constructions of a non-measurable set and non-measurable require the invocation of
the axiom of choice or Zorn’s lemma. One famous example of non-measurable set is
called the Vitali set.

To construct Lebesgue measure on the real line, we also need the concept, called
premeasure. Compared to the outer measure, which is defined on all subsets on X,
the premeasure is defined on an algebra on X.

Definition 7. Let A € B(X) be an algebra, a function py : A — [0,00] is a
premeasure if it satisfies:

1. p(0) =0,

2. countablely additive: let {A;}7° be a collection of disjoint sets in the algebra A,
then po(UiZ, Aj) = 22721 ko(A4;).

One way to construct outer measure from premeasure is:
pH(E) =inf{> no(4;): Aje A, E el JA} (2.2)
1 i=1

Theorem 2. Let A C B(X) be an algebra, p9 be a premeasure on A, and M is the
o-algbra generated by A. Then the outer measure generated by (2.2) restricted on
M is a complete measure.

On the real line, the Borel algebra can be generated with half-open intervals. We
construct the premeasure, if (a;, b;] are disjoint half-open intervals, let

po((J(az,b]) =D (b — ay), (2.3)

and let () = 0. The measure induced by the premeausre (22.3)) is called Lebesgue

measure.
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2.2 Discontinuous systems

Sliding mode control is used to stabilize a platoon by intentionally introducing dis-
continuities in the feedback loop [71]. The closed-loop dynamics with discontinuity
do not satisfy the traditional Lipschitz conditions that assure the existence and the
uniqueness of continuous differentiable solutions. Solutions of discontinuous ordinary
differential equations can be analyzed using Filippov methods [18]. Our exposition
here follows [9).

Consider the vector-valued ordinary differential equation

(t) = f(x(t)). (2.4)

Here, z(t) € R™, f : R*—=R", and f is discontinuous.

The framework of Filippov solution for discontinuous f is formulated around the
concept of set-valued maps F : R" — B(R"), where B(R") is the power set of R".
The idea is to associate a set-valued map to f by looking at the neighboring values
of f at each point. Specifically, for x € R", the vector field of f is evaluated at the
points belonging to B(x,d) (open ball). We examine the effect of 6 > 0 approaching
0. For additional flexibility, we can exclude a p-null set when doing this evaluation.

The Filippov set-valued map F|[f] : R*—B(R"™) associated with f is defined as

Flfl@) &N cof f(B(x, 0) \ H)}, v € R", (2:5)

60 p(H)=0

where B(z, d) is a open ball of radius § > 0 centered at z, and the intersection is
taken over all sets H with zero Lebesgue measure.

Example 1. Computation of of Filippov set-valued map when f is piecewise contin-
uwous. Let f : R™ — R"™ be a piecewise continuous mapping. Let there exist finite of
disjoint open sets {D;}7*, where D; C R™ and R" = ! D;, and [ is continuous on
each D;. Denote S as the set of unions of all boundaries of D;, note that S s the
set where f is discontinuous, and pu(S) = 0.

o forx e D,

Flf(@) = {f(«)}

o forx e,

FIf)(x) =co{lim f(z;) : 2 > x,7, ¢ 5}
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Definition 8. An absolutely continuous function x(t) : [0, T]—R" is said to be a
solution of in the sense of Filippov if for almost all t € [0, T,

#(t) € FLf](x(t)). (2.6)
The point . is an equilibrium of the differential inclusion (2.6) if 0 € F[f](z.).

Lemma 1. /9] (Existence of Filippov solution) Let f : R"—R" be measurable and
locally essentially bounded, i.e., bounded on a bounded neighborhood of every point,
excluding sets of measure zero. Then for all vy € R", there exists a Filippov solution

of with initial condition x(0) = .

The existence of solution is implicitly required for stability in the sense of Lya-
punov and asymptotic stability [32], while the solutions for a discontinuous system
are not necessarily unique.

Example 2. Consider the system &(t) = sgn(z(t)), for initial condition x(0) = 0,
there are three solutions x1(t) = —t, Ty = t, x3 = 0.

Remark 2. The traditional sliding mode control does not need the Filippov solution
treatment [32], [02]. The reason for this is that under usual sliding mode control,
with the 1 dimensional sliding variable, and specific set-up of the reaching law, the
solution exists and is unique. This does not holds in our case, in the distributed
sliding mode control, the reaching law is multi-dimensional. We will introduce this
i the subsequent sections.

Filippov solutions for discontinuous system are not necessarily unique for each
initial condition. Therefore, when considering properties such as stability in the sense
of Lyapunov, asymptotic stability and invariance, we must specify whether attention
is being paid to a particular solution starting from an initial condition (“weak”)
or to all the solutions starting from an initial condition (“strong”). For example,
“weakly stable equilibrium point” means that at least one solution starting close to
the equilibrium point remains close to it, whereas “strongly stable equilibrium point”
means that all solutions starting close to the equilibrium point remain close to it.
Detailed definitions can be found in 18, |9).

To compute the Lie derivative of a set-valued map, we need to introduce the
generalized gradient [§]. Let V : R” — R be a locally Lipschitz function, and let
Sy € R™ denote the set of points where f fails to be differentiable.

Definition 9. The generalized gradient OV : R™ — B(R™) is defined by

OV = co{lim VV (z;) : v, — x,2; ¢ KU Sy}, (2.7)

1—00
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where K is a p-null set arbitrarily chosen to simplify the computation.

The Lie derivative of a set-valued map is defined as follows. Given a locally
Lipschitz function V' : R" — R and a set-valued map F : R" — B(R"), the set-
valued Lie derivative ZxV : R" — B(R™) of V with respect to F at z is defined
as

ZrV(xr) 2{a € R : there exists v € F(xr), such that

¢"v =a for all £ € 9V ()},

where OV (x) denotes the generalized gradient [8]. If the function V() is continuously
differentiable, the generalized Lie derivative takes the following form:

LrV(z) 2 {VV(z)Tv:ve F(z)}.

Lemma 2. Let z : [0,#1] — R" be a solution of the differentiable inclusion (2.6),
and let V : R — R be locally Lipschitz and regular. Then,

i. The composition t — V (x(t)) is differentiable at almost all t € [0,t;].
ii. The derivative of t — V(x(t)) satisfies

%(V(:L’(t))) € LrV(x(t)) forae. te]0,t].

Lemma 3. [J/ (Discontinuous Lyapunov theorem) Let f : R" — R™ satisfy the hy-
potheses of Lemmall], and F[f] : R" — B(R") be the set-valued map corresponding
to f. Let x. be an equilibrium of the differential inclusion (@, and let D C R™ be
an open and connected set with x, € D. Furthermore, let V : R™ — R be such that
the following holds:

1. 'V is locally Lipschitz and reqular on D.
ii. V(ze) =0, and V(z) >0 forz € D\ {z.}.

ii1. max ZrV (x) <0 for each x € D. Then, x. is a strongly stable equilibrium of
(2.6). In addition, if (iii) above is replaced by

iv. max ZrV(x) <0 for each v € D\ {z.}.
Then, x. is a strongly asymptotic stable equilibrium of ([2.6)).

Note that a continuously differentiable function is automatically locally Lipschitz and
reqular, and hence one can invoke Lemma[3 for such functions.
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Lemma 4. [9] (Discontinuous version of Lasalle’s invariance principle) Let f : R™ —
R™ satisfy the hypotheses of Lemmall], and let F[f] : R® — B(R") be the set-valued
map corresponding to f. Let 0 C R™ be compact and strongly invariant for @,
and assume max ZrV (z) < 0 for each x € Q. Then, all solutions x : [0,00) — R™
of (@ starting at € converge to the largest weakly invariant set M contained in

QN Zry,

where Zry ={x € R": 0 € LV (z)}.
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Chapter 3

Graph Theory

In the multi-agent consensus problem, one of the most important properties is the
information topology. The information flow topology dictates the pattern of com-
munication between agents in the system. This information is essential to effective
control, and therefore plays a central role in affecting the design and performance of
control strategies.

The information topology is described by graph. We will introduce graph theory
in this section.

3.1 Introduction to Graph

A graph G = (V, ) is a tuple consisting of a finite set V of vertices and a finite set £
of edges where each edge is an unordered pair of vertices. The two vertices associated
with an edge e are called the end-vertices of e. The edge between two vertices vy
and vq is denoted by e = (v, v2). We also denote the set of vertices of a graph by
V(G) and the set of edges of G by £(G). A vertex of a graph is also called a node.
The number of vertices is denoted with |V|, and number of edges is denoted with |E|.

We call a graph a directed graph or digraph if each edge is associated with a
direction. The elements of £ are called directed edge or arc. For a directed graph
G=W,E), e=(u,v) € &, this means there is a directed edge from u to v. u is the
tail of e, and v is the head of v. We say the edge e is leaving u and terminating at v.
A node is a source (sink) if there is no edge terminating at (leaving) the node.

The degree of a vertex v in a graph G is denoted by deg(v), is defined as the
number of edges incident to v.

Lemma 5. Let G = (V, &) be a graph, Y, ., deg(v) = 2|€|.
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The concept of the degree of vertex of graphs also extends to digraphs. The
indgree of a vertex v of a digraph is the number of directed edges terminating at v,
and the outdegree of v is the number of directed edges leaving v.

Lemma 6. Let G = (V,€) be a directed graph, then ) ., indeg = > ., outdeg =
€]

let G = (V,€) be a directed graph, the undirected graph G’ = (V,£’) is called the
underlying graph of G if G’ is constructed from G such that (u,v) € &' if and only
if (u,v) € €. A sequence of successive edges {(i, k), (k,1), ---, (m,7)} is a directed
path from node 7 to node j. A directed graph G is weakly connected if its underlying
graph is connected. A vertex w is said to be reachable from a vertex v, if there is a
directed path from v to u. A digraph is strongly connected if every pair of vertices
is reachable from each other.

A tree is an undirected graph in which any two vertices are connected by exactly
one path. An example is shown in fig. [3.1] Photo credit: https://en.wikipedia.
org/wiki/Tree_(graph_theory)

Figure 3.1: Example: tree

A directed graph G contains a spanning tree if there exists a node v, such that
all other nodes can be reached via a directed path. v is also called the root of the
spanning tree.

A subgraph of a graph G is a graph G’ = (V',&’) such that V' C V and & C €.
A graph with an empty edge set is called a null graph. A graph in which each pair
of distinct vertices are adjacent is called complete graph.

Let G = (V1,&1) and Gy = (V2, &) be two graphs. The union of G; and G
denoted by G; U G is defined as G3 = (V; U Vy, V) U &;). Similarly, the intersection
of G; and Gy denoted by G; N Gy is defined as Gy = (V1 N Vy, V1 N Ey).


https://en.wikipedia.org/wiki/Tree_(graph_theory)
https://en.wikipedia.org/wiki/Tree_(graph_theory)

CHAPTER 3. GRAPH THEORY 19

Let G be a graph with the vertex set V = {vy,vq, -+ ,v,}, and the edge set
& ={e1,es, - ,en}. The adjacency matrix of G is an n x n matrix A = [a;;] defined

as
{ aijzl, If (j, 2)65,

a;; = 0, Otherwise.

