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Abstract

We investigate the use of distributed PID actions to achieve consensus and synchronization in
networks of homogeneous and heterogeneous agents. We first analyze the case of distributed
PID control on networks with heterogeneous nodes described by first-order linear systems.
Convergence of the strategy is proved using appropriate state transformations and Lyapunov
functions.

Then, we propose a multiplex proportional-integral approach, for solving consensus prob-
lems in networks of heterogeneous n-dimensional node dynamics affected by constant distur-
bances. The proportional and integral actions are deployed on two different layers across the
network, each with its own topology. Furthermore, the contribution of the network topol-
ogy and node dynamics have been systematically separated giving some sufficient conditions
guaranteeing convergence.

Finally, an extension to networks of identical nonlinear node dynamics is presented. We
provide local and global stability analysis together with a detailed performance assessment
where heterogeneity among nodes and disturbances are considered.

The effectiveness of the theoretical results is illustrated via its application to a representative
power grid model recently presented in the literature and also for synchronization in networks

of chaotic circuits.



CHAPTER 1

Introduction

Some years ago we could even imagine that disparate diseases like diabetes and Parkinson’s
were correlated. Now, this connections are being uncovered using network theory [19, 43].
Networks are inherently part of our universe, and daily life. In simple terms, a network is
a collection of units interacting between them through some interconnection links. We can
find them in our brain where neurons are connected by electro-chemical channels, cellular
and metabolic network, flocks of birds, etc. Moreover man-made networks like world-wide-
web, or power distribution systems where generators and consumers are connected to the
electrical power grid, represents a good example to illustrate that network theory pervades

nature, science and technology.

Networks of dynamical units (or agents) have been used to model everything from earth-
quakes to ecosystems, neurons to neutrinos [72]. Congestion in communication networks,
robot coordination, consensus and synchronization [9], are just some of the problems widely
studied in network theory. Hence, finding ways to predict and tame the collective behaviour
of a network of dynamical agents towards a desired common target state is a fundamental
problem in network control [18, 20, 45]. Centralized or distributed strategies can be used to
solve this problem. Unlike centralized control where a central “station” is required for con-
trolling the whole network, distributed control just requires local interactions among agents.
Therefore, a distributed control strategy is more apt in all those situations where several
constraints are present and cannot be avoided such as limited resources and energy, short
wireless communication ranges, narrow bandwidths, etc [15].

One particular problem in distributed control of complex networks is consensus and syn-
chronization, where the goal is for the states of all agents in the network to asymptotically

converge towards each other [54, 47]. A large number of notable applications have made this
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problem of paramount importance. For instance, distributed formation control in robotics
(32, 55], platooning of vehicles in intelligent transportation systems [25, 52|, formation and
attitude alignment in networks of spacecraft units [61], cooperative fire monitoring [63], fre-
quency synchronization in power networks [27, 35, 70], etc. (For a more comprehensive list
of applications see [3, 54] and references therein)

Consensus and synchronization share the same objective; however, in the literature there
is just a conceptual difference between them. In consensus problems, the emphasis is on
the communication constraints rather than the individual system dynamics (Commonly, the
individual systems are modeled as simple integrators and the dynamic evolution of the group
is entirely determined by the exchange of information modeled by some communication
graph.), while in the synchronization literature, the focus is primarily on the individual
dynamics [78].

The existing literature on consensus and synchronization is vast and many extensions and
sophisticated techniques have been proposed, e.g. [63, 60]. Typically, it is assumed that the
agent dynamics is either trivial or identical across the network. Thus, many of the available
strategies only apply to networks of homogeneous systems in the absence of disturbances
and noise.

Moreover, results are often obtained in the case where the nodes are either (simple or higher
order) integrators [62, 65] or possess scalar linear dynamics [12]. Only a handful of results are
available for networks whose nodes are generic n-dimensional LTI systems, see for example
[59, 40, 76, 81, 82].

As research on consensus has matured, more complicated and realistic scenarios must be
considered and analysed to address real-world application. Often, the agents in a network
do not necessarily have the same intrinsic dynamics and also may be affected by noise and
disturbances; besides, they may also communicate with different protocols and strategies.
Take for instance a network of power generators, as those considered in [27, 74]. Different
power sources and transmission lines, multiple load variations, and even communication fail-

ures between generators make the network highly heterogeneous.

Then, a pressing open problem is that of guaranteeing convergence of all agents towards
the same solution in the presence of heterogeneity among their dynamics, disturbances and
noise. In this case, diffusive linear coupling is in general only able to guarantee bounded

steady-state error as the coupling gain is increased. See for example [41] where the consensus
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problem is studied for networks of heterogeneous first order time-varying systems affected
by disturbances.

Some recent work addresses the problem of achieving consensus in networks with some de-
gree of heterogeneity. For instance, in [33], the problem studied is of driving all the linear
nodes in a homogeneous network towards a common reference trajectory (leader-follower
networks) in the presence of time-varying, yet bounded, disturbances. The case of hetero-
geneous networks has been studied in the absence of disturbances or noise both for linear
[78, 40, 59, 76] and nonlinear node dynamics [81, 82].

The aim of this thesis is to study distributed strategies based on PID control strategy,
to solve consensus and synchronization problems as a simple yet effective alternative to
diffusive linear coupling (corresponding to a simpler P protocol). PID controllers are well
known in classical control as able to provide a certain degree of robustness against constant
disturbances and noise together with many other desirable properties [4]. We will show that
most of their beneficial effects are preserved when a PID strategy is deployed in a distributed
manner over a network of interest.

Related independent work on the use of PI coupling for consensus can be found in the
literature. For instance, the use of PI coupling is proposed in [17, 16] to achieve clock syn-
chronization in networks of discrete-time integrators. Also, distributed PI actions are used
in [2] to achieve consensus in networks of simple and double integrators affected by constant
disturbances. The work presented in this thesis extends these approaches by considering a
distributed PID (rather than PI) strategy encompassing the case of networks characterized

by linear heterogeneous and non-linear homogeneous node dynamics.

1.1. Thesis Outline

In Chapter 2 we introduce the concept of complex network together with its mathematical
representation using graph theory. We also briefly explain the consensus problem in networks
of simple integrators, and the master stability function approach is introduced for studying

synchronization in diffusive coupled networks with nonlinear node dynamics.

In Chapter 3, distributed PID actions are studied for networks of heterogeneous first-order
linear dynamics affected by constant disturbances. Then, in Chapter 4, we extend the dis-
tributed PI controller to the case where the nodes have n-dimensional heterogeneous linear

systems and are affected by constant disturbances, and most importantly, the proportional
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and integral actions can be deployed independently from each other. This provides an extra
degree of freedom that can be exploited to enhance the network’s performance. In Chapters
3 and 4, full proofs of convergence are given and examples are included to validate the the-

oretical results.

Then, in Chapter 5 we propose the use of distributed PID controller for synchronizing
networks of non-linear units. Here, the master stability function approach and Lyapunov
theory are used to derive sufficient conditions to guarantee convergence of all nodes in the
closed loop network. We show that the basic properties of the classical PID control are
preserved even if the controller is deployed in a distributed fashion. Finally, some applications
of the techniques developed in the thesis are given in Chapter 6 where synchronization in
networks of power generators and electrical circuits are presented together with numerical

validations. Conclusions are drawn in Chapter 7.

1.2. List of Main Contributions

The main contributions of this thesis are fourfold.

e First, we propose the use of a distributed PID control for reaching consensus in net-
works of heterogeneous first-order linear systems under constant perturbations. Here,
the existence of a unique consensus equilibrium representing the collective dynamics
of the network, is characterized as a function of the node dynamics. A complete proof

of global asymptotic stability, together with numerical validations are presented.

e Secondly, a multilayer approach for reaching consensus in networks of heterogeneous
n-dimensional linear dynamics is proposed. The proportional and integral actions are
deployed on two different layers across the network, each with its own topology. Explicit
expressions for the consensus values are obtained together with sufficient conditions

guaranteeing convergence.

e Third, we extend the PID strategy to the case where the nodes are nonlinear and
identical across the network. We derive local and global synchronization conditions
where extensive simulations routines were performed to validate the theoretical results,

together with a detailed performance assessment analysis.

e Finally, The proposed PID techniques are used in applications specifically to the prob-

lem of achieving synchronization of power generators and chaotic circuits.

The main results were presented in a number of publications [11, 12, 13, 14]



CHAPTER 2

Preliminaries and Background

2.1. Complex networks: generalities

As we point out in the Introduction, network theory is an emerging and prominent scientific
area used to model, describe and analyse ensembles of agents or units interacting with each
other. A network has three principal ingredients Nodes: denote the function of each agent,
Links: describe the interaction between agents, and the Network structure: representing the
architecture of the interconnections among nodes.

In general, networks present some particular properties that make them difficult to predict

and control [72], for example

O The nodes represent the function of
each agent/unit

The links represent the interaction
between agents

Figure 2-1.: General diagram of a network
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Figure 2-2.: Wiring diagrams of some complex networks. (a) Electrical power grid of north-
ern Italy, each node represents a power generator or consumer while the links
represent buses [51] (b) Brain network, here the nodes ans links represent neu-
rons and the interactions between them respectively [71], (c) a visualization of
the network structure of the Internet at the level of autonomous systems-local
groups of computers each representing hundreds or thousands of machines

[53)].
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(i) Structural complexity: the architecture of the network could be an intricate tangle.

For instance in Fig. 2.2(c) is depicted the complex wiring diagram of Internet.

(ii) Evolution of the network topology: The links in the network may be time-varying.

On the World-Wide Web, pages and links are created and lost every minute [53].

(iii) Connection diversity: the links between nodes could have different functions, and

weights. Synapses in the nervous system can be strong or weak, inhibitory or excitatory.

(iv) Dynamical complexity: the nodes could be nonlinear dynamical systems. In a gene
network or a Josephson junction array, the state of each node can vary in time in

complicated ways.

(v) Node diversity: there could be many different kinds of nodes. In an electrical power
grid (see Fig. 2.2(a)) the nodes represent consumers and different types of power

generators; hydroelectric, eolic, solar, etc.

(vi) Meta-complication: the various features listed above can influence each other. For
example, the present layout of a power grid depends on how it has grown over the
years a case where network evolution (ii) affects topology (i). When coupled neurons
fire together repeatedly, the connection between them is strengthened; this is the basis

of memory and learning. Here nodal dynamics (iv) affect connection weights (iii).

Notwithstanding the complexity of networks, there is a significantly large number of prob-
lems studied in natural and man-made networks, for instance, congestion in communication
networks [49], cascading failures and epidemic spreading [36, 50], brain networks [46], robot
coordination and consensus [32, 55], frequency synchronization in power networks [27, 35, 70],
etc (For further details about applications see [72, 9] and references there in). These, complex
systems share the same mathematical formulation for describing their architectures which is

based on graph theory and dynamical systems as we will see below.

2.2. The structure of complex networks: algebraic graph
theory
Generally speaking, a network is a collection of nodes and links, each with an associate

function or dynamics. One of the most important aspects in a network is its architecture

(or structure), which commonly is represented by a graph. For instance in Fig. 2-3 three
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Figure 2-3.: Example of: (a) an Internet network, (b) a Hollywood actor network, (c) a
protein-protein interaction network. All of these networks are represented by
the same graph (d). Images taken from [5].

different networks are depicted (a)-(c), sharing the same structure and are represented by
the graph shown in Fig. 2.3(d).

A graph is composed by vertexes and edges, each one of them representing nodes and links
in a network of interest. The links of a network can be directed or undirected. For instance;
phone calls, where one person calls the other represents a directed link, while the transmission
lines on the power grid, on which the electric current can flow in both directions represent

undirected links.

Definition 2.2.1. (undirected graph) An undirected graph ¢ is a pair defined by 4 = (N, E)
where N' = {1,2,--- , N} is the finite set of N node indices; E C N XN is the set containing

the P edges among nodes. Furthermore, we assume each edge has an associated weight
denoted by w;; € RT for alli,j € N.

In general, the topology of a network can be represented using the adjacency matrix [9].

Definition 2.2.2. The weighed adjacency matriz A(9) € RN*N with A,; entries, is defined

as A;;j(¢9) = wyj if there is an edge from node i to node j and zero otherwise.

Definition 2.2.3. The degree matriz D(9) € RY*N with D;; entries, is defined as D;j; =
Z?:l w;; for i=j and D;; = 0 otherwise.
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Definition 2.2.4. The Laplacian matriz £(9) € RY*YN is defined as the matriz whose
elements L;;(94) = Z;.V:L#i wy; if i =7 and —w;; otherwise.

Note that, the Laplacian matrix can be obtained as L(¥9) = D(¥9) — A(¥) [54].

Example 1. Consider the graph depicted in Fig. 2.3(d). Then using definitions 2.2.2, 2.2.3

and 2.2.4 we compute the adjacency, degree and Laplacian matrices which are given by

0110 2000 2 -1 -1 0
1 011 03 00 -1 3 -1 -1

= D: -
A 1100}’ 002 0]’ £ -1 -1 2 0
0100 0001 0 -1 0 1

Definition 2.2.5. [/8] We say that an N x N matriz S = [S;;],Vi,j € N belongs to the set
Q if it verifies the following properties:
1. §;; <0,i# 7, and S;; = — % Sij,
J=Li#i
2. its eigenvalues in ascending order are such that A\{(8) = 0 while all the others, A\i(S),
ke{2,--- N}, are real and positive.

It is important to highlight that the Laplacian matrix £ belongs to the set €2 if its associated
graph ¢ is connected [54].

Lemma 2.2.1. [6/] Let 4 be a connected undirected graph. Then, its corresponding Lapla-
cian matriv £ € Q can be eigen-decomposed as L = UAUT where U € RYN s an
orthonormal matriz given by U := [uy,--- ,uy] where u; € RY*! are the eigenvectors of L,
and A := diag{0, A, ..., An} with non-negative diagonal entries being the eigenvalues of L,
which can be ordered as 0 = Ay < Ay < --- < A\y. Moreover, the smallest nonzero eigenvalue

satisfies

. x! Lx
Ao = min =
xT1ny=0x£0 XX

(2-1)

2.3. Multiplex networks

Multiplex (or multilayer) networks are a collection of networks called layers which may
interact with each other, and have been proposed as an effective modelling approach for
representing and investigating several problems in many real and man-made networks [42].
They are characterized by the presence of different types of links and interconnections among

nodes.
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A classical example are transportation networks where two nodes (e.g cities) can be connected
by rail and/or road and/or plane, as can be seen in Fig. 2-4 (see [21, 8] for further examples

and an extensive review of available results to date).

e
. & ;? L, gl — (N?Sl)

g 'S 77y
ol e
:{ p Andgﬁala{pﬁz/\

r i e e 3

7
Q “’; @Madrid iy
{

(a) (b)

Figure 2-4.: (a) Network of cities interconnected by rail and plane. (b) Multiplex represen-
tation of the network, with just two independent layers (no interconnections
between layers, i.e., D is an empty set) sharing the same set of vertexes.

To represent multiplex networks we introduce the concept of a multiplex graph which is a

collection of graphs together with links between nodes of different graphs [8].

Definition 2.3.1. A multiplex graph, is a pair # = (G, D) where G is the set of M graphs
G:={%, - , Yy} called layers of M , and D is the set of edges representing interconnections

between nodes of different layers.

Definition 2.3.2. Given two graphs sharing the same set of nodes % = (N, &) and % =
(N, &), we define the projection graph as the graph proj(%, %) = (N, &,) with associated
adjacency matriz A, = A(%) + A(%).

2.4. Mathematical notation and preliminaries

We denote by Iy the identity matrix of dimension N x N; by Op/»n a matrix of zeros
of dimension M x N, and by 1y a N x 1 vector with unitary elements. The Frobenius

norm is denoted by ||-|| while the spectral norm by ||-[|. A diagonal matrix, say D, with
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diagonal elements dy,...,dy is indicated by D = diag{dy,...,dy}. The determinant of a
matrix is denoted by det(.), Ar(A) denotes the k-th eigenvalue of a squared matrix A, and
A’ = A + AT denotes the symmetric part of a matrix, while A >~ 0 indicates that A is a

positive definite matrix.

Proposition 2.4.1. Given two vectors ¢; € R, ¢, € R™*! and two matrices Q; € R™*",

Q2 € R™™ some algebraic manipulations yield [58]

2T QT QuC, < <¢TQTQIC, + 1CTQEQuC,, Ve > 0 (2-2)

Proof. Consider the vector aQ;¢; + 0Q2¢, with a,b € RT. Hence, from its quadratic form

one has
(aQu¢y £6Q2C,)" (aQuCy £6Qags) 2 0

then

a*¢1 Q1 Qu¢y £ 2ab¢T Q1 Qaly +5°¢3 Q3 Qa¢, > 0
and regrouping terms we have

a a

267QTQ:0, < $¢TQTQIC + T¢I QIQC

Finally, setting ¢ = a/b we obtain (2-2). O

Lemma 2.4.1. Given a symmetric matriz A € R™*", denoting by Amin(A) and Apax(A) the

smallest and largest eigenvalues of A, the following statements are true [67]

Auin(A)¢T ¢ < CTAC < Anax(A)CTC VC € R (2-3)
Al = max {[Ac(A)[} < [|A] (2-4)
Amin(A) S Amin(Ao) S )\max(Ao) S )\maX(A) (2_5)

where A, € R¥* is a principal sub-matriz of A [6].

Example 2. Consider the symmetric matrix

2 -1 -1
A=|-1 1 0
-1 0 1

with eigenvalues \; = 0, A\ = 1 and A3 = 3. Then without loss of generality we select as a

A, = 2 -1
-1 1
with eigenvalues A\,; = 0.382 and A,, = 2.618. Note that \,..(A) = 3, while A\..(A,) =
2.618; therefore, we have that expression (2-5) is satisfied.

principal sub-matrix
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Lemma 2.4.2. [6] Given the matrices A, B, C and D of appropriate dimensions, the

Kronecker product satisfies the following properties

(A®B)+(A®C)=A® (B+C) (2-6)
(A®B)(A®D) = AB®BD (2-7)
(A @Bl = [|A[[lIBI| (2-8)

Proposition 2.4.2. (Schur complement [10]) Let Q be a block matrixz defined by

Ql QQ :|
Q; Qs

where Q1 = QT and Q3 = QY. Thus Q = 0 if one of the following conditions is fulfilled

o

i) Qi=0,Q;—QIQ'Q. =0
i) Qs =0, Q — QIQ;'Qy = 0

2.5. Consensus in multi-agent systems

One particular problem in distributed control is consensus, where the goal is for all agent
states in the network to asymptotically converge towards each other [54].
From the early work reported in [68], achieving consensus in multi-agent systems and net-

works has become a fundamental problem in Control.

The classical paradigm involves networks of simple or higher-order integrators communicat-
ing via linear diffusive coupling on an undirected network. Specifically, consider a multi-agent

system of NV simple integrators describing the dynamics of each agent

where z;(t) € R represents the state of the i-th agent and w;(t) € R is the distributed control
input through which agent ¢ communicates with its neighboring agents.
Hence, the problem is to find a communication algorithm or a distributed controller w;(t),

such that all states x;(t) converge asymptotically towards each other, i.e. consensus.

Definition 2.5.1. Let € be the consensus manifold

€= {x € RY | [z;(t) — (1) = 0,¥i.j € Ni # j}
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then, the group of N agents described by (2-9) is said to reach consensus if, for any set of
initial conditions x;(0) = x4,

limx(t) e €, Vt>0,ieN

t—o00

In [68], a distributed algorithm was proposed based on the sum of a proportional error

between the i-th node and its neighbors

u;(t) = Z wij(w;(t) — xi(t)) (2-10)

where w;; denotes the weight of the link between nodes i and j. This controller can be

represented by a graph & = (N, £); therefore, using the Laplacian matrix of ¢, we can write

ui(t) = — Z Lija;(t) (2-11)

In what follows we denote this type of coupling as as distributed proportional control. It
is well know that the distributed controller (2-11), is in fact able to solve the consensus

problem for the group of agents (2-9).

Theorem 2.5.1. Under the distributed proportional control dynamics (2-11), a group of N
agents described by (2-9) achieves consensus if the undirected graph 9 is connected. Moreover

all the states asymptotically converge to a constant value x, given by

Loo =

Z (0) (2-12)

==

Proof. Let x(t) := [x1(t),- -+ ,x1(t)] be the stack vector of the states of all agents; then the

overall dynamics of the closed-loop network can be written as
x(t) = —Lx(t) (2-13)

and its general solution is given by x(t) = e %'x(0). It follows from Lemma 2.2.1 that
L = UAUT. Hence, one has that

x(t) = e VAU x(0)

= Ue 2UTx(0)
1 0 ur
1x(N-1) .
= | uy, ,u s x(0
[ ' N} O(N—1)><1 e M T ( )
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where A := diag {\s, -+, Ax} is the matrix containing the nonzero eigenvalues of the lapla-

cian matrix. Therefore, asymptotically we have that

T
u;

x(0)

limx(t):[ul, ,uN} :
uf, (2-14)

t—o0

[ 1 O1x(nv-1) }
L Ov—1)x1 Ov—1)x(v—1)

r T
u
=[w, - uy ] !

} x(0)

L Oov—1yx(v-1)

Note that u; is the eigenvector associated with the null eigenvalue and it is given by u; :=
[1/v/N,---,1/v/N]. Therefore, (2-14) can be recast as

1/N --- 1/N
lim z(t) = oo [x(0)
t—o0
1/N --- 1/N
(X
i=1
and the proof is complete. O]

Example 3. In Fig. 2-5 are shown three different networks of simple integrators (2-9)
controlled by the distributed proportional strategy (2-11). Without loss of generality, we
assume that all link weights are unitary. This is w;; = 1 if there is an associate edge between

nodes ¢ and j and w;; = 0 otherwise.

In the literature, this proportional algorithm is often called average consensus [32, 55] and

only applies for the case where the nodes share trivial dynamics.

As we said in the Introduction, there are several extensions of consensus algorithms, and it
is often assumed that the agent dynamics is either trivial or identical across the network.
Thus, many of the available strategies only apply to networks of homogeneous systems
in the absence of disturbances and noise. Unfortunately, this is not a realistic scenario
since heterogeneity is a principal ingredient in real and man-made networks. In the next
Chapter we will address the problem of achieving consensus in heterogeneous networks under
the presence of constant disturbances acting on each node, by extending the distributed
proportional controller (2-11) to the case where integral and derivative actions are also

present.
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Figure 2-5.: Time response of three different networks of simple integrators (2-9) controlled
by (2-11). All link weights are unitary. The blue dashed-line represents the

average consensus value Lo
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2.6. Synchronization in complex networks

Synchronization can be traced back in the seventeenth century, to the observation on couple
clocks made by the Dutch scientist Christiaan Huygens. He built an experiment consisting of
two pendulum clocks hanging from a common support, realizing that after some time, their
oscillations coincided perfectly, i.e synchronization. This observation, made a great impact
on the scientific community at that time and increased the accuracy of time measurements
enormously [58]. Nowadays, synchronization is an active research field due to its potential
application in biology and technology [29, 75, 26]. In particular, consider a diffusive coupled

network of N nodes given by

N

Xi(t) = f(x;) — > LyTx;(t),Vie N (2-15)

j=1

where x; € R", f(x,t) : R" x Rt U {0} + R™ is a nonlinear vector field modelling the
dynamics of each agent in the network. I' € R™*" is the inner coupling matrix representing
the exchange of information between agents, « is the coupling strength and the architecture
of the network is represented by an undirected graph ¢ where L is its associated Laplacian
matrix. Note that the diffusive term in (2-15) is the generalization for high-order node

dynamics of the distributed proportional control in (2-10).