A directed graph G is called balanced if } ;. ai; = >, ;a5 for alli € V. An
example from [48] of balanced graphs is shown in (3.2,

1
2 4 6 8 10

6 2

\O;(31 3

5 5 7 9
4
(a) (b)
1
2 4 6 8 10
1 3 5 7 9
4
(c) (d)

Figure 3.2: Example: balanced graphs [48]

The Laplacian matrix £ = [I;;] € R¥*V is defined as:

—Qyj, if ¢ 7"é Js
lij S ay, iz Vi, j V.
k=1, k#i

For an undirect graph, the adjacency matrix and the Laplacian matrix are symmetric.
This does not hold for the direct graph.
We also define incidence matrix E = [e;;] € RI€*M as:
v/ Qig s (Z,j) e and i< 75
€ij = —/Qij, (Z,j) €& andi >y, (31)

0, otherwise.
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We can easily check that ETE = L.

3.2 Graph for Consensus Problem

The communication topology of the networked system is described by a directed
graph (digraph) G with two subgraphs Gugent and Gieader-

The subgraph Ggent = (V, &) describes the communication topology among the
agents with the node set ¥V = {1,..., N} and the edge set £ C V x V. An edge
Of Gagent leaving node i and terminating at node j is denoted by e;; = (7, 7). We
say node 7 is the tail and node j is the head of e;;. The connectivity of Gagens is
represented by adjacency matrix 4 and Laplacian matrix L.

The subgraph Gieager describes the communication topology between the virtual
leader and the agents. Assume the virtual leader is a source, we use the pinning
matrix P to denote the edges leaving the leader and terminating at nodes in V:

P = dia’g(ph b2, ... 7pN>7
where p; € {0, 1}. If there is an edge from leader to node 7, p; = 1; otherwise, p; = 0.

0 1 2

Figure 3.3: Example: directed topology
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Example 3. Pinning matriz and Laplacian matriz of Figure.
P =diag([1,0,1,0,0,0,0,0])

[0 0 0 0 0 0 0 0]
110 0 0 0 0 0
0000 000 00
s |10 0 100 00
000 -11 0 10
00 -1 00 1 00
00 0 00 -1 10
0000 00 0 11

Figure 3.4: Example: undirected topology

Example 4. Pinning matriz and Laplacian matriz of Figure.
P =diag([1,0,1,0,0,0,0,0])

2 1.0 -1 0 0 0 0
11 0 0 0 0 0 0

0O 0 1 0 0 -1 0 0

sl L0 0 2 10 0 o0
0 0 0 —1 2 0 —1 0

0 0 -1 0 0 2 —1 0

0 0 0 0 -1 -1 3 -1
00 0 0 0 0 —1 1

3.3 Algebraic Results

In this section, we present some of the algebraic results related to graph theory. The

exposition and results follow [82] 148, 77 with minor modifications.
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Theorem 3. [48] Let G = (V,E) be a weighted directed graph with Laplacian L. If
G is strongly connected, then rank(L) = |V| — 1.

Corollary 1. Let G = (V, E) be undirected graph with Laplacian L. If G is connected,
then rank(L) = |V| — 1.

Theorem 4. [4§] (Balanced graph) Let G = (V, E) be a directed graph with adjacency
matrix A. Then, all the following statements are equivalent.

e G is balanced.

e 1 = 1 is the left eigenvector of the Laplacian L of G associated with the zero
eigenvalue. i.e. 1L = 0.

° Z;L:l u; =0, Vo € R with U; = Zj;éi aij(l'j - mz)

Theorem 5. [55] Suppose that directed graph G = (V,E) is strongly connected.
Let x = |11, 29, -+ ,zn|" be a left eigenvector for the Laplacian associated with the
eigenvalue 0. Define

A :diag{xbm?a e 7$|V\}7
Q=AL+L"A.
Then P > 0 and Q = 0.
More specifically, let’s apply the upper theorems to real topologies.

Theorem 6. (78] Consider a network of agents with topology G = Gieader U Gagent-
Assume Gggent 15 undirected and connected, and there exists at least one edge from
the leader to one of the followers. Then L+ P = 0.

Proof. When G,gent is undirected and connected, £ is positive semi-definite, and the
algebraic multiplicity of the zero eigenvalue is one. The eigenvector corresponding
to zero eigenvalue is 1 = [1, 1, ..., 1]T € RN [21]. Define eigenvalues of £ to be
A =0< A < ... < Ay, and the corresponding eigenvectors are 1y, 12, ..., Ny,
where 77; = 1. Since £ is symmetric, it can be diagonalized by a orthogonal matrix
composed of N linearly independent eigenvectors, so any vector x € RY can be
written as a linear combination of the eigenvectors, x = ZZ]\LI cin;, where ¢;, 1 € N
are constants. Since G contains a spanning tree, P # 0, and n/ Pn; > 0. For any
x # 0, there is

N
' (L+ Pz = Z Nt ni + 2T Px > 0.
i=2
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The following theorems are about spanning trees.

Theorem 7. [82] Consider a network of agents with topology G = Gieader U Gagents-
Assume there is a spanning tree rooted from the leader. Then, L + P is nonsingular
and eigenvalues have positive real part, i.e., Re]\(L + P)] > 0.

Theorem 8. [82] Consider a network of agents with topology G = Gieader U Gagents-
Assume there is a spanning tree rooted from the leader. Define

a=[ay,- - ,aN]T = (£+73)_11,
b=[by, - ,by]" = (L+P) "1,

D:dlag (ﬁ7%7 ab_N> ) (32)
a; as an
Q=D(L+P)+(L+P)D. (3.3)

Then, D > 0 and Q > 0.

Corollary 2. [41] Consider a network of agents with topology G = Gieader U Gagents-
Assume there is a spanning tree rooted from the leader. Let

[)\17)\27 T 7)\N] = (‘C—i_’P)iTl’
A= diag{)\l, )\2, e 7)\N}a
Q=AL+P)+(L+P)A

Then A = 0 and Q > 0.
The following theorems are about strongly connected graphs.

Theorem 9. [82] Consider a network of agents with topology G = Gieader U Gagents-
Assume there is a spanning tree rooted from the leader, and G is strongly connected.
Denote A = max;<n(l;;+p;) and B= Ny —(L+P). Letx > 0 andy > 0 be the first
right and left eigenvectors of L + P with respect to the eigenvalue N — p(B), where
p(B) denotes the largest absolute value of its eigenvalues.

Define

1 ‘TN

Q=D(L+P)+(L+P)'D.

D_diag{ﬂ,... y_N}

Then D = 0 and Q = 0.
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Corollary 3. [82] Consider a network of agents with topology G = Gieader U Gagents-
Assume there is a spanning tree rooted from the leader, and G is strongly connected.
Denote A = max;<n(l;;+p;) and B= XNy —(L+P). Letx > 0 andy > 0 be the first
right and left eigenvectors of L + P with respect to the eigenvalue \ — p(B), where
p(B) denotes the largest absolute value of its eigenvalues.

Define

D:&%{ﬂ,”yﬁk

1 ‘TN

Q=D(L+P)" +(L+P)D.
Then D = 0 and Q = 0.

The following theorem is the discontinuous version of the former theorems, we
will use this in the discontinuous analysis.

Theorem 10. Consider a network of agents with topology G = Gieader U Gagents-
Assume there is a spanning tree rooted from the leader. Let D be as defined in (3.2)).
For x € RY, define set W as

W = co{z = [Ty, - ,i:N]T : & = sen(x;), ifz; #0;

3.4
Then 2"D(L + P)w >0 for all z € RN and w € W.
Proof. From (3.4), we have
o 0, lf(L’z = 07
Titli = x;sen(x;), ifz; #0,
where w; is the ¢-th element of w. Hence, we have
N
2" D(L+ P)w = Z dipi|zi| + 2" DLw, (3.5)
i=1

where d; and p; is the i-th diagonal term of D and P. With Lemmal(g] there is D > 0,
we have d;p;|x;| > 0.
Define H = [h;] € RV*N as

_— i, ifi =1,
9T wiliwy, i #
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where [;; is the (7, 7)™ term of £. One can easily check
" DLw = |z| " DHI. (3.6)

Also, we have h;; = I;; for alli € V, and h;; > I;; fori, j € Vand i # j (I;; € {0,1}
and w;, w; € [0,1]). We can conclude H > L.
Since L1 =0 and H — L > 0, we have

" DLw =|z| "DH1 — |z| "DL1

3.7
=|z|"D(H — £)1 > 0. (3.7)
Thus, we have 2T D(L + P)w = SN | dipilzi| + 2 DLw > 0 for all w € W.
[l
3.4 Graph and Stability
From the results Theorem [5| to Corollary [3| we see the equation
Q=D(L+P) +(L+P)D, (3.8)

several times.
Recall the Lyapunov equation of linear systems. Consider a continuous-time
linear-invariant system:
#(t) = Az(),
where z € R", A € R™*™.
Select the specific positive definite equation V (z) = 2" Pz with P = 0, P € R™*™,
if we have

d
EV(QZ) =1 ' A'Pr+a2'PAz =2 " (ATP + PA)a,

with
Q:=A"P+ PA. (3.9)

Stability conditions are:

If Q > 0, then the system is stable in the sense of Lyapunov.

If @ > 0, the system is asymptotically stable.

If @ >0, and (A, Q%) is observable, then the system is asymptotically stable.

if @ > 0, then all trajectories of x(t) from all initial conditions are bounded.
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Chapter 4

Design of Distributed Sliding
Mode Control

In this section, we will formulate the consensus problem and then design the dis-
tributed sliding mode control.

4.1 Problem Formulation

Nonlinear node dynamics

Consider a network of single-input-single-output nonlinear heterogeneous agents with
n-th order dynamics,

3'31‘,1 =2,
Tio =T;3,
: (4.1)
Ty = fi(xi) 4+ gi (%),
Yi =Tin
where x; = [%;1, Ti2, -+, xm]T € R" is the state vector, u; € R and y; € R are the

input and output of i-th node, respectively. The smooth functionals f; : D — R
and g; : D — R are defined on domain of interest D C R™, and g;(x;) # 0 for all
X; € D.

Remark 3. For any nonlinear feedback (input-output) linearizable system, there ez-
ists a diffeomorphism which transforms the system to (4.1)).
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Leader and leaderless

Based on the existence of a leader, the consensus problems can be categorized into
consensus with a leader and leaderless consensus.

For the consensus with a leader, we assume there is a leader with output yo. The
information of the leader is only available to the subset of the agents which are linked
to the leader. For those agents, the corresponding elements of the pinning matrix
p; = 1. The objective of the control design is to achieve:

yi(t) = o, as t — +oo, Vi e V.

For the leaderless consensus, we assume there is no leader. In this case, we treat
the graph Gieaqer as a null-graph, and the corrosponding pinning matrix P to be a
zero matrix. The objective of the control design is to achieve:

llvi(t) —y;(t)|| = 0, as t = +o0, Vi,j € V.

Assumptions on information exchange topology

From Chapter [3| we know that different assumptions lead to various stability re-
sults. Here for consensus with a leader and leaderless consensus, we list 4 different
Assumptions.

e Consensus with a leader

Assumption 1. Consider a network of agents with topology G = GieadgerUG agents-
Assume the graph G contains a spanning tree rooted from the leader.