Definition 2.6.1. Let € be the synchronization manifold

then, network (2-15) is said to reach local admissible synchronization if, for any set of initial
conditions x;(0) = X0,

limx(t) € €, Vt>0,ieN (2-16)

t—o00

If in addition (2-16) is satisfied for any initial condition, we said that the network reaches

global admissible synchronization.

Synchronization in diffusive coupled networks has been extensively studied in literature,
where different approaches and conditions are presented for its achievement. For instance
in [47, 44] both local and global techniques are proposed for studying synchronization in
networks, while in [22, 23] extensions have been made to the case where the connections
weights evolve according to some adaptive law. Usually, global techniques are based on
Lyapunov stability and passivity theory; however, there is also an interesting and relative

simple strategy to study local synchronization as we shall see below.
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2.6.1. Master stability function

The master stability function (MSF) is a local approach for studying synchronization in
networks and was originally proposed in [57]. The main advantage of MSF is that allows to
reduce the computational complexity required to assess if synchronization is possible, since
instead of studying the stability of the whole network, it is just required to study the stability
of one node (master node), which represents all the others in the web. Hence, this technique
represents a powerful tool for investigating synchronization in generic networks of identical
oscillators (some extensions to nearly identical oscillators are available in [73]). Note that
when all nodes are synchronized, i.e., x; = --- = xy = s(t), the equation describing the

synchronous motion is given by
s(t) = f(s) (2-17)

Roughly speaking, the master stability function approach, studies the stability of the syn-
chronous solution s(t), in the presence of small perturbations dx(t). For the sake of clarity,

we have split the MSF approach in four steps

1. First, we start by assuming that the network is already in a synchronous state, and also

that this state is a solution of an isolated node (2-17), so that x; = --- = xy = s(t),
2. Next, we perturb the synchronous state of each node by considering s(t) = x;(t) —

0x%;(t). Hence, the the perturbation dynamics reads

N
ox;(t) = £ (6x;+5) —a Y LyTéx(t) —f(s),Vie N (2-18)
j=1
It follows from Taylor series expansion that

f (0x; +s) =f(s) + Df(s)dx;(t),Vi e N

where Df(s) denotes the Jacobian matrix of f(.) evaluated along the synchronous

solution s(t). Therefore, (2-18) can be rewritten as

8x;(t) = Df(s)0x;(t) — Y L;;Tox;(t),Vi € N (2-19)

Jj=1

and therefore, the disagreement dynamics of the whole network are given by
A(t) = ((Iy ® Df(s)) —a(L @ T)) A(t) (2-20)

where A(t) := [5X1T(t), e 75X%(t)]T
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3. Then, a state transformation is implemented in order to decouple the perturbation
dynamics of any single node from the others. So, from the fact that the Laplacian
matrix £ is symmetric positive semi-definite matrix, we have from Lemma 2.2.1 that
L = U'AU. Thus, letting ¢(t) = (U™ @ I,,) A(t), we can recast (2-20) in the new

coordinates as

¢(t) = (Iy ® Df(s)) —a(A @ T)) ¢(1) (2-21)

note that (2-21) is in triangular form with blocks ¢;(t) = (Df(s) — a\T) ¢,(t), Vi € N,
where \; are the eigenvalues of the Laplacian matrix. Then, letting & = a\;, we have
that all the N blocks can be represented by the generic dynamics (master node) ()
given by

¢.(t) = (DE(s) — aT) ¢, (t) (2-22)

4. Therefore, the local stability of the synchronous solution s(t) can be addressed comput-
ing the Maximum Lyapunov Exponent (see Appendix B) of the variational equation
(2-22). Note that if the synchronous solution s(¢) represent an equilibrium point; then,
the stability problem becomes equivalent to study the dominant eigenvalue of (2-22).
Throughout the thesis we denote the maximum lyapunov exponent of (2-22) as V(a),
which is also known as Master Stability Function (MSF) [9].

N > ~ P2

P11 P2 P3 ~
0 - —a- » O

AN

N\
\
\
S
~ ~
~A

Figure 2-6.: Three possible cases for the MSF W¥(&): Type P,: U(&) is a monotonically
increasing function. Type P;: ¥(a&) is a monotonically decreasing function,
Type Py: ¥(a&) is a V-shaped function admitting negative values in some
region.

Positive values of W(&) represent unstable modes, i.e. the network does not exhibit synchro-

nized motion. Moreover, negative values of ¥(&) indicates that the network exhibits local
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synchronization (the synchronization manifold is locally transversely stable). Note in (2-22),
that for \; = 0 we have that & = 0 and the variational equation reads ¢,(t) = Df(s)¢, (1)
where its Lyapunov exponents are equal to those of the single uncoupled system s(t) = f(s).
Three possible cases of the MSF' are shown in Fig. 2-6. Thus we say that the variational
equation (2-22) possesses a MSF of type

e P,: if there is not any intersection point with the zero axis; therefore, synchronization

cannot be achieved, no matter the coupling strength,

e Py: if there is just one intersection point p; with the zero axis, so for admitting local

synchronization it suffices a > p; /g,

e [ if there are two intersection points p, and p3. Hence, synchronization is guaranteed

if po/Ag < a0 < p3/An.

A more general case where the MSF presents multiple intersections can be found in [47].

Example 4. Consider the closed-loop network (2-15), where the non-linear vector-field mod-
elling the intrinsic dynamics of each node is described by the well know Lorenz equation given
by

fi(x)=| 2821 — @y —xy23 |, Dfi(x) = | 28— 23 —1 —m (2-23)
—ars + Tr1T3 X9 T —a

This system exhibits chaotic oscillations for a = 2 as can be seen in Fig. 2-7, where the

_

40 05 1 15 2 25 3
k x10*

Figure 2-7.: (a) Chaotic attractor, (b) Lyapunov exponents j,. k denotes time step of the
algorithm.
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Lyapunov exponents p, for p = {1, 2, 3} have been also computed using a standard numerical
method with a time step 7' = 0.001 (see Appendix B). For this particular system we have that
1 = 0.849, o =~ 0 and p3 =~ —13.82. Next, we compute the MSF for the Lorenz equation.
So we first integrate system (2-17) for 10* steps so that we can reach the chaotic attractor, to
then compute for 20 x 10 steps the Lyapunov exponents of the variational equation (2-22).
We then repeat this computation for different values of the parameter a. The results are

depicted in Fig. 2-8 where the MSF W(a&) has been calculated for different I' matrices. Note

2 1
ok s o ¢ 4 m e m ]
\ 0.5/
- 7.22
-2
2/8 ~~ 0»-‘f‘-‘-»—-‘-‘-‘-»-‘-‘-‘-»-4-‘-‘-‘-»---‘-‘-
~ -4 g
= P o5
-6
-8t -1r
-10 : : : : -15 : : : :
0 2 4 ~ 6 8 10 0 20 40 60 80 100
(0 o

Figure 2-8.: Master Stability Function for chaotic Lorenz system under different output
matrices: (a) I' = diag{1,1,1}, (b) I' = diag{1,0,0}, (¢) I' = diag{0,1,0},
and (d) I' = diag{0,0, 1}.

that the MSF of Figure 2.8(a), 2.8(b), and 2.8(c) are Type Pj; then, local synchronization
is expected if & > 0.8/Xg, @ > 7.22/Xs, and o > 2.2/ ), respectively. Specifically, consider
a network of then nodes as the one depicted in Fig. 2.5(a) with I' = diag{1,1,1}. Thus
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following previous derivations we have that the network reaches local synchronization if
a > 0.8/0.233 = 3.4335. The time response of the network is depicted in Fig. 2-9 for two

different values of the coupling parameter a.

Figure 2-9.: Time response of a network of 10 chaotic Lorenz for (a) @ = 3 and (b) a = 4.



CHAPTER 3

PID Consensus in Heterogeneous
Linear Multi-Agent Networks

As we point out in the last Section, the study of consensus in networks has been carried
out mostly for trivial and homogeneous dynamics in the nodes. Nevertheless, heterogeneity
is a principal ingredient in real and man-made networks. Therefore, as a simple scenario
for studying heterogeneous networks, we consider a multi-agent system of N nodes (agents)

governed by heterogeneous first-order linear dynamics of the form

where z;(t) € R represents the state of the i-th agent, p; € R is the agent pole determining
its uncoupled dynamics, d; € R is some constant disturbance (or constant external input)
acting on each node, and wu;(t) € R is the distributed control input through which agent i
communicates with its neighboring agents. Note that without any control input, the node
dynamics can either be stable (p; < 0) with different equilibria given by z} := —d;/p;, or
unstable (p; > 0), while the constant term ¢§; can be used to represent different quantities
in applications. For example, it can model constant power injections in power grids [28] or

noise in minimal models of flocks of birds [79].

Definition 3.0.2. (Admissible consensus) A multi-agent network of N heterogeneous agents
described by (3-1) is said to reach admissible consensus if, for any set of initial conditions
2;(0) = 0,

lim |z;(t) — (1) =0, |u;(t)] < +oo0, VEt>0,ieN (3-2)

t—o00
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If, instead limy_,o |2(t) — 2:(t)| < € for e > 0 and |u;(t)] < 400, ¥Vt >0, Vi,j € N, the

network 1s said to achieve e-admissible consensus.

Here we study the case where, rather than controlling the agents via classical proportional

(diffusive) strategy, agents in the network are controlled by distributed PID control given by

Zwm a (w;(t) — a:(t) +ﬂ/ j(r) = ai(7)) dr + 7 (2;(t) — (1)) | (3-3)

where w;; represents the associate weight of a link between node ¢ and j of a graph ¥ :=
(N, E). We do not consider self-loops, that is w; = 0, and the constants a, 3, v € R" are
additional parameters modulating globally the contribution of the proportional, integral and

derivative actions. Using the Laplacian matrix of the graph ¢, we can recast (3-3) as
N

=30ty (a4 8 [ wymrar 40 (3-4)

where L£;; are the elements of the network Laplacian.
Now we first present the proportional-integral case, to then study the full distributed PID

control.

3.1. Distributed PI control

In this section we neglect the derivative action in (3-4), this is setting v = 0 so that we obtain
a distributed PI strategy. Hence, defining P := diag{p1,--- ,pn}, A := [0y, -- ,5N]T, the

stack vector of node states x(t) = [z1(t), ..., zn(t)]" and integral states
T t
z(t) = [21(t), ..., 2n ()] = —6[,/ x(7)dt (3-5)
0
the overall dynamics of the closed-loop network can be written as
X(t):| {P—a[, Iy }{X(t)] [ A ]
. _ 4 3-6
l Z(t) —5[« ON><N Z(t) ON><1 ( )
A

Then, the problem is finding conditions on the control gains «, (3, the network structure £

and node dynamics P, such that the closed-loop network (3-6) achieves admissible consensus.
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3.1.1. Consensus equilibrium

First we prove that the PI strategy is able to guarantee consensus. In particular we prove
that the closed-loop network (3-6) has a unique equilibrium which solves the admissible

consensus problem.

Proposition 3.1.1. The closed-loop network (3-6) has a unique equilibrium given by X* :=
Tooly with To == =30 61/ 0 pi, and z* := —(Px* + A).

Proof. The proof follows immediately by setting the left-hand side of (3-6) to zero and
noticing that £ € © (see Lemma 2.2.1) so that x* = aly, Va € R and z* = — (aP1y + A).
By definition (3-5), and from the fact that £ € ©, we also have 1§z(t) = 0, then 1%z* =0

and we obtain 1
N N B
o= —tha/tEPL = - (7 6) (37, )

Hence, setting x., = a completes the proof. O

To prove convergence of the closed-loop network (3-6), we have to prove that equilibrium in
Proposition (3.1.1) is globally asymptotically stable. We start by shifting the origin via the
state transformation y(t) := z(t) + A so that (3-6) becomes

017 o ] 0]

A

Therefore, convergence is equivalent to prove that the matrix A is Hurwitz stable. To this
aim we split the proof into two stages. Firstly, the system describing the error dynamics to
the consensus state is derived and some of its generic properties are described. Secondly,
the two cases of homogeneous and heterogeneous nodes are treated separately in order to

complete the proof of convergence.

3.1.2. Block decomposition of L

First, we present a decomposition of the Laplacian matrix that will be crucial for the deriva-
tions reported in the rest of the manuscript. Note that such a decomposition can be avoided
sometimes when proving consensus in homogeneous networks, but it is particularly useful to

prove convergence in the presence of heterogeneous nodes.
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As the Laplacian matrix is symmetric (the graph is undirected), according to Schur’s lemma,
there exists an orthogonal matrix, say V := (1/v/N)U such that £ = VAV~ = UAU,
where A = diag {0, Ao, -+, A\x}. Note that the eigenvectors of £ are column vectors of V
(or equivalently row vectors of V1), As suggested in [41], without loss of generality, we can

express the orthogonal matrix U and its inverse in the following block form

U= |: 1 Ql? :| : U-! = |: 11 R12 :| ’ (3-8)
Ivg Qo Ro1 Roo
where Q2 € RlX(N_l), Qo € R(N_l)X(N_l), rn1 € R, Ry € RlX(N_l), Ry € R(N_1)>d,
Ry € RIN=DX(N=1) are blocks of appropriate dimensions and
1 1
o= 5 Ry = Nlﬁ—u (3-9)
Moreover, as V™1 = VT it follows that Ry; = (1/N)QL, and Ry = (1/N)QZ,. Thus, we

can recast U as

= -1
v [ Iy-1 NRj } ’ (3-10)

Also, since U™'U = I, the blocks in the definition of U and U~! must fulfill the following

conditions:

Ro1 + Ropdln_1 = Onv—1)x1 (3-11)
1

Ry R}, + RnRj, = WINA (3-12)

Tllel + R12Rg2 = 01><(N—1) (3—13)

Note that, solving (3-11) for Ry and (3-13) for RJ}, using (3-9), we can also write

Ry Rl = Ryp1n_ 115 RL (3-14)

Moreover, [[V7H| = v/ Anae(VHTV 1) (see (2-4)). Also, as V7! = VT and VVT =1y
one has [[U7!|| = \/LN and therefore its block Rags is such that

IRl < [[[UH] =1/VN (3-15)

Finally, |[Roeln_1|| < VN — 1||Ra2|| (see Theorem 5.6.2 of [67]), then expressing Rg; from
(3-11) and using (3-15), we find that

[Ra1|| < VN — 1f|[Rasf| < V(N —1)/N (3-16)
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Proposition 3.1.2. The matrix Ros has full rank.

Proof. From the definition, U is full rank and det(U) # 0. Then, from (3-10) one has (see
Prop. 2.8.3 in [6])
det(U) = det(NRL, — N1y_RI)

Now, from (3-11), RL, = —1% | RZL,. Therefore,
det(U) = Ndet(Iy_; +1y_11%_ ) det(RL) #0

which implies that the rank of Rgs is full. O

3.1.3. Error dynamics

To study convergence to the consensus equilibrium, we consider the state transformation
e(t) = U 'x(¢). Indeed, using the block representation of U™! in (3-8) and letting e(t) =
lea(t), ... en(t)], X(t) = [22(t), ..., zn(t)] We obtain

€1 (t) = 7“11131<t) + Rui(lf) (3—17&)
é(t) = Rgll’l (t) + RQQX(t) (3—17b)

Note that by adding and subtracting the term Rgoxq(f)1y_1 to (3-17b), and using property
(3-11), one has
e(t) = Roo (X(t) — 21(t)1n-1)

It is important to highlight that €(t) = O(nv_1)x1 if and only if X(¢) — 21 (¢)1y—1 = O(nv—1)x1
since Ryy is full rank (Proposition 3.1.2) [This also implies that, when consensus is achieved
all nodes must converge to x;(t)]. Then, admissible consensus is achieved if lim;_, ||€(¢)| = 0
and ||z(t)]| < +o0,Vt > 0.

Now, recasting (3-7), in the new coordinates e(t) and w(t) = U~ ly(¢), and using Lemma

2.2.1, we get

R R R PR o RO Y 150
w(t) = —BA&(t) (3-18b)
where W(t) = [wa(t),...,wn(t)], and A = diag{)\s,---,Ax}. Note that the equation for

wi(t) can be neglected as it has trivial dynamics with null initial conditions and represents

an uncontrollable and unobservable state. Moreover, ¥ is a block matrix defined as

i Wi ] -1 -1 P1 01><(N—1)
v = =U"PU=U = U 3-19
|: 11’21 ‘Il22 O(Nfl)xl P ( )
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with P := diag {ps, -+ ,pn}. Also, using properties (3-11)-(3-14), we can write (see Ap-

pendix A.1 for the derivation, considering L =1 ~ since v = 0)

N
Y = (1/N) Zk:l Pk (3-20)
Py = = pRgz = ‘I’2T1 (3‘21)
\1122 = NR,22 (pllelljj\jf_l + ].3) Rg; (3—22)
where
p = [,02—P17“‘ ;PN—Pl] (3-23)

Case 1: Homogeneous node dynamics
We first complete the proof of convergence for the homogeneous case, that is we assume all
nodes share identical uncoupled dynamics (p; = p; = —p* for all 4,5 € N), but are affected

by different constant disturbances ;.

Theorem 3.1.1. The closed-loop network (3-6) with homogeneous nodes i.e., p; = p; = —p*,
p* € RT fori,j € N, achieves admissible consensus for any positive values of o and .

Moreover, all node states converge asymptotically to xo, := (1/N) Zgzl o/ p*

Proof. Firstly note that when all nodes share the same dynamics we have that p = 0y, (n_1)
in (3-23); hence, Wiy, = U, = O1x(v-1) in (3-21). Moreover, P = —p*Iy_; and, using
properties (3-12) and (3-14), W9y = —p*Iy_;. Then, (3-18a) becomes an uncoupled equation,
this is the dynamics of e; does not depends from the rest, and under the assumptions e; ()
exponentially converges to zero. Now, for the dynamics of e(t) and w(t), let’s consider the

transverse candidate Lyapunov function
1 _
V(e,w) = 3 (Be"Ae+ w'w) (3-24)

differentiating V' along the trajectories of (3-18), one has V = —BeTA (041_& + p*IN,l) e,
which is clearly negative definite for any positive value of o« and (. As the function is
also radially unbounded, we can conclude that the origin is a globally exponentially stable
equilibrium and the closed-loop network converge to the equilibrium shown in Proposition

3.1.1, and the proof is complete. O]
Remark 3.1.1. Note that:

e An alternative proof of Theorem 3.1.1 can be found in [3]] and [2] for identical and
nonidentical disturbances, respectively. However, our proof also allows to consider
the more generic case of heterogeneous node dynamics as we will present in the next

section.
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o Network (3-6) still achieves admissible consensus if the nodes are unstable (p* € R™),
since a suitable o can be chosen such that oA + p*Ix_, remains positive; however,
the average trajectory e, (t) will be unstable and the system will exhibit unbounded ad-
missible consensus; that is, lim, o (x;(t) — z;(t)) = 0 but limy_,cx;(t) — oo for all
i,7 €N.

o The aim of the distributed PI action is to guarantee that the nodes disagreement tends
to zero at steady-state despite the presence of the disturbances. Therefore it should not
be surprising that when these are present, consensus is indeed achieved but on a value

that is dependent on their magnitude.

e The proof of the theorem does not apply as is if the nodes are simple integrators (p; =

p; =0). In this case, Corollary 3.2.1 must be used instead.

Example 5. Consider the multi-agent system (3-1) with homogeneous node dynamics p; =
—2 for all i € N and ¢; = 1 for ¢ being an odd index and d; = 0 otherwise. Therefore, under
distributed PI (3-4) (v = 0) strategy, and using Theorem (3.1.1) we can conclude that the
homogeneous multi-agent network reaches consensus for any value of o and f.

Without loss of generality we choose o = § = 1 and unitary link-weights. This is w;; = 1
if there is an associate edge between nodes ¢ and j and w;; = 0 otherwise. Thus, from
Proposition 3.1.1 we have that z,, := —Z,]fvzl 6k/ZkN:1 pr = 0.25; therefore, x* := 0.251y
and

z* = —(Px* + A) =[-0.5,0.5,-0.5,0.5,—0.5,0.5, —0.5,0.5, —0.5,0.5]"

The time response of the closed-loop heterogeneous network is depicted in Figures 3-1 and
3-2, considering different network topologies. Note that the speed of convergence to the

consensus equilibrium increases when the algebraic connectivity \; also increases.

Case 2: Heterogeneous Node Dynamics
Here we consider the case where at least one pole is different from all others, and the

disturbances 9; are generically nonidentical.

Theorem 3.1.2. The heterogeneous multi-agent system (3-1) controlled by the distributed
PID strategy (3-4), achieves admissible consensus for any > 0 and v > 0 if the following

conditions hold

Y1 = (1/N) Z:Zl pi, <0, (3-25a)

1 ﬁpT>
adg > — [ max {|p;|} + —— 3-25b
2> (max (o) + 22 (3-25b)
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Moreover, all node states converge to xs as defined in Prop. 3.1.1.

Proof. Consider the following candidate Lyapunov function:

1 1 s
V=3 (e% +e'e+ Bv—vTA—lv—v) (3-26)

where A := diag{)s, -, Ay}; therefore, V is a positive definite and radially unbounded
function. Differentiating V' along the trajectories of (3-18) yields

V =96l + &' Upe — ae’Ae + ee” (W, + W)
and, using (3-21), we get

V = ¢11€% + éT\I]2Qé — CtéTAé + 2€1éTR22f)T
—_— (3-27)

g(el,é)

Now, by setting Q7 = Ry, ¢I =&, and ¢, = &;p” in (2-2), we can upper-bound g(e;, €)

as follows
pp’
gler,€) <ee’Q'Qe + —;
£
This yields that from (3-27) we get
V< (wn + %) e? + e’ Wype —ae’Ae + 2e7QTQe (3-28)

From (3-19), we obtain ||| + @7 ||| < 21UIIPIP|Il. Moreover, we have ||P|| = max;{|p;|}
and, from (3-15), ||U||* = (1/N). Then, || @ + w7 < (2/N)max; {|p;]}-
Using (2-5) we then find that A,z (Pae + OL,) < Apae (P + PT) so that

e’ Wpe = (1/2)e" (¥ + ¥J,) e < (1/N) max{|p;|}e’e

Also, as —eTAe < —\,e’e, we obtain

V< (6 +22) & + (maxi{lp]} —aks + £) &6 (3-20)

€

Now, V is negative definite if the terms & := 1y, + pp” /e and & := (1/N)max;{|pi|} —
aXy + (e/2N) are both negative.

From the assumptions, we have that ¢1; < 0, therefore {; < 0 is ensured if we choose
e > pp’/|111] [this is always possible as ¢ is an arbitrary positive constant in (2-2)]. Then
the condition & < 0 can be fulfilled by selecting the control gains so as to satisfy (3-25b).
Therefore, all agents in (3-1) achieves admissible consensus to x, as defined in Prop. 3.1.1

which completes the proof. ]
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X, =—Ix; +1
— 2 -1 0 0 -1
%o=—lx,+1 -1 2 -1 0 0
¥, =-2x, £=/0 -1 2 -1 0
0 0 -1 2 -1
-1 0 0 -1 2
A,=1.382
X, =X, X, =1

Figure 3-3.: Heterogeneous ring network controlled by distributed PI strategy.