Assumption 2. Consider a network of agents with topology G = GieaderUG agents-
Assume the graph G contains a spanning tree rooted from the leader. Also Gggents
is bidirectional (undirected).

e Leaderless consensus

Assumption 3. Consider a network of agents with topology G = Gagents- As-
sume the graph G contains a spanning tree.

Assumption 4. Consider a network of agents with topology G = Gagents. As-
sume the graph G is bidirectional (undirected) and connected.
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4.2 Consensus with a Static Leader

In this section, we mainly consider a consensus problem with a static virtual reference
1Yo € R. Note that g, is only available to a subset of the agents. The objective of
control design is to achieve:

yi(t) = yo, as t — 400, Vi € V.

The Distributed SMC is composed of two parts: (a) topological sliding surface,
and (b) topological reaching law. The two parts share a common designing structure
defined by a newly-proposed topologically structured function.

Topologically structured function

Definition 10. (Topologically structured function) For a set of vectors {z;}Y, z; €
R™, the topologically structured function for the i-th node is defined as

N
tj°(Z) = Z aij(zi — z;) + pizi, (4.2)

=L
where Z = (2], 2, ... ,z5]" € R™, a;; is the (i, j)™ entry of A, and p; is the i-th

diagonal entry of P.
We define the topologically structured function for the entire multi-agent system
as

t°(2)

sz | P9 Zcimenz (43

15 (2)
where ® denotes Kronecker product, and I, is the n-th order identity matriz.

Remark 4. Under Assumption [1] and Assumption [3, the topologically structured
function for the entire multi-agent system (4.3) is an isomorphism.

Design of topological sliding surface

The tracking error of node 7 is
€ = Yi — Yo-
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We define an intermediate error 9;,

d _
51' = (& + ,0)” lei, (44)

where p € R, is a positive real tuning parameter. This parameter determines the
converging rate of tracking error.
The intermediate error vector is

A 2[5, 6,...,00]".
We define the individual sliding variable for the ¢-th node as
s; 2 tI5(A).
The sliding variable array is

S1
59

S & =T"9(A) = (L +P)A. (4.5)

SN

The topological sliding surface for the entire multi-agent system is the manifold
defined by S = 0.

Remark 5. Under Assumption |1| and Assumption @ TTS is an isomorphism, S =
TTS(A) = 0 if and only if A = 0.

Remark 6. It is easily observed that each s; only depends on local states as well
as the states of neighboring agents constrained by G, which means s; is a distributed

sliding variable. Note that 6; — ; does not depend on the virtual leader information,
since

n—1
n—1
0= 3 (") )t = i)

k=0

where (";1) denotes the binomial coefficient.
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Design of topological reaching law

To design the DSMC, the reaching law has to conform with the associated sliding
surface. The topological reaching law for node i is

8 £ =171 (S) — ot (sgn(S))

where 1, ¢ € R, are tuning parameters. We define sgn(S) = [sgn(s;),--- ,sgn(sy)]",
where
-1, s; <0,
sgn(s;) = 0, s; =0,
1, s >0.

Combining all nodes, we arrive at the compact form array

S =—(L+P)(WS + psgn(S)). (4.6)
With and ([4.6)), we observe that
(L+P)A =— (L+P) (S + ¢sgn(S)).
Since £ + P is nonsingular, we obtain
A =— (S + ¢sgn(9)). (4.7)

Note that the invertibility of £ + P is critical in designing a distributed SMC
suitable for a broad range of communication topologies. The i-th row of (4.7)) is

d; = —bs; — dsgn(sy). (4.8)
Substituting (4.1)) and (4.4)) to (4.8)), the distributed SMC control law is

s = —— (s + bsgn(si) + fi(xe) + 1(x1), (19)
9i(xs)
where B
voa) =) (n ; 1) P T kg1 (4.10)

Remark 7. The control law (4.9) is distributed since s; is distributed and f;(x;),
9:(x;), 7(x;) only depends on local states.
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4.3 Consensus with an Active Leader
Consider an active leader with dynamics as follows:

o —A
X0 0Xo0, (4.11)
1o =CoXo,

where xy € R?, 3y € R, Ay € R?*?, and C, € R4, The objective of control design
is to achieve:
yi(t) = yo(t), as t — o0, Vi € V.

The reference state xq is available to node i if and only if p; = 1.
We apply the same design principle (4.5)) and (4.6)). For theoretical simplicity, we
eliminate the switching term by setting ¢ = 0. The following control law is obtained:

U; = —

1
oty Ui filxa) +9061) = Cxo)), (4.12)

where ( : R™ — R is a linear functional defined as:

n—1

((x0) =) (n; 1) P CoAf "o (4.13)

k=0

Controller (4.12) is not distributed since xq is not available to all agents in the
network. To address this issue we follow [65] to construct a distributed observer to
estimate X,

N
Xo; = AoXo,i — k’(z a;; (X0 — Xo,5) + pi(Xo,; — Xo)), (4.14)

=1

where X, is the estimated x( for the i-th agent, and & € R, is tuning parameter.
We define the observing error as €; = Xg; — Xo, and E = [¢] el -+ ] T, is
reformed as:

X0, = Aoko; — kt!S(E).

Replacing x¢ in (4.12)) with X¢,, the control law becomes fully distributed:

U; = —

1 A~
9i(x;) (¥si + fi(xi) +v(xi) — ((X0,i))- (4.15)
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4.4 Leaderless Consensus

We mainly consider a consensus problem without a leader, which means P = 0.
The objective of a leaderless consensus is to satisfy

lim [y (1) — (1) | = 0.

for all 7,5 € N, then we say the consensus is achieved. Furthermore, if there exists
y* € R such that
lim 3:(r) — 7| = 0.
for all ¢ € N then we call y* is the consensus state of the multi-agent system.
For a leaderless consensus, the control law is simply to apply P = 0 in the

topologically structured function (4.3)), then apply control law (4.9)) and (4.10)).
In this case, the topologically structured function becomes:

N
tZTS(Z) = Z aij<zi — Zj) + OZZ',

jzi’f“ (4.16)

= Z aij(zi — Zj).

j=1,ji
The topologically structured function for the entire multi-agent system becomes
12
t5°(Z
TTS(Z) = | * _( . (L®1,)Z. (4.17)

tN(Z)
Design of topological sliding surface
Directly define e; as
€ = Yi-
We define an intermediate error 9;,

d
52 (4N e (118

where p € R, is a positive real tuning parameter. This parameter determines the
converging rate of tracking error once the intermediate error equals zero.
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The intermediate error vector is
A 2[5, 6,...,00]".
We define the individual sliding variable for the ¢-th node as
s; 2 t19(A).

The sliding variable array is

=TT5(A) = LA. (4.19)

The topological sliding surface for the entire multi-agent system is the manifold
defined by S = 0.

DSMC control law for leaderless consensus

For leaderless consensus, since £ 4 P is not invertible, we give the control law di-
rectly, we will deliver the stability analysis in a different fashion.
The DSMC control law:

U = _ﬁ(@bsi + ¢sgn(si) + fi(xi) + (%)), (4.20)
where
2 /n—1 .
v(x) = ( . )p Tin—kt1- (4.21)
k=1

¥, ¢ € R, are tuning parameters.

Remark 8. The control law (4.20) is distributed since s; is distributed and f;(x;),
9i(x:), v(x;) only depends on local states.
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Chapter 5

Stability and Performance
Analysis

5.1 Consensus with a Static Leader

The stability proof of DSMC is divided into two phases, i.e., reaching phase and
sliding phase. The stability of reaching phase is analyzed by Lyapunov method in
the sense of Filippov, while that of sliding phase follows the traditional SMC analysis.

Reaching Phase

Theorem 11. Consider a network of agents with nonlinear heterogeneous node dy-
namics and communication topology G under Assumption @ With the dis-
tributed control law , and tuning parameters ¥, ¢, p € Ry, the sliding variable
S, defined by , converges to O asymptotically.

Proof. With the control law (4.9), the dynamics of sliding variable is

S =(L+P)(—yS — ¢sgn(9)). (5.1)
Define fqq: RY — RN as
faa(S) = (L + P)(—S — ¢sgn(S)). (5.2)

Although fyq4 is not Lipschitz continuous, it is measurable and essentially locally
bounded. Therefore, Lemma |1|is satisfied, the Filippov solution of (5.1)) exists.
From ([2.5)), the Filippov set-valued map associated with (5.2) is

Flfadl(S) = = (L +P) (S + oW),
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where W is the set defined by

W 2 co{S =[5, ,5n]" :5 =sgn(s;), if s; # 0;

We choose a Lyapunov candidate for the networked system,
Vi(S) = S'Ds,

where D > 0 is defined as in (3.2]).
The set-valued Lie derivative of (5.4) is

LriaagV1(S) ={VVi(S) v : v € Flfaal(S)}
= —STQS — 208" D(L + P)W,
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(5.4)

(5.5)

where @ = D(L + P) + (L +P)"D. By Theorem |8, we have Q = 0, thus the first
term of (5.5) is negative for all S € RV \ {0}. By Theorem [10} all elements in the

second term of (5.5 are non-positive.
Then, for all S € RV \ {0}, we have

max Zr(s,,.V1(5) < 0.

By Lemma , we establish asymptotic stability of system ([5.1)).

Next, we give a sufficient condition for finite-time convergence.

(5.6)

]

Corollary 4. Consider a network of agents satisfying the hypotheses of Theorem [I1].
Let Gogent be undirected. Then, the sliding variable S converges to 0 in finite time.

Proof. With Theorem [6] we have £ + P > 0. Choose the Lyapunov candidate,

1
Va(S) = 5ST(L +P)'S.
Taking the set-valued Lie derivative, we have

LrigaaVa(S) ={=VIIS]3 — 65" sgn(S)}
={—=vlIS|Iz — ¢lISIh}

Since ||S||1 > ||5]|2, we have

max ZLrz,,,V2(S) < —v||S|3 — ¢[1S]]2

(5.7)



CHAPTER 5. STABILITY AND PERFORMANCE ANALYSIS 36

Instead of proving the finite-time convergence of .S directly, we prove that \/2V, =
1
| (£ + P)~2S5||, converges to 0 in finite time. For S € RV \ {0}, the set-valued Lie
derivative of 1/2V5 is

1
gf[fsld} V2V = 1 gf[fsm]v?' (5'8)
(£ +P) 28]

By Rayleigh’s quotient, we have

1 1
L+P) 25 < S|2- 5.9
I+ P) 8l < sl (5:9)

From (5.7, (5.8)), and (5.9)), one can establish
max Z(f,,) V2V2 < = v/ Amin (£ + P)o.

From Lemma [2, we have

d 1
&H(ﬁ +P) 25|l € LriranV2Va (5.10)

for almost every ¢ € [0,400). We have
(£ +P) 25(ty)ll2 =I(£ +P) 25(0)]

iy 1 (5.11)
+ [ e+ Py S

With (5.10) and (5.11]), in the region RY \ {0}, we have

(L +P) 28t < |I(£ +P) 2S(0)]5

~t 16\ i (L + P).

1

We argue that there must exist ¢ ¢ such that S(¢;) = 0. Otherwise, ||(L + P) 2S5(ts)|2 —
[

—00 as ty — +00.