Example 6. Consider the heterogeneous ring network shown in Figure 3-3 where all link
weigths are one

From Theorem 3.1.2 we have that ¢;; = (1/N) Zi\;l pr = —0.6 < 0; therefore, condition
(3-25a) is fulfilled. Next, from (3-23) we have that p := [—1,1,2,0] and max; {|p;|} = 2.
Hence a)y > 1.066. From Figure 3-3 we have that Ay = 1.382 and the heterogeneous multi-
agent network reaches admissible consensus if o > 0.7713. The consensus equilibrium can

be computed using Proposition 3.1.1, then

_2521 5k7 =1

Loo = N
Zk:1 Pk

so that x* := 15 and
zt = —(Px*+A)=[0,2,—1,-1,0" (3-30)

The evolution of the closed-loop network setting o = g = 1, is shown in Figure 3-4 where

consensus is achieved to the predicted value (x*,z*)

3.2. Distributed PID control

In this section we consider the multi-agent system (3-1) controlled by distributed PID (3-4).
Then the overall dynamics of the closed-loop network can be written as (using the notation
introduced in the PI section)
[;x(t)]:[P_ac In 1{x(t)}+{ A } a3
z(t) —BL  Onxn z(t) Onx1
where £ := Iy 4+ ~L is the matrix encoding the derivative gain. Next we derive some prop-

erties of the matrix £ that will be useful through the manuscript.
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3.2.1. Properties of £

From the definition and the properties of £, we immediately have that £ is invertible and
its eigenvalues are No=1+ v, Vi € N. We can prove the following Lemma that will be

useful for the convergence analysis

Lemma 3.2.1. If L € €, then L™ has positive real eigenvalues that can be given in
descending order as 1 > 1/(yAg +1) > --- > 1/(vAn + 1). Moreover, the product L7'C s
itself in €2 and can be expressed as

0 O (v—1)

~—1
L L£L=Uru’!, r=
Ov-1)x1 r

(3-32)
with
T = diag{X2/ (VA2 + 1), An/ (vAx + 1)} (3-33)

Proof. From the definition of £ we can write £ = UU™! + Ay UAU™!, and letting ¥ :=
diag {1,7Aa + 1, ,yAy + 1} yields L = UXUL. Note that this is the eigen-decomposition

of a symmetric matrix and £ =UZ U where

S hi=diag{1,1/ (yAa + 1), -+, 1/ (yAx + 1)} (3-34)
Thus, we obtain £ 'L =UrU~" with T := %A and the proof is complete. O
Also, rewriting £ in block form, we have

~—1

lll £12

- 3-35
Lo Lo ( )
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where 1 € R, L1, € RUN=1 £ € RN-1X1 and £, € RV-1XN=1 a16 blocks of appropriate
dimension. Moreover, from Lemma 2.2.1, L1y = Opy1; therefore, le = 1y. Hence,
multiplying both sides by £ we have Z’,_IZ1N = Z’,_llN so that 2‘11N = 1x. Therefore,
the blocks in (3-35) must satisfy the conditions:

~ ~T ~
L121N_1 = L211N_1 =1- l11 (3-36)
Loly 1 =1y1— L (3-37)
Ivo11% Loy =1y 1% | — 1y 1L (3-38)
Hily ; =lyly- — Lo (3-39)

where
ﬁ = 222 - 1N—1212 (3—40)

Moreover, from Lemma 3.2.1 we have that Ul u=x"1 Using the block representation
of U and £~ we have

r1 R 2\11 Z12 [ 1 NR2T1 ] -1
~ = =X 3-41
[ Ry Ro } Loy Lo Inv-1 NRI, (3-41)
Letting M := U~1£U, and
= diag {1/(vA2 + 1), -+, 1/(3Ax + 1)} (3-42)

some straightforward algebra yields

[ My, My } B [ 1 O1x(nv=1) }

My Mgy | Onv—1)x1 2!

where
My =rn <Z\11 + lelN—1> + Rio (221 + 2221N—1>
My = Nri <2\11R§1 + leRgTz> + NRyy (221R§1 + 222R2Tz>
My = Ry (lAn + 2121N—1) + Rao (221 + 2221N—1)
My = NRy; <T11R§1 + 212R2Tg> + NRao (Zngl + 222R§2>

Equating the blocks we have that My, = 37!, and some algebraic manipulations yield

- R R R -
Roil11 RS, + Ro1 L1oR2, + Roo L1 RE, + RoLoRE, = Nz—l
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Now, adding and subtracting 1;;R211%_,RZ, one gets

1

-1
N

/Z\11R21 (Rng + 1%_1R2TQ) _/Z\llRQI 1%_1R§2 + R21212R§2 + RQZZQIR%; + R22Z22R2Tg =

From property (3-13) one has that R, + 1y_RI, = 0. Also, using (3-11), we have Ry =

—R921y5_1 so that the equation above can be recast as

Ry LR, — Roply 1 LoRY, — RosLon 15 RE, + 1nRap 15 v 1RY, = %2-1
Finally regrouping terms we obtain
+¥7' =Ry (ﬁ + (lnly — 221)1%_1> R, (3-43)
3.2.2. Closed-loop network
Defining the stack vector of integral states
s(t) = [s1(t), ..., sn()] = L 2(t) (3-44)

the overall dynamics of the closed-loop network can be written as (using the notation intro-

duced previously)

LA

3-45
0N><N ( )

e el

Then, the problem is finding conditions on the control gains «, £ and v, the network structure

and node dynamics such that the closed-loop network (3-45) achieves admissible consensus.

Proposition 3.2.1. The closed-loop network (3-45) has a unique equilibrium given by X* :=
Tooly With Ty 7= =3 1, Ok/S 0y pi, and s* 1= —Z_I(PX* + A).

Proof. The proof follows immediately by setting the left-hand side of (3-45) to zero and notic-
ing that L'ceq (see Lemma 3.2.1) so that x* = aly, Va € Rand s* = L (aPly + A).
By definition (3-5) and (3-44) one has that s(t) = —52‘15 Hence, from the fact that
L£7'L € Q, we also have 1%s(t) = 0, then 1%s* = 0 and we obtain

a=—-13A/13Ply = - <Z:7=1 5k) (Z:[:l pk)l

Hence, setting ., = a completes the proof. O
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Remark 3.2.1. Comparing the equilibrium points of the PI and PID shown in Propositions
(3.1.1) and (3.2.1) respectively, we note that the node states converge to the same constant
value. However, the integral action in the PID case depends on L. This represents an
important aspect, since the equilibrium point of the integral term will be the amount of en-
ergy (control effort) needed by the controller, to compensate the heterogeneity among nodes.
Therefore, the control effort can be substantially reduced by manipulating v or the network

structure.

Error dynamics
To study convergence to the consensus equilibrium, we consider the state transformation
e(t) = U x(t). Now, recasting (3-45), in the new coordinates e(t) and w(t) = U~!s(t),

and using Lemma 3.2.1, we get

{ o } - <‘I’ - { des o D o(t) + w(r) + A (3-462)
W(t) = —6Pa(t) .

where w(t) = [wa(t),...,wy(t)] and ¥ := UL PU. (Note that the equation for wi(t)
can be neglected as it has trivial dynamics with null initial conditions and represents an
uncontrollable and unobservable state.) Furthermore, A := U LA = [q” f{T]TA,
where q € RN, R € RV-D*N are given by

4
R

From the definition of Ry in (3-9) and using (3-36) we obtain

R212\11 + R22221 R21212 + R22222

_ [ rilin + Riolor  111L12 + Ri2 Lo

1
q = [TH R12] = ﬁljj\} (3—47)
Also, it follows from (3-11) that Rg; = —Ragoly_1 and again using (3-36) one has R =

[R22(221 —2\111]\/,1> R22(222 — 1N71212)]- ThIlS, USng (3—39) we obtain
R =RypH[-1y; Iy 4] (3-48)
Moreover, the matrix W is a block matrix that can be expressed as

lll £12

v-U'L PU= [ Y T } —U!
‘C'Ql ‘C’22

\1121 \1122

P1 01><(_N—1) U 3-49
[ Ov—1)x1 P (3-49)

with P := diag {ps, -, pn}
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Using properties (3-11)-(3-14) and (3-36)-(3-38), some algebraic manipulation yields (see
Appendix A.1 for the derivation)

N
vu o= (YN o (3-50)
¥, = pRi, (3-51)
U, = RyHp' (3-52)
Wy = NRpH(P+ply 1% ) RL (3-53)
where
p = [p2—pi,-pn — pi] (3-54)
Finally, shifting the origin of (3-46) via the further state transformation
[ e(t) ] e (t) (1/¢n)a"
e(t) | =| el |+ ON-—1xn A (3-55)
| w(t) | w(t) R — (1/¢11)®aq"
we obtain
[ €1<t> ] (N Vi Ov-nxw-1 e(t)
/é(t) = ‘1’21 \:[122 —al’ IN_1 ﬁ(t) (3-56)
i V/\\/(t) | 0 —6T O(Nfl)X(Nfl) V/\\I(t)

Now, we can address the admissible consensus problem for (3-45) in terms of finding condi-
tions on «, 5 and ~ that render the origin a stable equilibrium point of (3-56).

Before studying this problem in the two cases of homogeneous or heterogeneous nodes, we
first obtain an upper bound on the integral states that apply for both. By definition we have
that s(t) = Uw, thus

s1(t) = wi(t) + NRL,w(t) (3-57a)
s(t) = 1y_wi(t) + NRLw(t) (3-57b)
where §(t) = [s2(t),...,sn(t)]. Neglecting w; for the same reason given above and using

(3-16), we find from (3-57) that ||s;(t)|| < /N(N —1)||[w(t)|| and ||5(2)]| < VN ||w(t)]|.

Hence, we can conclude that the integral action remains bounded and

sl < VNN = 1) [[w(@)]]

Therefore, asymptotically, we have

s 1= Jim ls(8)] < VNN = 1) Jim [w(@)] (359
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An upper bound for s, can be obtained by noticing that, if the origin of (3-56) is stable,
then

lim 5(t) = (1/¢11¥1q” — R)A (3-59)
—00
so that

T 5] < (1/19al 1l lal + || R]]) 141 (3-60)

Then, using (3-48) and (3-15) yields

IR < iR [ F =2+ T a0 < VRN 1] < |5 (3-61)
Also, from (3-52) we have that [[Wq| < |[|Razll| ||p]l H‘Hm Then, using property (3-15)
again, from (3-60), we can write

Jim st < [| ] (1 ) 1 (62)

Finally, combining (3-62) with (3-58) yields

5o < \/NimHH‘ <1 el ) N (3-63)

N ¢

Note that H‘ﬁ‘

and consequently can be used to reduce the control effort. Specifically, we can prove the

is a function of v and therefore varying - controls the upper bound on s(t)

following result.

Proposition 3.2.2. The spectral norm ofﬁ can be upper bounded as

) < =5 (569

Tyt

Proof. From Lemma 3.2.1 we have that £ =uxu. Then, using for each matrix its

block representation as shown in (3-41), we have
I = i+ NRL Y 'Ry (3-65)

L1 = Ryy+ NRLZ 'Ry, (3-66)

Ly = rulyi+ NRLE'Ra (3-67)

Ly = 1y, Ry + NRLE 'Ry (3-68)
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Replacing (3-66), (3-68) in (3-40) and taking into account that Ry, = 1/N1% | and R, =
—1% |\ RL [from (3-11)], we have

H=NRLE 'Ry — N1y RLE 'Ry,
= NRLY 'Ry + N1y 115  RLZ'Ry, (3-69)
= N(Iy_1 +1y115 DRLE 'Ry,

From (3-42) we have that |[S-1|| = 1/(yAs + 1) and ] H(H < N2||Ras|*(1/(3)e + 1)).
Therefore, using (3-15) we obtain (3-64) and the proof is complete. O

3.2.3. Homogeneous node dynamics

We first complete the proof of convergence for the homogeneous case, that is we assume all

nodes share identical uncoupled dynamics.

Theorem 3.2.1. The closed-loop network (3-45) with p; = —p*, p* € RT Vi € N achieves
admissible consensus for any positive value of a, B and ~y. Moreover, all node states converge
asymptotically to xo = (1/N) SN, 0p/p* with

N3(N )
< - -
Soo Ty 1 | Al (3-70)

Proof. Firstly, note that when all nodes share the same dynamics we have p = 0, (n_1) in
(3-54). Consequently, ¥, and ¥y, as defined by (3-51) and (3-52) are both null vectors so
that the dynamics of €; in (3-56) is independent from all the other variables, and converges
to zero.

We can then study independently, the dynamics of €(¢) and w(t) by considering the trans-

verse candidate Lyapunov function
V(e,w)=(p/2)e'Te+ (1/2)w'w (3-71)

which is positive definite and radially unbounded for any 3,y > 0. Then differentiating V'
along the trajectories of (3-56) one has V = —3&’T’ (af‘ — \1122) €. As all poles are identical,

P = —p*Iy_1; hence, expression (3-53) can be written as
W, = —p*N(Ry:HRZ, + RyyH1y 117 RL) (3-72)

and, using properties (3-39) and (3-43), we obtain Wy, = —p*S1.
Then V = —3&’T {af‘ + p*i_l}a, which is negative definite for any positive value of o, 3

and 7. Therefore, (3-45) achieves admissible consensus. Moreover, all nodes will converge
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t0 T as defined in Prop. 3.2.1 with Zivzl pr = —Np*. To estimate the upper bound on the
integral states, we consider (3-63) with p = 01, (y_1) and using Proposition 3.2.2 we obtain

expression (3-70). O

Note that network (3-45) still achieves admissible consensus if the nodes are unstable (p* €
R), since a suitable a can be chosen such that oI + p*3~! remains positive definite; how-
ever, the average trajectory €;(t) will be unstable and the system will exhibit unbounded ad-
missible consensus; that is, limy;_,oo(z;(t) — x;(¢)) = 0 but limy_,ooz;(t) — oo for all i, j € N.
By comparing the PID and PI (v = 0) strategies discussed above, we observe that the most
notable difference is the presence of the factor N/(yAs + 1) in the expression of the upper
bound of the integral term when PID is used instead of PI. Such a factor can be varied by
selecting the gain of the derivative action. This can be done by taking into account the size
(N) and structure of the network encoded by Ag, in order to avoid possible saturation of
those integral terms and avoid the need for anti-windup strategies that can be difficult to

implement across the network.

Theorem 3.2.2. (Convergence Rate) The closed-loop network (3-45) with homogeneous node
dynamics (p; = —p*), reaches admissible consensus with a convergence rate, say i, that can

be estimated as

P
YA+
i B B R (3-73)

where b = (aXp + px) /(YA + 1)

Proof. The proof is based on straightforward linear algebra [63]. Indeed, as all poles are
identical, we have from (3-72) that Wy, = —p*5~1. Thus, one has from (3-56) that

et) | _[ - (=" +al) Iy ][ &)
)| (5]

w(t) iy 0 w(t)

A
The rate of convergence can be estimated by computing the dominant eigenvalue(s) of the
dynamic matrix A defined above. Specifically, say 1 a generic eigenvalue of A and v =

[v, v.]7 its corresponding eigenvector such that Av = nv. Then, using the definition of A

we obtain

—(pE "+ al)v, + v, =nv, (3-74a)
_vax =1V, (3—74b)
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Thus combining (3-74b) and (3-74a), we get
3 (om +8

; ) Lv, = (nly-1 +p"E7") v,

From their definitions, it is easy to see that all matrices on both sides are diagonal; hence,

component-wise we obtain

>\k p*
— _|_ frnd —|— 7]{,’6 2, ,N
(o + ) YA\ + 1 " (77 YA + 1) { }

Therefore, the eigenvalues of matrix A are the 2(N — 1) solutions of the equations

aX, + p* A
7713"‘7]14( K+ %) LAk
YAk + 1 YA+ 1

=0,ke{2,---,N}

Finally, lotting 1 := [1hmas| = [maa {Re (1) }| we obtain (3-73). O
Remark 3.2.2. Note that

e The convergence rate depends on the network structure (via Ag) as in the case of classi-

cal consensus problems, e.g. [56], but also on the node dynamics (p*), and the controller

gains (o, B and ).

e [n general, increasing the value of vy yields lower values of b in (3-73) and therefore
the convergence rate may become slower. This indicates the presence of a trade-off
between speed of convergence and bounds on the integral action that needs to be taken

into account during the design stage.

Now, we consider distributed proportional-derivative (PD) strategy obtained by setting 8 = 0
in (3-4).

Theorem 3.2.3. Network (3-45) with homogeneous node dynamics, controlled by the dis-
tributed PD protocol obtained by selecting o > 0, f = 0 and v > 0 in (3-4) achieves
e-admassible consensus with

_'7)\N+1 N

= A 3-75
= R oAl (3-75)

Proof. Equation (3-46a) without the integral action (5 = 0) and homogeneous nodes can be

written as the two uncoupled equations

Ynei(t) +qA (3-76)
D& + RA (3-77)

éx(t)

e(t)
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where D = <\1122 — af). Note that, ¥; = —p* and, using property (3-43) as done in the
proof of Theorem 3.2.1, we have Wyy = —p*E~1 and D = —(af‘—l—p*i\]*l) which is a negative

definite, invertible matrix. Thus, lim,_,.X(t) = —D'RA. To get an expression for the

upper bound, we notice that, using (3-61), we can write

|l Ra]| < [[efjr+ors2 1o

From (3-33) and (3-42), we know that T' and X! are diagonal matrices and so is the matrix

al' 4 p*S~1 with entries (aX, + p*)/(vAx + 1),Vk € {2,--+, N}. Therefore, the diagonal
_ o N\l

elements of <aF + p*2*1> are given by (YAx+1)/(aXs+p*). From Lemma 2.4.1, we then

_ -1

(ar+r) |

of L. Finally, using Prop. 3.2.2, we obtain (3-75). O

have that = (yAn+1)/(aAy + p*) since Ay is the maximum eigenvalue

As expected, the bound € on the consensus error can be considerably reduced by increasing
the gain of the proportional action («)) while it might be adversely affected by the gain of the
derivative action. Indeed as for classical PID control, the presence of a distributed derivative
action has little or no beneficial effect on the magnitude of the steady-state error. Also, it

is clear that the network structure encoded by Ay and Ay has an effect on the overall error
bound.

Example 7. We consider the multi-agent system of Example 5 controlled by distributed PD
instead of PI. The evolution of the node dynamics can be seen in Fig. 3-5 where e-admissible
consensus is achieved. Note that as predicted theoretically the bound € can be adjusted by

varying the network topology.

We conclude our investigation of the homogeneous case by studying distributed PID control

for simple integrators, this is p; = 0.Vi € N/

Corollary 3.2.1. (Network of simple integrators) Under controller dynamics (3-4), a multi-
agent system of N agents (3-1) in the absence of disturbances with nodes characterized by
infinite time constants i.e. p; = 0, achieves admissible consensus for any positive value of

a, B and . Moreover, if s(0) = 0 all node states converge to the average consensus value
Too(t) = (1/N) SO0 21(0) as t approaches infinity.

Proof. The closed-loop network can be written as

Al a-

—Oéz:ilﬁ IN
_ﬁ‘z;_ll: ON><N
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Figure 3-5.: Time response of the PD controlled multi-agent system for different network

topologies with « =4 and v =1
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Then, using the properties of the determinant of a block matrix as done in [66, 2], the
characteristic equation of A can be written as det <<045\ + ﬁ) Z:_lﬁ + 5\21N> = 0. Also,

from Lemma 3.2.1 the characteristic equation of L7L s det (Z’,_I[, — S\IN> = (0 with
solutions A = I'y; > 0,4 = {1,--- N}.

Then, following a similar derivation as in [2] (proof of Theorem 1, p. 2078), one has A2 4
FiiOéS\ + I';;8 = 0 with solutions 5\1 = 5\2 = (0 for I'y; = 0 and ) € C otherwise.

Note that the algebraic multiplicity of the zero eigenvalue is equal to 2 and all other eigen-

values are positive. Consequently, we can rewrite A into Jordan canonical form as

] 0 1 O1xan—2
A=WIW =W 0 0 O1xon_2 w-t
Oan—2x1 O2n-—2x1 J
where W = [wiT -+ wonyT|T and W1 = [v] ... vl ]T are matrices composed by the

right and left eigenvectors of A and J is the Jordan upper diagonal block matrix corre-
sponding to the 2(N — 1) nonzero eigenvalues of A. Without loss of generality we choose
W = [17]\} OlXN]T, Wo = [01><N 1]1:]]T, Vi = (1/N)[1]7:f leN]T and Vo = (1/N)[01><N 1]7;‘[}T

as generalized right and left eigenvectors. Therefore, the system solution can be written as

[ =[] e

1 t O1x(2n—2)
At = weltw™l =w 0 1 Oixien—2) | W
0(2N72)><1 O(2N72)><1 ett
Noticing that for a large t

Jizm { (1) ] = (/) { Onsn w1} 1 { s(0) ]

thus we have that for any initial condition x(0) and s(0) = 0, the

limx(t) = (1/N) 3 ,(0)

t—o00

and lim;_,..s(t) = 0 and the proof is complete. O

3.2.4. Heterogeneous node dynamics

Next we consider the case where at least one pole p; in (3-45) is different from the others,

and the disturbances ¢§; are generically nonidentical.
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Theorem 3.2.4. The heterogeneous group of agents (3-1) controlled by the distributed PID
strategy (3-4), achieves admissible consensus for any > 0 and v > 0 if the following

conditions hold

vu= (/NI <0 (3-784)

Ao
«
YAz +1

> (ol + 2 ) (3-780)

where Hy :=Ix_1 + H. Moreover, all node states converge to xo, as defined in Prop. 3.2.1,

and the integral actions remain bounded by s given in (3-63).
Proof. Consider the following candidate Lyapunov function:

Vo ~rn lorg

V=-(&+e'e+-w'T" (3-79)

2 g
where I'™! := diag{(7X\a+1)/ Ao, -+ , (YAny+1)/An}. Differentiating V along the trajectories
of (3-56) yields

V == 1/111/6\% + /éT\Ilgg/é - Oé/éTf/é + /6\1€T (‘I’Clg + ‘I’Ql)

and, using (3-51) and (3-52), we get

V =118 + 8T W08 — 08T + 26" Ry H, p7
—_— (3-80)

g(er,e
Now, by setting Q" = RgyHy, ¢ = €7, and ¢, = €1p" in (2-2), we can upper-bound ¢(ey, €)

as follows

g(ere) < eTQTQe+ p2p€ G

This yields that from (3-80) we get

V< <?/J11 + %) e2 4+ e Wye — ae'Te + £e"Q7Qe (3-81)

From (3-19), we obtain |||® + &7||| < 2|||U|\|2\|\P|||(HZ:*1

)AW (t‘l) ‘ = 1, ||P|| = maxi{|pi|} and, from (3-15), [|U[|> = (1/N). Then, ||| ¥ + ®7||| <

(2/N) max; {|pi|}.
Using property (2-5) we then find that A\ (Por + PL,) < Xpae (P + ¥T) so that

~—1
. Moreover, we have H‘L

&' We = (1/2)8" (W2 + Pyp) € < (1/N) max{|p;|}e"e
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Also, as —e'Te < —)\y/(yA2 + 1)e7'e, we obtain

. T\ AT
V< (%1 + 5 > 71+ (5 max{|pil} _O‘wf;i—l + ﬁIIIHﬂHQ) X% (3-82)

Now, V is negative definite if the terms & := 111 + pp’ /(2¢) and & = (1/N) max,;{|p;|} —
ada/(YAz + 1) + (¢/2N)||Hy || are both negative.

From the assumptions, we have that ¢;; < 0, therefore { < 0 is ensured if we choose
e > pp’/(2|¢11]) [this is always possible as ¢ is an arbitrary positive constant in (2-2)].
Then the condition & < 0 can be fulfilled by selecting the control gains so as to satisfy
(3-78b). Therefore, all agents in (3-1) achieves admissible consensus to x, as defined in
Prop. 3.2.1, and the integral actions remain bounded by (3-63) with ’Hﬁm being bounded
by (3-64) which completes the proof.