Sliding Phase

Lemma 7. Consider a linear time-invariant system © = Ax + Bu, if A is Hurwitz,
then u(t) — 0 as t — +oo implies x(t) — 0 as t — +oo.
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Proof. Since A is Hurwitz, the system is input-to-state stable (ISS). Then, there
exists class-ICL function § : [0,4+00) x [0,+00) — [0,+00), and class-K function
K :[0,400) — [0, +00), such that

()2 < B(l2(0)]]2, ) + 5( sup u(T)])- (5.12)
To prove ||z(t)||2 — 0 as t — +o0, it is equivalent to show for any € € R, there
exist a T € Ry, s.t. ||z(t)]]s = e forallt > T.
Since u(t) — 0, there exists Ty, s.t. s(sup,>g, [u(7)[) < /2. Then, because 3 is
class-ICL, there exist an Ty, s.t. S(z(Th),t —T1) < /2 for all t > Ts.
From (5.12), we have ||z(t)||]s < e for all t > Ty + Tb. O

Theorem 12. Consider a network of agents satisfying the hypotheses of Theorem
. The tracking error e;(t) for each agent converges to 0 asymptotically.

Proof. From Theorem we know S(t) — 0 as t — +oo. With (4.5)), we have
A(t) = (L+P)'S(t) — 0 as t — +oo. System (4.4)) is asymptotic stable, since
p > 0. From Lemma [7| we have ¢;(t) — 0 as t — +oo. O

5.2 Consensus with an Active Leader

The stability result is presented as follows.

Theorem 13. Consider a network of agents with nonlinear heterogeneous node dy-
namics and communication topology G under Assumption . Wath the dus-
tributed control law , and the distributed observer with a sufficiently
large positive k, both the sliding variable S in and the observing error E con-
verge to 0 asymptotically.

Proof. First, we prove observing error E converges to 0 asymptotically. The observ-
ing error dynamics is

E=(Iy® A —k(L+P)®IL)E. (5.13)
From [65], the eigenvalues of Iy ® Ay — k(L + P) ® I, are:
{)‘z(AO) _k)‘](£+73) S {17 aQ}; ] € {17 aN}}

where \;(Ap) and \;(L + P) are the eigenvalues of Ay and £ + P, respectively. With
a sufficiently large k, we can ensure all the eigenvalues of Iy ® Ay — k(L + P)® 1, in
the left-half complex plane. Then, we conclude asymptotic stability of system (5.13]).
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Secondly, we prove the asymptotic convergence of the sliding variable. The dy-
namics of sliding variable is

S=—¢(L+P)S+((E),
where ¢ : RN — RV defined as
C(e1) ¢(er)
AE)=T"(] + D=E+P)| + |. (5.14)
¢(en) C(en)
From and (5.14), we see ( is linear. Since ((E) — 0 and —¢(L + P) is

Hurwitz, we conclude S — 0 as t — +oo by Lemmal[7]
]

Theorem 14. Consider a network of agents satisfies the hypotheses of Theorem[13.
The tracking error e;(t) for each agent converges to 0 asymptotically.

Proof. The proof is the same as in Theorem m

5.3 Leaderless Consensus

Also, the stability proof of leaderless consensus is divided into two phases, i.e. reach-
ing phase and sliding phase.

Theorem 15. Consider a network of agents with nonlinear heterogeneous node dy-
namics and communication topology G under Assumption @ Wath the dus-
tributed control law , and tuning parameters ¥, ¢, p € Ry, the sliding variable
S, defined by , converges to a consensus equilibrium S* = c1 asymptotically,
where ¢ € R. This means limy_,« ||s;(t) — s;(¢)|| = 0.

Proof. By (4.19), the sliding mode variable is

N
i=1,i%j
Taking derivative of ([5.15) we get
N
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With equation (4.18)), there is

\ d d n—1
0i =4 (5, +p)

d d et
—a((EﬂLP) Ti1)

=fi(x;) + v(x:) + gi(xi)u (5.17)
=fi(x:) +v(x;) + gi(xi)(—ﬁ(wsi + ¢sgn(s;) + fi(x;) +v(xi)))
= —s; — ¢sgn(s;)
Substituting (5.16)) to (5.17)), we get
N

yi)

5= ) ay(—vsi— ¢sgn(s;) +vs; + dsgn(s;)). (5.18)

i=1,i#j

The dynamics of the sliding surface is

S = —L(S + ¢sgn(S)), (5.19)
Define the right-hand-side of (5.19) as fqq : R" — R",
faa(S) = =L(¥S + ¢sgn(5)). (5.20)

Although fgq is not Lipschitz continuous, it is measurable and essentially locally
bounded. Therefore, Lemma [1|is satisfied, the Filippov solution of ([5.19) exists.
From ([2.5)), the Filippov set-valued map associated with ([5.20) is

Flfadl(S) = =L(¢S + oWV),
where W is the set defined by
W 2 co{S =[5, ,3n]" :5 =sgn(s,), if s; # 0;
s, ={-1, 1}, ifs; = 0}.
Choose Lyapunov candidate:
Vi(S) = max{s} — min{s,}.
where Vj is continuous but not differentiable with respect to S. From [8], Proposition
2.3.1, one deduces that V3 is locally Lipschitz, with generalized gradient
OV3(S) =co{e; € R"|j such that s; = m?x{si}}

5.21
— co{ex, € R"|j such that s, = min{s;}}, (5.21)
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where e; is the i-th vector of orthonormal basis of Euclidean space.
According to [10],

V3(9) :mlax{si} - miin{si}
=||25 — 2(111?X{5z‘} + miin{si})1||oo.

The set-valued Lie derivative is:

LrifaaV3(S) ={a € R : there exists v € F[fqq], such that
¢"v = a for all £ € OVs(z)},

which is hard to compute directly. We take S with v3(S) # 0. Let j, k € {1,---

such that s; = min;{s;} and s, = max;{s;}. Then e, —e; € V5.
Then we have

a:= (ex — o) (~LUS + W) € Loy Va(S).

where W e W.
We can easily check

N N
a=y Y an(si—se) = Y ai(si— sp)

=17k i=1,i#]
N N
+ Y an(wi—we) =P Y ay(w; —wy).
i=1,i#k i=1,i#j
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7N}

(5.22)

Since sy, is the maximum of {s;}, and s; is the minimum of {s;}. We can conclude
a < 0 for s # s;. With lemma [3| we conclude the system converges asymptotically

to the equilibrium.

O

The final consensus value of the multi-agent system over control law (4.20)) is
unknown and can be determined by many factors, such as the initial value of all

agents, the sliding surface and the communication typologies.

We can argue that since we set the sliding variable of all agents with the same
manner, the transfer functions from s; to y; are the same, then they will have the

same steady state gain. So all the system will converge to the same y*.
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Chapter 6
Application of DSMC

In this section we show the application of distributed sliding mode control. The first
application will be on platoon systems.

6.1 Platoon Systems

A vehicle platoon is a multi-agent system as shown in Fig. [6.1] We refer to the
vehicles that comprise the platoon as nodes. From a network control perspective, a
platoon has four main components: node dynamics, distributed controllers, informa-
tion flow topology, and formation geometry [37]. The node dynamics describes the
behavior of each vehicle; the information flow topology defines how nodes exchange
information with each other; the distributed controller implements feedback control
algorithms for each vehicle; and the formation geometry defines the desired distance
between any two successive vehicles.

The platoon contains a virtual leader, denoted by 0, and N following vehicles,
denoted by i € N' = {1, ..., N}. The displacement and velocity of the virtual leader
are denoted by zy and vy, respectively. We assume the information topology satisfies
Assumption . The stability analyses are carried out under two cases: (a) 0 is zero
(Lyapunov stability analysis), and (b) 09 = do(¢) is nonzero, unknown and bounded
(robust analysis). The convergence to the equilibrium is analyzed in case (a) in the
sense of Lyapunov stability, and the Input-to-State stability (ISS) is used in case (b)
to demonstrate the disturbance attenuation performance of the platoon system.

The desired distance between two neighboring vehicles is assumed to be a constant
d € R*. The desired position for vehicle i is then

zi,des(t) = l'o(t) —1-d.
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Figure 6.1: Platoon : (a) vehicle dynamics, (b) information flow topology, (c) dis-
tributed controller, (d) geometry formation [85]

The purpose of platoon control is to ensure all the vehicles run at a harmonized
speed while maintaining the desired inter-vehicle spaces.

6.2 Dynamics

The vehicle longitudinal dynamics are nonlinear, which are composed of engine, drive
line, brake systems, aerodynamics drag, tire friction, rolling resistance, gravitational
forces, etc. To strike a balance between accuracy and conciseness, we assume that:
(1) the vehicle body is rigid and left-right symmetric, the vehicle length is assumed
to be zero; (2) the platoon is on a flat and dry-asphalt road, and the tire slip in
the longitudinal direction is neglected; (3) the driving and braking torques are in-
tegrated into one control input [15]. For a heterogeneous vehicle platoon, the i-th
node dynamics are described by a nonlinear model:

i (t) =v;(t), (6.1)

) = (158 — i) - o, (62

)

where z;(t) and v;(t) are position and velocity, respectively; T;(t) is the control
input, representing the driving/braking torque; m; is the mass of vehicle; 7; is the
mechanical efficiency of the driveline; R; is the radius of wheel; C4 ; is the coefficient
of aerodynamic drag; g is the acceleration due to gravity; and f is the coefficient of
rolling resistance.



CHAPTER 6. APPLICATION OF DSMC 43

6.3 DSMC for Platoon

Design of topological sliding surface
The tracking error of the i-th vehicle is defined as
A
€ = Ty — Tjdes-
Define an intermediate error A,
A; = é; + pe;, (6.3)

where p € R is a tuning parameter. This parameter determines the converging rate
of tracking error once the intermediate error equals zero. The intermediate error

vector is defined as o
A < [Ala A27 R AN}T

We define the individual sliding variable for node i as

S5 £ fTS(Z)-

(2

The sliding variable array of the platoon is then

S=| 7 | =(L+P)A (6.4)

The topological sliding surface for the platoon is defined by S(t) = 0.

Remark 9. Fach sliding variable s; depends on local node states, i.e., states of
vehicle © as well as states of neighboring vehicles as constrained by the information
topology. Note that A; — A; does not depend on leader states since

Remark 10. The sliding variable S is a bijective linear function of A defined in
because L + P is invertible. (see Theorem|[6]).
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Design of topological reaching law

To design the DSMC controller, the reaching law has to conform with the associated
sliding surface. The topological reaching law for node 7 is

si == 0f7(S) — o f (sgn(S))

where ¥, ¢ € RT are tuning parameters. Combining these for all nodes, we arrive at
the compact form array

§=—(L+P)WS + psgn(S)). (6.5)
We observe that
(L+P)A =— (L +P)WS + psgn(S)).
Since £ + P is invertible, we obtain
A =— (¢S + osen(S)). (6.6)

Invertibility of £ + P is critical in designing a distributed SMC suitable for a
broad range of topologies. Component ¢ of the vector-valued equation is then

Ai = —1s; — psgn(s;). (6.7)

Differentiating (6.3) and equating the result to (6.7) provides an expression for
0;. Substituting this in (6.2)) yields the control law for node i:

R; i
T; =—(mifg + Cav}) — = ‘ P (0 —vo)
— ——(s; + Psgn(s;)).