By comparing the PI and PID strategies we note that the convergence conditions (3-3) and
(3-78b) differ by the term [[H,||”/4, which includes the derivative gain ~.
Example 8. For the sake of comparison we continue with the Example 6 where just PI

actions were deployed in the heterogeneous multi-agent system. Here we include also the

derivative action. Therefore, setting v = 1 we have that

3 -1 0 0 -1 [ 0.4545 0.1818 0.0909 0.0909 0.1818 ]
-1 3 -1 0 O 0.1818 0.4545 0.1818 0.0909 0.0909
L=|0 -1 3 -1 0 ,Z‘l =1 0.0909 0.1818 0.4545 0.1818 0.0909
o 0 -1 3 -1 0.0909 0.0909 0.1818 0.4545 0.1818

-1 0 0 -1 3 | 0.1818 0.0909 0.0909 0.1818 0.4545 |

from (3-40) we find that

0.2727  0.0909 0 —0.0909
0 0.3636 0.0909 —0.0909

—0.0909 0.0909 0.3636 0

—0.0909 0 0.0909 0.2727

H=

hence, ||H;|| = 2.6504 and the heterogeneous multi-agent system under distributed PID,
reaches admissible consensus if ay/(A2+1) > 1.5708. For the network structure considered
in Example 6, we have that Ay = 1.382 so that o > 3.844. The consensus equilibrium can

be computed using Proposition 3.2.1, yielding x* = 15 and
st = —Eil(PX* + A) = [0.1818,0.6364, —0.2727, —0.4545, —0.0909]" (3-83)

Computing the norm of (3-30) and (3-83) we find that ||z*|| = 2.4495 and ||s*|| = 0.8528

respectively. Therefore a substantial reduction in the integral term has been obtained by
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0 5 10 15 20 25 30 ~o 5 10 15 20 25 30

Figure 3-6.: Time response of the closed-loop heterogeneous network of Fig. 3-3 controlled
by distributed PID strategy with o« = 4, and v = = 1. The dashed-lines
represent the equilibrium constant value

considering a derivative action. In fact as shown in the upper-bound (3-63), the integral
action at steady state can be reduced by increasing the value of . This confirms the fact
that the derivative action can be used to decrease the amount of energy needed by the
integral action to compensate heterogeneity among the nodes.

The evolution of the closed-loop network setting « = 4 and § = 1, is shown in Figure 3-6

where consensus is achieved to the predicted value (x*,s*).



CHAPTER 4

Multiplex PI Control for Networks of
Heterogeneous Agents

In this chapter we extend the idea presented in Section 3.1, to the case where general linear
dynamics are considered in each node and also proportional and integral actions can be
independently deployed on different links. Specifically, we consider the problem of achieving
consensus in a network of N agents governed by open-loop heterogeneous dynamics of the

form

N

Xi(t) = Axi(t) + 8; — 0 Y Ciyx;(t) + wi(t), i € N (4-1)

j=1

where x;(t) € R"*! represents the state of the i-th agent, A; € R™ " is the intrinsic node
dynamic matrix, §; € R"*! is some constant disturbance (or constant external input) acting
on each node, o is a non-negative constant modelling the global coupling strength among
any pair of nodes, C is the (possibly disconnected) Laplacian matrix of the weighted graph
Yo = (N, Ec) representing the open-loop network to be controlled, and u;(t) € R™*! is the

control input.

Definition 4.0.1. Network (4-1) is said to achieve admissible consensus if for any set of

initial conditions z;(0) = x;9, and Yt > 0

lim [[x;(t) = x;(t)[| = 0, [[wi(t)| < +o0, i,j € N

t—o0

The problem we shall solve is to find bounded and distributed control inputs wu;(¢), such that

all states x;(t) converge asymptotically towards each other, i.e. admissible consensus.



i ' | | link
Proportional link f' ntegral lin
@ @)

g P \\"3" u—
\.\\00?’ @ —
Q\°°0

™ Proportional link

S

) gc NG
Integral link o
o

(a) (b)

Figure 4-1.: (a): The network to be controlled is represented by black links and the blue
and yellow connections represent the additional proportional and integral links
that are used for control. (b) Multiplex representation of a network controlled
by proportional and integral distributed controllers.

To solve this problem, we propose the use of a distributed multiplex PI control strategy,

obtained by setting:

N

wt) = —a > w00 = x(0) = B3 gy [ Gxir) ~xi(r)dr (&2

J=1

where the non-negative constants w;; > 0 and g;; > 0 represent the control strengths of the
proportional and integral control actions respectively (we do not consider self-loops, that is
wy = gi = 0). It is important to highlight that this controller allows the deployment of
proportional and integral actions independently from each other (w;; = 0 or g;; = 0 for some
i,j € N, i # j). The constants «, § € R are additional parameters modulating globally
the contribution of each control layer with respect to each other.

Equation (4-2) effectively defines two control layers each represented by a different weighted
graph ¥p := (N, Ep) for the proportional layer and ¢; := (N, &;) for the integral layer,

where Ep and & are the set of edges with associated weights w;; and g,; respectively.

As depicted in Fig. 4-1 the resulting control strategy is therefore a multiplex distributed
control strategy, with a multiplex graph .# = (G, D) where G := {9, %p,%;}. Moreover,

in (4-2) the layers do not interact between them so that D is an empty set. Next, we define
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-~ o~ o~

C=(C®IL),P=(PxL),T:=Zx1L,),x(t)=[xIt), -, ,xx®],

2(t) = [21(t), ..., 25()]" == —pZ /0 x(7)dr (4-3)

Then, the overall dynamics of the closed-loop network can be written as

FIR N[N .
z(t) -BT O(nnxni) z(t) 0(an1)

where A € R*™V*"N ig a block diagonal matrix given by A = diag{Aq, - ,An}, H =
oC + P, and A € R"™W*! is the vector of constant disturbances, A = [67,--- ,6%]7.
Thus, the problem becomes that of finding conditions on the node dynamics, the gains o,
«, and §, and most importantly the structural properties of the open-loop network layer ¥

and control layers ¥p and ¥;, so as to guarantee emergence of admissible consensus in the

closed-loop network (4-4).

4.1. Consensus equilibrium

In this section we first show that the collective dynamics of the multiplex closed-loop network
(4-4) has a unique equilibrium which is the solution of the admissible consensus problem.
Then we derive some sufficient conditions guaranteeing asymptotic stability of such equilib-

rium.

Proposition 4.1.1. If the matriz Wy, := (1/N) Y1, Ay, is non-singular, then the closed-

loop network (4-4) has a unique equilibrium x* := (1y ® Xs) and z* := —(;&X* + A) where

Xoo 1= —(1/N)¥3 351, & (4-5)

Proof. Setting the left-hand side of (4-4) to zero one has that x* = (1y ® v), Vv € R"*!

~

and z* = — <A(1N ® V) + A). From (4-3), we also have that (1§ ® 1,,)z(t) = 0,,x«1, then

(1% ® 1,))z* = 0,,yx1 and we obtain
1y ® L)ALy ®v) = -1k ® L,)A
N N
(YN)Y  Aw=—(1/N)) &

then v = —(1/N)® =~ | 8, = Xo completes the proof. O
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Remark 4.1.1. Note indeed that if controller (4-2) is able to render this equilibrium stable,
it is also able to guarantee consensus of all node states x(t) to a constant vector X, using
bounded control energy. Also, the emergent behaviour from the collective dynamics of the
network, follows an “exo-system” given by $(t) = Wqys(t) + (1/N) ]kV:1 0y. This result for
perturbed heterogeneous agents establishes a connection with [78] where internal models in

networks are studied.

Now, to prove convergence, it suffices to guarantee that (x*,z*) is globally asymptotically
stable. We start by shifting the origin via the state transformation y(¢) := z(t) + A so that
(4-4) becomes

o)-[22 o ] o

Next, we present a decomposition of the Laplacian matrix that will be crucial for the deriva-
tions reported in the rest of the paper. As presented in the las Section such a decomposition

is particularly useful to prove convergence in the presence of heterogeneous nodes.

4.2. Error dynamics

First we provide two important lemmas that will be used for determining the error dynamics
of the consensus solution. The first one is the generalization of the block decomposition of

L presented in Section 3.1.2.

Lemma 4.2.1. Let L € 2 be the Laplacian matriz of a generic undirected and connected
graph 4, then L can be written in block form as £ = RAR™, where R is an orthonormal

matrix defined with its inverse as

1 NRZT r R
R = 21},3*:[ 1 12} 4-7
{ 1yv.1 NRIL Ro1 Ra )
with
1 1
1 = N’ R = ngflv (4‘8)

Ry € RV=DX1 Ry, € RV-DXIN=1) being blocks of appropriate dimensions,

A = diag{0, \2(L), -, An(L)}
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with 0 = A\ (L) < Xa(L) < --- < An(L) being the eigenvalues of L in ascending order. Also,
the blocks in R and R~ must fulfill the following conditions

rl, + Relyoi ®1L,) =1, (4-9)

(Ro1 ® I,) + (Ra2ln—1 ® I,) = Opnv—1)x1) (4-10)
(RyRY, ®L,) + (RpeRI, ®1,) = %(IN1 ®1,) (4-11)
rmRL @L,) + (RieR3, ® 1) = O1xn(n-1)) (4-12)
(RyRL ®1,) = (Radn_11%_\RL ®1,) (4-13)

IR @ Tl < —= (4-14)

IRa1|| < VN = 1||Ras|| < V(N —1)/N (4-15)

NR3, = (In_1 +1nv11% ) 'Ry (4-16)

Lemma 4.2.2. Let @ = RA R and & = TA,T~! be two generic Laplacian matrices
belonging to the set 2, where R and T are block matrices with the same structure as in (4-7)
and Ay, k € {1,2} are diagonal matrices containing the eigenvalues of @ and 8 respectively.
Then,

0 0 _
R—ISR ®I,) = (nxn) - (jLXﬁLN 1)) 4-17
( ) O((nN—1)xn) (=A2=T ® In) ( )

where 2 = NRago(Iy 1%, + Iy_1)TL and Ay = diag{)2(S), -+, \n(S)}. Moreover,
EALET is a symmetric matriz.

Proof. Multiplying both sides of S = TA;T ! by R~'and R, yields R"'SR = R™!TA,T'R.

Now using the block form of R and T as shown in Lemma 4.2.1 one gets

R 1 NTI 0 0 _
R 'SR — [ 11 12] { 21 } [ 1x(N-1)
Ro1 Ra Iyt NTQTQ 0(N71)><1 A,
{ ti1 Tio ] [ 1 NRj ]
Ty To Iy NRgg

where A, = diag {\2(S), -+, An(S)}. By definition ¢;; = r1; and T1o = Rys (see (3-9)),
and by some matrix manipulation we obtain

i+ Ry N(tnTg + Ti2Thy) } .