7

Remark 11. The control law is not quite distributed because of its possible de-
pendence on the leader velocity vy. We therefore need to design a distributed observer
for vy to derive a truly distributed control law. This is done in the next subsection.

Design of topologically structured velocity observer

Let 0p; denote the estimation of vy produced by the i-th vehicle. The observer of
i-th vehicle for the virtual leader’s velocity is

QLJOJ' = —k’Si. (69)
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Since s; is computed in a distributed fashion with (6.4]), the observer is distributed
(i.e., compatible with the underlying information topology). Using the estimated
leader velocity 0p; from the observer, the control law becomes:

R; iR .
T, =—(mifg + Cav}) — u(vi — 0,i)
— ——(¢s; + psgn(si)).

7

Remark 12. For simplicity, we have used second-order nonlinear node dynamics.
Our approach easily generalizes to higher-order nonlinear dynamics. A regulation
example with more complex vehicle dynamics is offered in our previous work [77].

6.4 Stability analysis

The stability analysis of DSMC is divided into two phases, i.e., the reaching phase
and the sliding phase. The stability of the reaching phase is analyzed by Lyapunov
method, while that of the sliding phase follows traditional SMC analysis.

Reaching Phase

We state our first main result:

Theorem 16. Consider a platoon with nonlinear node dynamics and
with information topology under Assumption [1 Under the distributed control law

and tuning parameters ¥, ¢, p, k € RY, the sliding variable S in and

A A N .
the observer error € = [Ug1 — Vg, ..., Vo N — vo] " converge to O asymptotically.

Proof. With the sliding variable (6.4]), velocity observer and control law (6.10)),
the dynamics of (S, €) becomes

S =(L+P)(=S — dpsgn(S) + pe),

6.11
€e=—kS. ( )

The first equation of (6.11)) is obtained by differentiating both sides of ([6.4]),
and substituting (6.3), agent dynamics (6.1)), (6.2), and control law (6.10) to the

right-hand side of the equation.



CHAPTER 6. APPLICATION OF DSMC 46

For simpler presentation, define

<[]

flx) 2 l (£+P)(—¢S_7€gsgn(5) + pe) . (6.12)

To discuss the existence and stability of solution of a discontinuous system ,
we take the concepts of differential inclusion and Filippov set-valued map from [9].
Since f is measurable and essentially locally bounded, then the associated Filippov
set-valued map satisfies all the conditions of Lemma [I] this guarantees the existence

of Filippov solution.
The Filippov set-valued map associated with (6.12]) is

Flfleo = | PN v [ [ Ex RO,

where W is the set defined by

W = 60{5 = [51, - ,EN]T | 5; = sgn(s;), if s; # 0;

5, ={-1, 1}, ifs; = 0}. (6.13)

We choose a Lyapunov candidate for the networked system,

L[ (L+P)t 0
Vi(x) =gx { 0 ery |

where Iy is the N dimensional identity matrix. The gradient of (6.14]) is

TV (x) = { (£+p73)*15 ] .

(6.14)

EG

Taking the Lie derivative of the Lyapunov candidate,
LrpVi(x) ={VVi(x) v |v € F[f](x)}
=VVi(x) " Flf](x) (6.15)
=—STS —pS'W.
The second term of (6.15]) is
—¢pS"W ={—¢STw|w € W}

N
:{—¢Zsiwi |w e WY,
=1
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where w; is the i-th element of w. Using the definition of W in (6.13)), each s;w; is

o 0,  ifs; =0,
U sisen(s;), ifs; # 0.

Hence,
N
—SToW = (=63 sisgn(s)} = {—6lIS |}
i=1

The Lie derivative £z;Vi(x) is therefore a singleton,

LraVix) = {~0lISIE - ISl }. (6.16)

We check the three conditions of Lemma(3; i. V}(x) is continuously differentiable;
ii. Vi(x) > 0 for x € R*Y \ {0}; iii. By , max L£r;Vi(x) < 0. We conclude
closed-loop system is stable in the sense of Lyapunov.

The next step is to prove asymptotic stability. For any initial condition x(0),
choose a constant ¢ > V1(x(0)), define Q. to be the level set of V;(x),

0= tx=| | Vi< (6.17)

€

From ([6.16)), €. is positively invariant for all ¢ > 0. Define

Zey, 2{x € RV |0 € LrnVi(x)}

6.18
={x|S = 0}. (6-18)

Then we have
QN Zpy, = {x|S =0, £||e||§ < 2c}.

From (6.15)), the largest weakly invariant set M in Q. N Zpy, is M = {x|x = 0}.
Since the Lyapunov function Vj(x) is radially unbounded, we can use Lemma 4| to
conclude global asymptotic stability. O

Next, we offer a sufficient condition for finite-time convergence to the topological
sliding surface S = 0.

Theorem 17. Consider again the assumptions and parameter settings of Theorem

with the set Q. and Zpy, defined in and (6.18). For all ¢ € {c;]0 < ¢f <
%ﬂ}, the set Zpy, NQ. = {(5,€)|S =0, ||e||2 < \/2ck/p} is positively invariant; and
any solution x(t) = [S(t),e(t)]" of system with initial condition x(0) € Q.
reaches Zpy, N2, in finite time.
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Proof. To discuss the topological sliding surface dynamics, let us choose the Lya-
punov candidate

1
Va(S) = 5ST(L +P)7tS. (6.19)
The Lie derivative of (6.19) is

LrVa(S) =—9STS —¢S™W + pe' S
={—[I513 — ¢lIS|l1 + pe" S}.

Since we have already proved that the set €2, from (6.17)) is positively invariant
for any ¢ > 0, if x(0) € Q,, then

(6.20)

2ck
le@)lls < /==, Ve € [0, +o0).

With the condition ¢ < 92

2 We derive the upper bound of ([6.20)),

max[:;[f]‘/é(s) < —9|S|13 = (¢ — V/2ckp) S| (6.21)
<0.

We can conclude that {x|S = 0} N €. is a positive-invariant set.

Next, we show finite-time convergence to S. Instead of proving the finite-time
convergence of S directly, we prove that v/2V; = ||(£ + P)~25|)» converges to 0 in
finite time.

In the region {x|x € €, s # 0}, the set-valued Lie derivative of \/2V5 is

; 1
LrnV2Ve = 1 Lrnle (6.22)
I(£+P) 25]l2

From ([6.21)), we have
max Lz Va(S)
< _¢||S||§_ (¢ — v/ 2ckp)||IS]lx (6.23)
1
<~ VISIE = =0 = V2R ISl

By Rayleigh’s quotient, we have

! 1
L+P) 25|, < S||a. 6.24
I )25z < Amin(£+7>)” 2 (6.24)
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From ((6.22)), (6.23]) and (6.24)), one can establish
5 Amin (L + P
max Lri\/2Ve < — Qﬁb— V 2¢ckp),

N
for all {x|x € ., S # 0}.
From Lemma 2, we have
d _1 5
CNC+PYES (W) € £ri/2Vs (6.25)

for almost every t € [0, +00). We have

(£ +P) 2S(t) ]2 =[(£ + P)"2S(0)]|2

ty d 1 <626)
—i—/ d—||(£—|—73) 28(7)||odr.
O T
With (6.25)) and (6.26]), in the region {x|x € Q., S # 0} we have
(£ +P)2S(tr)ll2 < [[(£+P)25(0)]l2
mm£+m (6.27)

—tf ¢ 2Ck

We argue that there must exist ¢ such that S(t;) = 0. Otherwise, ||(£ + P)féS(tf) |2 —
—00 as ty — +o0. [

Remark 13. The above result establishes that every trajectory starting in ). ap-
proaches {(S,€)|S = 0, |[e|]la < /2ck/p} in finite time. By choosing ¢ sufficiently
large, any compact set in R2N will fall inside Q.. As a result, 2 ﬂ can be made arbi-

trarily large, and Theorem[17 offers a sufficient semi-global condztzon for finite-time
convergence to the sliding surface.

Sliding Phase

Theorem 18. Consider a vehicle platoon with nonlinear dynamics described by
and and information topology under Assumption . During the sliding phase
where S = 0, the tracking error for each vehicle e; — 0 ast — oo .

Proof. In the sliding surface S = 0, with the definition of sliding error, we have

S=(L+P)A=
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With £ 4 P being positive definite, we have

A: [AI; AQ,...,AN]T :O
For each A,
where p > 0. Hence ([6.28)) is a stable differential equation, e¢; — 0 as t — oc. m

Due to practical realities of switching devices, the control law (6.10) can cause
chattering. The following result assures that asymptotic stability of (6.11]) is pre-
served with a smooth control law by setting ¢ = 0.

Corollary 5. Consider again the set-up and assumptions of Theorem [16 with tuning
parameter ¥, k € RT and ¢ = 0. Then, the closed-loop system (M) 15 asymptotic
stable.

Proof. By setting ¢ = 0, the closed-loop system (/6.11]) becomes linear

x(t) = Ax(t), (6.29)
where A is defined as
— (L + P L+P
AL { wEMN ) ol P ] (6.30)
Let X L, -
a | g L+P)T+ Sy Iy
—Iy EIN+ (L +89(L+P) |

Using the characterization of positive definite matrices with Schur complements
[81] to prove matrix P is positive definite, two conditions have to be satisfied:

1. The first diagonal block is positive definite

g(ﬁ +P) '+ iIN = 0.

2. The Schur complement is positive definite

p P> Y
E]N + (% + E)(ﬁ +P)
~(=(L+P) "+ L0 -0

L
v v
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One can check easily that the first condition holds since £ + P is positive definite.
The second part is proved by using the matrix inversion lemma (Woodbury matrix
identity). Since the algebraic process is simple, we omit this part for brevity.

Next, choose a Lyapunov candidate V3(x) = %XTPX. The derivative of V3(x)

with respect to system ((6.29) is

Vs(x) :le(ATP + PA)x

2 (6.31)
=—x'Qx <0,
where matrix () is defined as the positive definite matrix
s | (L+P) 0
We conclude matrix A is Hurwitz. O

Remark 14. By eliminating the switching term, the asymptotic stability result of
Theorem[10is preserved, however, the finite-time convergence property from Theorem
1s compromised. As is done with traditional SMC, a suitable trade-off between
tracking precision and finite-time convergence can be arranged by introducing a thin
boundary layer neighboring the topological sliding surface, {S|||S|l2 < €}. Using
the negative definiteness condition , one can prove that the boundary layer is
invariant and can be reached in finite time. Within the boundary layer, the tracking
error for each vehicle remains bounded.

6.5 Discussion on String Stability and
Robustness

String stability

String stability in a broad sense implies that the disturbances in the system will
be attenuated when propagating through the platoon system. One of the common
string stability definitions in the time-domain is given by [66]:

Definition 11. [60]. Consider a interconnected system
& = f(@i @ity Timpg1) (6.32)

The origin x; = 0, 1 € R of 1s string stable, if for any € > 0, there exists a
d >0, such that ||x;(0)|lcc < 0 = sup; ||z;(t)||o < €.
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This definition strongly relies on a specific information flow topology. The struc-
ture of the system implies that the error propagates from the front cars to the
rear cars. Without , the definition reduces to normal Lyapunov stability of the
whole platoon.

String stability definition also relies on specific information flow topology in
frequency-domain.

Definition 12. [51] The system is string stable if the transfer function of outputs
between the vehicle © and the predecessor vehicle i — 1, denoted as G;_1,, is such that
1Gi—1,i(Jw) [l < 1.

The definition is based on the predecessor following topology, and does not ap-
ply to other other information flow topology, since the existence of G;_;; is not
guaranteed.

There are other definitions of string stability based on specific information flow
topologies: [50][51] used a predecessor following topology, [66] used a leader-predecessor
following topology, [58] used a unidirectional ring topology, and [4] used nearest-
neighbor bidirectional topology.

For a general class of topologies, it is very difficult to define the concept of
“disturbance attenuation through the system”, since the direction of disturbance
propagation is not specified. To our knowledge, there are loose versions of string
stability for general topologies [51] [5] [64]. These definitions emphasize Bounded-
Input-Bounded-Output (BIBO) or Input-to-State stability (ISS) of the platoon un-
der external disturbances. However, we refrain ourselves using the notion of string
stability on these definitions, since we think it deviates from the original string sta-
bility idea, which focuses on disturbance attenuation. The BIBO and Input-to-State
stability is immediate attainable with the proposed DSMC design.

In the dissertation, we added a section below discussing Input-to-State stability
of the system. We include the unknown leader acceleration and physical disturbances
as input disturbance. We proved Input-to-State (BIBO) stability of the closed-loop
system, this implies with a bounded disturbance input, the error is also bounded.
Furthermore, we relate the amplification effect with the eigenvalue of £ + P matrix
and tuning parameter of the controller.

Robust analysis

In this section, we analyze the performance of DSMC under external disturbance.
For theoretical simplicity, we assume tuning parameter ¢ = 0.
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Assume all vehicles are subject to persistent external disturbances ¢;:
ii(t) =vi(t),
: 1 Ti() 2
i(t) =— | M = Ca0;(t) | — 0i (1),
0t) = (n T4 = Caa(0)) — af + a0

)

and the acceleration of the leader is non-zero vy = do(t), where Jy is unknown.
The closed-loop dynamics ((6.11]) with external disturbances becomes

x(t) = Ax(t) + Bd(t), (6.33)
where x =[S, €]", A is defined in (6.30), B and d(t) is defined as

d1 — o
Bé[ﬁ—gp}anddé :
On — 0o

The Hurwitz A matrix implies the Input-to-State Stability (ISS) of system (/6.33)):
t
x(t) =e'x(0) +/ A= Bd(r)dr,
0
[x(t)] <[le]||x(0) |+/ le* || BIl|d(r)|d

<ke=|x(0)] + | B|| sup |d(r |/ ety

T€[0,t]
<ke™x(0)| + = || B]| sup |d(r)], (6.34)
« T€[0,t]
where | - | denotes vector norm (e.g 1, 2, co norm) in Euclidean space, || - || denotes

the corresponding matrix norm, x,a € Ry and maxRe{A(A)} < —a. We further
define:

B(1x(0)],t) Zre="[x(0)],
~(sup |d(T)[) é—HBII sup d(7)].

T€[0,] T€[0,¢]
We can easily check function S is class-KCL and 7 is class-IC, then conclude ISS.

Remark 15. The disturbance attenuation effect is closely related to max Re{\(A)}.
For a smaller max Re{\(A)}, the error bound of x(t) will be smaller. From (6.30)),
we observe that the eigenvalues of A are affected by the information flow topology
L+ P and the tuning parameters 1, p
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Remark 16. The inequality is related to collision avoidance. The sliding
variable S is bounded due to the boundness of x(t). Sliding variable S and A are
1somorphic . FEach A; and tracking error e; are related through a stable linear

system (0.9):

Ai 1 €;

s+p

We can conclude that the tracking error e; is bounded. Then we can guarantee
collision avoidance for a finite length platoon if properly selecting spacing policy,
tuning parameter and information flow topology [80].

Remark 17. Since system is ISS, if 6;(t) = 0 for alli € N, and &y eventually

converges to 0, then the tracking error e; — 0 ast — 0.

Parameter Value Uncertainty
m; (1445 + i x 50) kg 0%
i 0.85 +10%
Ca 0.43 kg/ m +10%
R; (0.28 4+ i x 0.005)m 0%
f 0.02 +10%

Table 6.1: Simulation parameters

6.6 Simulation Results

We now illustrate the effectiveness of proposed DSMC through numerical simulations.
A heterogeneous platoon with 1 leader and 8 followers is simulated under 3 different
information flow topologies. These topologies are nearest-neighbor (NN), nearest-
neighbor with leader paths (NNL), and two-nearest-neighbor (2NN), as shown in
Fig. [6.21 With the NNL topology, all the vehicles have access to the leader. This
will allow us to demonstrate effect of the leader information on the performance of
the platoon.

The distributed control law was designed based on a nonlinear vehicle
dynamics — for simplicity and elegance. In the simulation, we applied the
control law to platoon with high-fidelity vehicle model to validate the performance of
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Figure 6.2: Types of bidirectional information flow topology used in this dissertation:
(a) nearest-neighbor (NN); (b) nearest-neighbor with leader paths (NNL); (¢) two-
nearest-neighbor (2NN).

_____ qo |
——>CVT Controller«—
- v
Ilg u
M)
Lo
| Body 4_?
}?ﬂ’k aki TE) j
—PC Brake Sys. >—> —

Figure 6.3: Sketch of vehicle longitudinal dynamics.

DSMC under modeling uncertainty. Each vehicle is a passenger car with a gasoline
engine, a torque converter, a continuous variable transmission (CVT), two driving
and two driven wheels, as well as a hydraulic braking system. Fig. [6.3] sketches
the powertrain dynamics. The inputs are the throttle angle (ay,,) and the braking
pressure (Py). In realistic driving modes, a driver can not simultaneously engage
the throttle and brake pedals. Therefore, in this study we use an inverse model
to allocate the driving commands (7;) to either throttle angle or braking pressure.
Interested readers can refer to [39] for further information. The outputs include
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Figure 6.4: Engine torque map.

the longitudinal acceleration (a), vehicle velocity (v), as well as other measurable
variables in the powertrain. When driving, the engine torque is amplified by the
torque converter, CVT, and final gearing and acts on the two front driving wheels.
When braking, the braking torque acts on all four wheels to dissipate the kinetic
energy of the vehicle body. Fig. [6.4] shows the nonlinear engine torque map: engine
torque (T) is a nonlinear monotonically increasing function of engine speed (w,) and
throttle angle (aqn:). The vehicle parameters are offered in Table [6.1] in which the
heterogeneity is represented by the difference in vehicle mass (m;) and wheel radius
(R;). In addition, parameter uncertainties are added in mechanical efficiency (7;),
coefficient of aecrodynamic drag (C4;), and coefficient of rolling resistance (f). In this
study, the parameter heterogeneities are known while the parameter uncertainties are
unknown.

The simulation includes 2 scenarios distinguished by the speed profile of leading
vehicle: constant speed ramp and modified EPA74 profile. In the former, the leading
vehicle ramps from 15m/s to 20m/s in 3 seconds with constant acceleration, for
the purpose of examining the stability of the distributed control law. In the latter,
the leading vehicle follows a modified EPA74 speed profile to allow comparison of
platooning performance under different communication topologies.
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Ad|m]

v [m/s]

a [m/s?]

t[s]

Figure 6.5: Simulation result in ramp speed profile under NN topology. 1st, 3rd,
5th, and 7th vehicle are denoted by (—), (—), (—), and (—), respectively. (---)
denotes leader velocity.
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Figure 6.6: Simulation result in ramp speed profile under NNL topology. 1st, 3rd,
5th, and 7th vehicle are denoted by (—), (—), (—), and (—), respectively. (---)
denotes leader velocity.
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Figure 6.7: Simulation result in ramp speed profile under 2NN topology. 1st, 3rd,
5th, and 7th vehicle are denoted by (—), (—), (—), and (—), respectively. (---)
denotes leader velocity.
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Figure 6.8: Result of topologically structured velocity observer. The map between
vehicles and lines are: 2nd vehicle (—), 3rd vehicle (—), 4th vehicle (——), 5th
vehicle (—), 6th vehicle (—), 7th vehicle (—), 8th vehicle (—).
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Figure 6.9: The velocity profile of leading vehicle when running EPA74 standard
driving cycle.

Simulation of Leader’s Ramp Speed Profile

The simulation results of the 3 topologies, i.e., NN, NNL, and 2NN, are shown in
Fig. 6.7, (a)-(c) respectively. In each figure, there are 4 subplots from top to
bottom, including distance error between 2 consecutive vehicles (Ad; = e; — e;_1),
vehicle velocity (v;), vehicle acceleration (a;), and throttle angle (oun;). One can
observe that the tracking error converges to zero asymptotically for both non-zero
initial condition and time-varying leader velocity. The velocity estimation of NN and
2NN topology is shown in Fig. [6.8]

Simulation of modified EPA74 speed profile

The simulation results are shown in Fig. [6.10, The used speed profile, shown in Fig
, is modified from the standard EPA74 by multiplying 0.8 and then adding 5m/s
point-wise. Three performance indices — tracking index (TI), acceleration standard
deviation (ASD), and fuel economy (Fuel) — are used to assess the performance. The
tracking index for i-th vehicle is calculated by

1 T
11, :T/ (1é:(t) - SVE| + |Ady(¢) - SDE]) dt,
0

where T is the simulation length, SV E = 10 denotes sensitivity of velocity error,
and SDE = 1 denotes sensitivity to distance error [14]. The ASD for i-th vehicle is

calculated by
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where std denotes standard deviation in ¢ € [0, T'|. The fuel economy for i-th vehicle
is calculated with
[ Qi(t)dt
Fuell- =,
i(T)
where @; denotes the engine fuel injecting rate and z;(t) is the traveling distance.
We observe from Fig. that 2NN has superior tracking performance com-
pared to NN, due to access to more information from neighboring nodes, in combi-
nation with the constant-distance spacing policy. The topology with full leader access
(NNL), have significantly improved tracking ability compared with other topologies.
These results confirm our intuitive analysis. The topological selection has less in-
fluence on the acceleration noise. In addition it is found that 2NN has worse fuel
economy than NN. This phenomenon is caused by more aggressive control inputs,
which come from a tighter information connection with other neighboring vehicles.
More neighbor information is then beneficial to the tracking capability but unfavor-
able to the fuel economy. Fortunately, more leading information contributes to both
tracking capability and fuel economy. Similar conclusions can be drawn from Fig.

0. 12

Remark 18. We used a high-fidelity model in this section. The simulation result
(tracking performance, velocity profile and acceleration) of the design model (6.1])-
(6.2) is similar to the result presented in this section.
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Figure 6.10: Simulation result under EPA74 scenario. From top to bottom, each
subplot shows tracking index, acceleration standard deviation and fuel consumption
for each vehicle. The NN, NNL, and 2NN are denoted by (-e-), (—), and (—«).
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Figure 6.11: Engine operating points with a leader running EPA74 cycle. The 1st,
3rd, 5th, and 8th vehicle are denoted by (+ ), ( x ), (0 ), (2a).
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Figure 6.12: Performance analysis of 3 different topologies.
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Chapter 7
Extensions of DSMC

7.1 Extension to MIMO systems

Consider a network of agents with multi-input-multi-output dynamics,

xfl :xfg,
fo ::cf,?,,
Vke{l,---, M} (7.1)

M
=1

E__k
Yi =Li1s

where u¥ and y¥ are the k-th input and output for the i-th node. The input, output

and state vector of i-th agent are denoted as

12 M7T M
1.2 MyT M
yl_[yz7y7,77yz] eR )
1.1 1 M M MAT Mn
Xi = T30, 050, Ty Ty, Tigy o 5 Ty € RUT
N J/ N
Vo WV
XM

1
i
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For simpler explanation, define

9211 (xi) gz'2,2 (xi) gi;,M (%)

gi1(x:) gi,Q(Xl> gi,M(XZ>
gi(Xi) = . : )

g%(xz) g{‘é(xi) Q%M(Xz‘)

we assume g;(x;) is nonsingular for all x; € RM".
Assume the output of the virtual reference model yo = [y, 42, -, yd!]" € RM.
The consensus problem is said to be solved if

Yi = Yo, as t — 400, Vi € V.
We define the tracking error vector as
€ =Yi— Yo,

and the intermediate error vector as

d _
0;=(Iy® (a +p)" e,

where I); is the identity matrix of dimension M and p € R,.
The topological sliding variable for the whole system is:

1
02
S=(L+P)@In| . | =(L+P)®IuA, (7.2)
on
where A = [8,,8,,---,85]". For simpler description, we define s; € R as
N
S; = tZTS(A) = Z aij(éi — 6]) +pl(51
=1,
Therefore, we have S = [s] ,s],--- ,sy]" € RMY,

We introduce the topological reaching law as
S=—(L+P)® Iu(¥S+ ¢sgn(S)), (7.3)

with ¢ and ¢ positive.
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Static reference model

The SMC control law for static reference model based on design principal ((7.2) and
(7.3) is
W = —g; (%) (s + gsgn(si) + fi(xi) +v(xi)), (7.4)

where v(x;) = [7(x}), 7(x7), -+ . 7(x}")], and 7 : RY — R is defined in (4.10).
Similar to the SISO case, we give stability justification here.

Theorem 19. Consider a network of agents with nonlinear heterogeneous node dy-
namics (7.1) and communication topology G under Assumption @ With the dis-
tributed control law , and tuning parameters v, ¢, p € Ry, the sliding variable
S, defined by , converges to 0 asymptotically.

Proof. With the control law ([7.4)), the dynamics of sliding variable is

S=—(L+P)® I (YS + ¢sgn(S)), (7.5)
Define fqq : RMN — RMN a9

Although fyq4 is not Lipschitz continuous, it is measurable and essentially locally
bounded. Therefore, Lemma [1|is satisfied, the Filippov solution of (7.5 exists.
From ([2.5)), the Filippov set-valued map associated with ((7.6) is

.F[fsld](S) = —([, + P) & IM(wS + dDSgn(W)),
where WV is the set defined by

w e co{S =[5y, - ,EMN]T :8; = sgn(s;), if s; # 0;
5, ={-1, 1}, ifs; = 0}, (7.7)

S =[s1,82° ,5mnN].

Define L+ P = (L + P) ® Iy, and
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then according to theorem , D> 0and Q > 0.
We choose a Lyapunov candidate as

Vi(S) =S'DS. (7.10)
The set-valued Lie derivative of (7.10) is

LrpaaVa(S) ={VV5(S)Tv : v € Flfadl(S)}

=—¢STQS —2¢S"D(L + P)W, (7t

By Theorem , we have @ > 0, thus the first term of is negative for all
S € RMN\ {0}. By Theorem [10] all elements in the second term of is non-
positive.

Then, for all S € RMV\ {0}, we have

maxgj:[fsldﬂ/g)(S) < 0. (7.12)
By Lemma |3| we establish asymptotic stability of system. O]
Next, we give a sufficient condition for finite-time convergence.

Corollary 6. Consider a network of agents satisfies the hypotheses of Theorem 1.
Let Gogent be undirected. Then, the sliding variable S converges to 0 in finite time.

Proof. With Theorem @ we have £ 4+ P > 0. Choose the Lyapunov candidate,
Vi(S) = §S (L+P) S.

Taking the set-valued Lie derivative, we have

ZLri1aaVa(S) ={~v[IS]; — ¢S" sgn(S)}
={—vIIS|z - slIS|:}

Since [|S||; > ||S||2, we have
max Lr(5,,, Va(S) < —v[S[5 — ¢[IS].- (7.13)

Instead of proving the finite-time convergence of S directly, we prove that \/2V, =
—— 1
|(£ + P)~2S||y converges to 0 in finite time. For S € RMY \ {0}, the set-valued Lie
derivative of 4/2V} is
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[ 1
j}-[fsld} 2‘/4 = 1 "gf[fsld]‘/ll' (714)

I(£+P) *S2
By Rayleigh’s quotient, we have

1

A/ Amin (H—P)

From ([7.13), (7.14]), and ([7.15]), one can establish

I(L+P) 28]|; < [EX (7.15)

max 271, v/2Vi < =\ Awin( L+ P)o.

From Lemma 2, we have

d —— _1
g NE+P) *SW)ll2 € Lrisagv2Va (7.16)

for almost every t € [0, +00). We have

2S(t))|l2 =+ P) S(0)]2

TP s ()
+ [ IEEP) (o)

I(£+P)
(7.17)

With (7.16]) and (7.17), in the region RMN \ {0}, we have

[(L+P) *S(ts)ll < [[(L+P) *S(0)]2
—t s\ Amin (L + P).

We argue that there must exist ¢, such that S(t;) = 0. Otherwise, ||[(£ + P) 2S(t)[]2 —
—00 as ty — +o0. [

NI

M=

In the sliding phase we also use Lemma [7| to justify the following theorem.

Theorem 20. Consider a network of agents satisfies the hypotheses of Theorem[19.
The tracking error e;(t) for each agent converges to 0 asymptotically.
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Active reference model
Assume active reference model
Xo :onm

Yo =CoXo,

where xo € R?, yo € RM Ay € R4, and C, € RM*9. The objective of control
design is to achieve:

yi(t) = yo(t), as t — +oo, Vi € V.

with the same sliding variable (7.2]), reaching law (7.3) and distributed observer
(4.14]), we get the distributed control law:

w; = —g; (%) (s + (%) +y(xi) — C(%04)), (7.18)
where ¢ : R? — RM is defined as:

n—1

. n—1 kA
C(%o,) = Z ( . )p’“CoAO "0

k=0
The stability result is similar to the SISO case and is presented as follows.

Theorem 21. Consider a network of agents with nonlinear heterogeneous node dy-
namics (7.1) and communication topology G under Assumption . With the dis-
tributed control law , and the distributed observer with a sufficient large
positive k, both the sliding variable S in and the observing error E converge to
0 asymptotically.

Proof. First, we prove observing error E converges to 0 asymptotically. The observ-
ing error dynamics is

E=(Iy® A —k(L+P)®I)E. (7.19)
From [65], the eigenvalues of Iy ® Ay — k(L + P) ® I, are:

where \;(Ap) and \;(L£ + P) are the eigenvalues of Ay and £ + P, respectively. With
a sufficient large k, we can ensure all the eigenvalues of Iy ® Ay — k(L +P) ® I, on
the left-half complex plane. Then, we conclude asymptotic stability of system ([7.19)).
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Secondly, we prove the asymptotic convergence of sliding variable. The dynamics
of sliding variable is

S=—y(L+P)S+{(E),
where ¢ : RN — RMN defined as

C(ﬁl)

«B)y=r"(| |
C(e
(en) (7.20)
¢(er) ¢(er)
=(L+P) : =(L+PRIy) :
C(en) C(en)

From ([7.20)), we see C is linear. Since ((E) — 0 and —(L£ + P) is Hurwitz, we
conclude S — 0 as t — 400 by Lemma [7] O
Leaderless Consensus
For leaderless consensus, the consensus problem is said to be solved if

ly:i —yjll =0, as t = +oo, Vi,j € V.
We define the intermediate error vector as:
d
0= I ®(=~+p)" Dy, (7.21)

dt

where I, is the identity matrix of dimension M and p € R,. Since the multi-agent
system is leaderless, the topological sliding variable for the whole system is:

01
0y
S=L® Iy : =LRIyA, (7.22)
on
where A = [5;,5;, e ,5;]?
For simpler description, we define s; € RM as
N
S; :tZTS(A) = Z aij(éi - 6]) + 05,

=15
N

= Y a8 6))

=1
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Figure 7.1: Desired formation of networked system under three different information
flow topologies.
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Figure 7.2: Position of the leader and agents under three different information topolo-
gies.

We then give the control law as:

w; = —g; (%) (s + dsgn(s;) + £i(x;) +v(x:)), (7.23)

where (x;) = [7(x!), 7(x?), - -+, /(xM)], and 7 : RY = R is defined in (.10).

The stability justification follows:

Theorem 22. Consider a network of agents with nonlinear heterogeneous node dy-
namics (7.1) and communication topology G under Assumption @ With the dis-
tributed control law , and tuning parameters ¥, ¢, p € Ry, the sliding variable
S, defined by , converges to a consensus equilibrium S* = c1 asymptotically,
where ¢ € R. This means lim;_, ||s;(t) — s;(t)|| = 0.

The proof is similar to theorem
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7.2 Applications of MIMO DSMC

In this section, we apply the DSMC to a consensus problem with MIMO dynamics.
Consider a unicycle model with extended dynamics [59] on a 2D plane,

p; = cos 0,v;,

p! =sin b;v;,

7.24
U; =U51, ( )
91’ =U4,2,
where the input is w; = [u; 1, u;»] ", position p; = [p?, p!]" is the output.
The dynamics ([7.24]) can also be written as
cosf; —wv;sinb;
p; = . ! ! ! 7. .2
bi [ sinf; w;cosb; } v (7.25)

We assume the reference signal pgy generated by

)= | ) g | mlo

————
Ao
with initial condition pg(0) = [0.82, 0] .
We define the tracking error and intermediate error as

€; =P:; — Po,

d
0i =(L2 ® (3, +p))es.
With the sliding variable ([7.2)), reaching law ([7.3]) and distributed observer (4.14]),
we get the following distributed control law:

cosf; sinb;

u; = l __sinf;  cosb; ] . <_¢Si - (bsgn(Si)
vi p v (7.26)
. COS U;v; 2 A

{ sin 0,v; 1 (Ao + pAo)Pos).
where Py ; is the estimated py for the i-th node.

We conducted numerical simulation under three different information flow topolo-
gies, shown in Fig. [7.I] We choose the tuning parameter as follows: k =2, ¢ = 2,

¢ =0, and p = 1. Fig. shows the position portrait of the multi-agent system.
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7.3 Graph Robustness and DSMC

One of the important aspect of consensus is to study the influence of information
exchange topology on the closed-loop performance with respect to consensus and
robustness. In this section, we will discuss MIMO DSMC as the tool to study graph
robustness.

In |42} 30], an optimal control framework specialized to large-scale distributed sys-
tems is developed. This framework introduces a sparsity penalty on the controller
structure into a standard optimal control setting, indicating a design preference for
decentralized and localized control schemes with limited communication between
subsystems. Recent work by [76] [24] extend these ideas to the consensus and syn-
chronization setting. Here, the pursuit of sparsity is particularly well motivated. For
example, the application of classical optimal control strategies can often result in
feedback laws that require dense communication networks which are not practical
for real-world implementation. Penalizing the structure of the control law is critical
to constructing an effective framework for control design. Naturally, balancing the
performance of the closed-loop system (e.g. response times and robustness to dis-
turbances/uncertainty) with the sparsity of the feedback law leads to an interesting
tradeoff problem.

The sparsity-promoting optimal control framework for
multi-agent consensus

Here, we review the sparsity-promoting optimal control method in the context of

consensus and synchronization problems. This approach was developed in [42, [30]

and specialized to consensus and synchronization in recent work by [76, 24].
Consider the following undirected consensus network,

(7.27)

where x € R” is the state, £, is the Laplacian of the open-loop system (i.e., the
plant), u is the control action, and d represent a disturbance. L. is a weighted
Laplacian, which implies that the control associated with the ¢th node takes the
form u; = — 2?21 wii(x; — xj).

In the context of control design, £, is given and L. is to be designed. Let Z.
be the collection of all nodal pairs (i,j) that we are allowed to connect using the
controller. For example, this set may contain all edges not contained in the open-loop
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system. The control Laplacian may be rewritten as,

Le=> w&g = Ediag(w)E] (7.28)

€T,

where E, is the incidence matrix associated with Z. and the £ are the corresponding
column vectors. Note that the weight vector w is the design variable.

The sparsity-promoting optimal control framework is made up of a two-stage
process. First, the sparsity structure of the optimal control is identified by solving,

w' = argmin J(w) + y||wl1 (7.29)

where J(w) is the performance objective and ~y is a regularization parameter. The
second stage, referred to as polishing, solves the unregularized problem (v = 0) but
subject to the previously identified sparsity structure,

w* = argmin J(w) + v||wl,
# (7.30)
s.t. supp(w) C supp(w’)

In [42, [76], the performance objective is chosen as the Hy norm of the closed-loop
system, which quantifies the steady-state variance amplification (of the disturbance)
and is parameterized by two penalty matrices: Q, which is used to form a quadratic
penalty on the state, and R, which is used to form a quadratic penalty on the control.
Typically, Q =I—1117 and R = I. Note, the state penalty x " Qx = ||x—[21Tz]1||3
and thus punishes deviations from the network average.

As demonstrated in [24], the sparsity-promoting framework described above can
be specialized to the consensus setting by,

J(w) = (G(w)™!,Q + L.RL) (7.31)

where G(w) = L, + L. + %11T is the “strengthened” closed-loop plant and adding
the constraint G(w) > 0 to produce

w' =argmin J(w) + v|lw||;
# (7.32)
st. G(w) > 0.

Note, the linear matrix inequality constraint G(w) = 0 implies that the closed-loop
plant is positive definite on the space 1+. To see this, note that the constraint
implies that for any z € 1+, 2" G(w)z = z' (£, + L.)z > 0. Hence, the closed-loop
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Laplacian has only a single zero eigenvalue and the resulting network is connected,
thus guaranteeing consensus. Importantly, is a convex optimization. J(w) is
convex with a Lipschitz continuous gradient, with derivatives computed in |24} 20].

Following standard techniques, the objective in can minimized by the prox-
imal gradient method, leading to the following iteration.

Wt = soft(w* — ap VJ(w"), yay). (7.33)

where soft(-, -) refers to the soft-thresholding function (proximal operator of ||-||1). A
key challenge, however, is the choice of stepsize oy, since the Lipschitz constant of V.J
exists but is unknown. To address this, [24] suggests the stepsize to be determined
at each iteration by backtracking to ensure the appropriate descent condition as well
as feasibility:

o J(w"™) < J(w*) + VJ(w) T (W —w")

1
+ r%Hwarl — ’U}kH% (734)

e G(w) =0

Interestingly, we found that we could not replicate the results of [24] by simply ap-
plying the proximal gradient method for a wide selection of . In several trials, we
ended up with weight vectors with many small but non-negligible entries, which cor-
responded to dense communication networks. In order to verify our implementation,
we compared our results to that of the graphsp MATLAB implementation developed
by [24]. We found that the inclusion of a greedy modification significantly improved
the result. This modification essentially applied the proximal gradient method iter-
atively for increasing v, where at each iteration the support of the decision variable
w was restricted to the support found in the previous iteration. The results in the
following section were produced using this algorithm.

DSMC control example
Consider agent dynamics ((7.25]), we define an intermediate variable for each agent:

5= (Lo (% + o)), (7.35)

where I denotes the second order identity matrix, and p € R, is a tuning parameter.
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We define the topological sliding mode variable for the whole system

0

0>

S=(L,+L)oL| . | =(L3L)A, (7.36)
on
where £ := L.+ L,, and A =[8],8,,---,0,]".

For simpler description, we denote the adjacency matrix corresponding to £ =
L.+ L, as A. Then we define s; € R? as

N
S; — Z a/ij<5i — 5]-), (737)
=Ly
where a;; is the (i, j)-th term of A. Therefore, we have S = [s],s;,--- ,s}]" € R?V.

With the sliding variable ([7.36)), we present the following distributed control law:

cosf;, sinb;
u; = l sing;  cosf; ] (—vs; — ¢sgn(s;)

_ cos 6,v; )
Pl sin Ov; |7
with ¢ and ¢ positive.

The stability is justified with Theorem

We conducted numerical simulation under two different randomly generated plant
topologies. In Fig[7.3}[7.8] we showed the simulation of how the sparsity-promoted
control completes the disconnected graph with different sparsity weights. In the first
row of both figures, we plot the information topologies; the second row showcases
the phase portrait; and the third row displays the time-domain signal plots.

In Figure and Fig. we witnessed the fragmentation phenomena of the
closed-loop system with a disconnected information topology. In systems with con-
nected topologies, we see the consensus is achieved; also we find that under different
linkages, the convergence behaviors/patterns and rates are significantly different.

(7.38)
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Figure 7.3: Topology (A). The first row is the information flow topology (A), the
second row is the phase portrait, the third row is the response in time domain.
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(a) plant topology (A) with dense link

(b) Consensus of plant (A) with dense link
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Figure 7.4: Topology (A) with dense link. The first row is the information flow

topology (A) with dense link, the second row is the phase portrait, the third row is
the response in time domain.
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(a) plant topology (A) with sparse link

link

(c) time signal

Figure 7.5: Topology (A) with sparse link. The first row is the information flow
topology (A) with sparse link, the second row is the phase portrait, the third row is
the response in time domain.
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(b) Consensus of plant (B)
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Figure 7.6: Topology (8). The first row is the information flow topology (A), the
second row is the phase portrait, the third row is the response in time domain.
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(b) Consensus of plant (B) with dense link
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Figure 7.7: Topology (B) with dense link. The first row is the information flow

topology (B) with dense link, the second row is the phase portrait, the third row is
the response in time domain.
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Figure 7.8: Topology (B) with sparse link. The first row is the information flow
topology (B) with sparse link, the second row is the phase portrait, the third row is
the response in time domain.
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Chapter 8

Conclusion

In this dissertation, we presented a distributed sliding mode control design framework
for nonlinear heterogeneous multi-agent systems. We proposed a new “topologically
structured function” that is used to construct the topological sliding surface and
reaching law. This design results naturally in a distributed control architecture. The
distributed control law is obtained by properly matching the topological sliding sur-
face and topological reaching law. The consensus problem is significantly simplified
by casting N interconnected higher-order dynamics into N-th order sliding variable.
The stability and convergence property are proved in the sense of Filippov to cope
with the discontinuity originated from switching terms.

The advantage of this framework is it explicitly supports both consensus problems
with/without leader. It also incorporates all possible information topologies ranging
from undirected topology to directed topologies with a spanning tree, and gives
stability justifications for each one of them. Also, it fits all nonlinear feedback-
linearizable systems.

8.1 Summary

In Chapter 2, we reviewed the contents in discontinuous dynamical systems since in
sliding mode control, discontinuities are intentionally designed to achieve regulation
and stabilization.

In Chapter 3 we have introduced basic concepts of graph theory, adjacency ma-
trix, Laplacian matrix, and incident matrix. Then we introduced how the connec-
tivity of the graph affects the algebraic results of these matrices.

In Chapter 4, we presented the problem formulation. We started construction
from the definition of the topological structured function, then used this function
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to construct both topological sliding surface and topological reaching law. We also
introduced variation of the design under three different cases: 1. without a leader,
2. with a static leader, 3. with an active leader.

In Chapter 5, we have studied the stability results of the DSMC. We discussed
that under different topologies, the stability results can vary. We give sufficient
conditions on Lyapunov stability, finite-convergence, and input-to-state stability. We
made the discussion on robustness by characterizing the input-output relations.

In Chapter 6, we applied the DSMC framework to a platooning system. We
introduced a simplified velocity observer for easier implementation. In addition, we
have a discussion on the propagation of disturbance and topology.

In Chapter 7, we extend the DSMC framework to MIMO systems. We showed
corresponding stability results. We also illustrated an application of using DSMC to
study the sparsity-promoting optimal control framework.

8.2 Future directions

Despite the recent progress in the study of consensus problems, numerous open
questions of scientific and practical interest remain unanswered. We describe a few
promising projects, emphasizing motivations, prospects and potential rewards for
each of them.

How to characterize disturbance propagation for a
multi-agent system with general topologies?

In vehicle platooning, there is a commonly used definition called “string stability”.
As discussed earlier, the definition of “strong string stability” as given in or
as given in [51] relies on a specific information flow topology. The structure of the
system implies that the error propagates from the front cars to the rear cars.
Without (6.32)), the definition reduces to normal Lyapunov stability of the whole
platoon. The definition in [51] is based on the predecessor following topology, and
does not apply to other other information flow topology, since the existence of G;_; ;
is not guaranteed.

The question for us is to develop so-called “string stability” for general consensus
problem. This notion will be useful for future autonomous driving systems with V2V
and V2X for the purpose of collision avoidance.
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How to keep a balance between graph sparsity and system
robustness?

A critical issue arising from multi-agent systems is the influence of the information
exchange topology on the closed-loop performance with respect to consensus and ro-
bustness. Designing information topologies that are both efficient and satisfy these
important criteria can become a challenge, particularly when only limited communi-
cation between individual agents or groups of agents is possible. Many of the recent
researches [24 20, 42, 76|, gives us a direction. However, there is a still a gap be-
tween the theory and application here. Maybe some of the theorems in compressed
sensing, and sparsity promoting optimization can give us an answer in the future.

How to tame under-actuated dynamics?

In traditional nonlinear control, we deal with mostly fully actuated systems. Cur-
rently, the DSMC control can deal with all feedback-linearizable systems. However,
many of the prospective applications of consensus have under-actuated systems, for
example: airplanes, automobiles, and robots. There are many explorations in this
area to be done. The geometric control |7] provides us some ideas on how to deal
with the under-actuated systems.
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