R 'SR = {
Roi + Raoln N(Rleéﬁ + RQQTQTQ)

0 O1x(nv—1)
IS . 4-18
[ Onv—1)x1 A, (4-18)
[ tin + Tioly—1  N(ruRE + RioR3,) }
Ty + Toldly_1 N(TuRIL +TeRL)
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We next simplify each block of all matrices. Then, from (3-11) we have that r1; + Rijsly_1 =
tll + T121N71 = 1. Whlle, from (3—12)

R + Roody—1 = Ty + Toodly_1 = On_1x1)
and using (3-14)
N(t11 T3, 4+ T12T3) = N(ruRj, + Ri2R3,) = Ogun—1)

Note also that Ro; = —Raoly_1 and To; = —T9s1y_1. Thus, the blocks

E, = N(RyiTL + RpTL) = NRoo(1y_11% | +Iy_1) TS, (4-19)
and,
By = N(TyRL, + TyRL) = NTo(ly 115, + Iy )R, (4-20)

Consequently, we have Z; = Z1 and letting Z = E;, the Kronecker product (R"!SR®1,,)
yields (4-17). Finally, to prove that EA,ET is a symmetric matrix we have to show that
E” is an orthonormal matrix. Then, from (4-19) and from the fact that Ry is an invertible

(full rank) matrix [12] one has

1
Efl = N(T%—é)il(l]\],lljj\;fl + ]:N71>71:R’2721

and using property (4-16) we obtain
E ' = NTo(ly_11ly_, +Iy1)Ry, =E7
which completes the proof. O

Assuming that the graphs in all layers of .# are connected, using Lemma 4.2.1 we can write
C=RAR ! P=UApU ! and T = QA;Q!. Next we define the error dynamics given
by the state transformation e(t) = (R™' ® I,,)x(t); therefore, using the block representation

of R and letting e(t) := [el (¢),--- , e (¢)]T and x(t) := [xI (), - , x4 (t)]*, we obtain
€ (t) = rnxl(t) + (R12 ® In)i(t) (4—21)
e(t) = (Rau®@IL)xi(f) + (Ro ® In)x(2) (4-22)

Thus expressing (Rg; ® I,,) from (4-10) and substituting in (3-17b) yields

e(t) = (Re®1L,) (x(t) — (In—1 @ L)xi(t))
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note that e(t) = 0 if and only if X(¢) — (1y_1 ® I,)x;(t) = O since Ry is a full rank matrix
[12]. Then, admissible consensus is achieved if lim;_,, €(t) = 0 and ||y (¢)|| < 400, ¥Vt > 0.
Now, recasting (4-6) in the new coordinates e(t) and w(t) := R~ 'y(¢), and letting

Ac = diag{\2(C), -, An(C)}

Ap = diag{\(P), - , \n(P)}
Ap = diag{M(T), -, An(T)}

-(o B[4

w(t) = —B(E/AET @ 1,,)é(t)

(4-23)

where W(t) := [w3(t),... w%(t)]T. Note that the dynamics of wy(¢) can be neglected as

)

it is trivial with null initial conditions and represents an uncontrollable and unobservable

state. The quantities in (4-23) are defined as follows

e W is a block matrix defined as

‘Il21 ‘1’22

(R_l ® In) |: Al O(nxn_(N—l)) (R ® In>
O(n(N=1)xn) A

\I’ — |: \Illl ‘Il12 } — (Rfl ® IR)X(R@) In) —

where A := diag {A,, -+, Ay} is a block diagonal matrix. Using properties (4-9)-(4-

12), we can write (see Appendix A.2 for the derivation)

N
U, = (1/N) Zk:l A, (4-24)
¥, = Pi(Rp®L,) (4-25)
Uy = RpeL,)P; (4-26)
Uy, = NRp®IL)HRL®IL) (4-27)
with
H = (Iy.1% @A) +A (4-28)
Pl = [AQ—Al,"' ,AN—Al] (4—29)

Py = [Aj - Al AL - AT]" (4-30)
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e the matrix Z; = NRoy(Iy_ 115, + In_1)QL, was obtained using Lemma 4.2.2 for

~

R'®L)Z(R®L,).
o« H = (R'QL)H(R®I,) and using again Lemma 4.2.2 yields

] 0 O1x(nv=1)

— _ A ®In
O(N—1)><1 O’AC—FOJEPAP.:£

with Ep = NRQQ(lN_llﬁ_l + IN_1)U§2.

4.3. Convergence theorem

Theorem 4.3.1. Consider the multiplex network (4-4) and assume that the graphs in each
layer of M are connected; then, admissible consensus is achieved for any integral graph
topology 9 with B > 0, if the following conditions hold

i) The matriz ¥y, = (1/N) S| Ay, together with its symmetric part W, are Hurwitz,

it) axo(P) > 3 (ﬁ +p> — o)X (C)

where
N / /! 2
[0 = Amax (ZH (Al — AY) ) (4-31a)
7= Amax (P;) (4-31b)
p = 1max {Amax (Ag)} (4-31c)

Moreover, all nodes asymptotically converge to Xoo = —(1/N)W ! chvzl 0.

Proof. Consider the candidate Lyapunov function (in what follows we remove the time de-

pendence of the state variables to simplify the notation)

1 1 . .
V=g(efer+e'e) + %WT(EIAIE? ®1,) 'w (4-32)

From Lemma 4.2.2 we know that Z;A;E7 is an eigendecomposition of a symmetric matrix
with positive eigenvalues, which are the diagonal entries of Aj; therefore, its inverse exist
and it is also a positive definite matrix. Consequently, (4-32) is a positive definite and
radially unbounded function. Then, differentiating V' along the trajectories of (4-23) and
using expressions (4-25) and (4-26), one has

V = Vi(er) + Va(e) + V3(e) + Vi(ey, ) (4-33)
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where
Vi(e;) = elW e (4-34)
Vo(e) = & Wpe (4-35)
Vze) = —e(o(Ac®1,)+a(EpApEL ®1,))e (4-36)
Vifer,8) = ef(P1+P3)(R3,®1,)e (4-37)

Now, we proceed to find an upper-bound for each of the terms in (4-33). From the assump-
tions we know that Wy, + W71, is Hurwitz; therefore, using (4-31b) and property (2-3), one
has that Vi(e;) < —(1/2) |n|ele,

Next, consider the symmetric matrix ¥ + ¥7 = (R @ L,)(A + AT)(R ® I,). Then, it
immediately follows that Apax (\I’ + \IIT) = p, where p is given in (4-31c). Now, we can write
Va(e) = (1/2)e’W),e, and from the fact that Wy, is a principal sub-matrix of ¥, by using
property (2-5) one has Vi(e) < pe’e.

From Lemma 4.2.2 we know that EpApEL is a symmetric positive definite matrix. Hence,
using (2-3) we have that Vz(e) < —(c)o(C) + aXy(P))ele.

Finally, setting ¢; = ey, ¢, = €, Qf :=P; + P! and Q, := R, ® I,, and using (2-2) yields

Vi(er, €) < 61 Q1e1+—e Qs Qe
] L _ _
< §E?Zk:2 (Ak — A/l) (3} + 2—€eTQgQ28

We can further simplify this expression by noticing that QI Qs is a symmetric matrix and
using (2-3), (2-4), and (4-14), we can write QY Que < [|Q.|’e”e < (1/N)eTe. Then,
using (4-31a) yields Vj(e;,e) < (eu)/2ele; + 1/(2Ne)e’e. Exploiting all the bounds we
found for each term in (4-33) yields

V < (1/2) (e — |n]) el er — (0X2(C) + aXo(P))e" e + <2]1/ - g) ¢'e

(4-38)
< &eje +&ele

where & := epu — |n| < 0 and & = 1/(2Ne) + p/2 — 0X3(C) — aXy(P) < 0. Now, & < 0

is ensured if € < |n|/u. Also, & < 0 if condition ii) is fulfilled. Therefore, under the

hypotheses, all agents in (4-1) achieve admissible consensus to x., as defined in (4-5). [
Remark 4.3.1.

e Note that for this type of heterogeneous networks, two ingredients node dynamics and
network topology are crucial for determining the stability of the consensus equilibrium.

Therefore, our results confirm that consensus in heterogeneous networks is a trade-off
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between network structure (open loop network and proportional layers) and intrinsic

node dynamics as shown in [30)].

e The stability problem of the whole network has been simplified. In particular, rather
than studying the stability of the 2nN x 2nN matriz in (4-4), only conditions i) and

i) need to be verified which only depend upon n X n matrices.

e [t is important to highlight that optimal values for the proportional layer (o, Ao(P))
can be obtained by properly labeling node 1 so that u is such that the quantity /(N |n])

in condition i) is the smallest.

o The integral network together with 5 may be used to control heuristically the rate of
convergence to the consensus equilibrium. Obtaining an analytical estimate of such a
rate is a highly non-trivial problem [39], [83] but some estimations can be found in the

case where the agents are one-dimensional and homogeneous [12].

Corollary 4.3.1. Let 9., = proj(9c.9p) denote the projection graph of 9 and 9p with
L., as its associated Laplacian matriz; then, assuming 9., connected, the multilayer network

(4-4) reaches admissible consensus if condition i) of Theorem 4.5.1 is fulfilled and \o(L.,) >
(1/2) (/ (N [n]) + p)

Proof. Since the graph ¥, = proj(%c,¥p) is connected then we have that L., = UA, U7

where U is the matrix composed by the eigenvectors of L., and
A, = diag{0, X2(Lep), - s AN(Lep)}

Hence, we have that H = (L., ®I,) in (4-4) and following a similar arguments to those

presented in Section 4.1 completes the proof. O

Corollary 4.3.2. Considering homogeneous node dynamics, i.e A; = A,i € N where A
and A" are Hurwitz stable, then the closed-loop network (4-4), reaches admissible consensus

for any connected proportional and integral graph topologies with o, f > 0.

Proof. Firstly, note that when all nodes share the same intrinsic dynamics we have that
=0 in (4-31a), and ¥;; = A. Hence, from the assumption, condition i) of Theorem 4.3.1
is automatically satisfied and from the fact that matrix A + AT is Hurwitz, one has that

p < 0 in (4-31c); therefore, condition ii) of Theorem 4.3.1 is also automatically fulfilled. [J
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Now consider the case where Wy, is not Hurwitz stable; then, it is possible to apply a local
feedback control action to a subset of the nodes so as to render ¥,;; Hurwitz stable and
guarantee the existence of the consensus equilibrium (x*,z*) in the closed-loop network.
Or, equivalently, make the network consensuable according to the definition given in [77].
Specifically, consensusability can be achieved by adding an extra control input, say v;, onto

a fraction K < N nodes so that Wy, is stable. For example, one can choose the controller

where H; € R"*" is a gain matrix to be designed appropriately. Note that typically one could
simply choose K = 1 so that the dynamics of just one node is altered by this self-feedback
loop.

Corollary 4.3.3. The heterogeneous network (4-1) is said to be consensuable under the
distributed control action (4-39), if there exist matrices H; such that conditions i) and ii) in
Theorem 4.3.1 are fulfilled.

Remark 4.3.2. Note that the presence of local controllers acting on some nodes can be used
not only for improving the closed-loop network stability, but also to change the value of the

CONSensus vector X .

4.4. Control algorithm

The results presented so far can be distilled into the following algorithmic steps to design

the multilayer PI network control strategy proposed in this paper. Specifically,
S1 Compute matrix ¥,; = (1/N) Y1, A, from the open-loop network (4-1).
S2 If matrix ¥y; and W), are Hurwitz stable then go to step S4, otherwise go to S3.

S3 Design local controllers (4-39) such that Wy, together with its symmetric part ¥/, are
Hurwitz. Note that matrices H; can also be properly chosen for selecting different

values of the consensus vector X, in (4-5)

S4 Select any connected and weighed graph ¥z for the integral layer e.g. a minimal

spanning tree. Then compute the quantities u, 1, and p defined in (4-31)

S5 Find a connected and weighed graph ¥p for the proportional layer and a value of the
global coupling gain « such that aXy(P) > (1/2) (u/(N |n]) + p) — cA2(C)
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Figure 4-2.: Time response of the closed-loop multiplex network for « = 13.5 and g =7
where the proportional and integral networks have both ring topologies with
all its weights equal to 3 and 1 respectively.

Example 9. For the sake of simplicity and without loss of generality we consider three types

of node dynamics; stable (E;), oscillatory (E3) and unstable (E3)

-3 0 0 1 11
El'_[ 1 —7}’E2'_[—1 0]’E3‘_{0 0.5}

Then, we consider eight decoupled agents governed by (4-1), with o = 0, Ay, = Eq,k €
{1,2,5,6}, A, = Eo, k € {3,7}, and A, = E3, k € {4,8} and disturbances §; € R**! given
by

A=[67,- 88" =10,50,0,150,0,5,100,0, 150, 150, 300, 50, —50, 200, 0, 0]

Note that the 8-th node does not have any perturbation. Thus, the aim is to design the
multiplex PI-Controller such that all the 8 nodes achieve admissible consensus. Following

the control design steps in Section 4.4, we have from S1 that matrices

@11:[—1.25 0.5 ] , :[—2.5 0.75 ]

0.25 —3.375 1 0.75 —6.75

are both Hurwitz stable. Then following S4 we select a ring network of 8 nodes with unitary
weights (g;; =1 Vi, j € N) as the connected integral network, and from (4-31) one has that
= 846.4826, n = 2.3715, and p = 2.618. From S5 we have that als(P) > 23.6175. Then,
choosing, w.l.o.g again a ring network with w;; =3 Vi, j € N so that A\y(P) = 1.3244. One
has that the closed-loop network of 8 agents, achieves admissible consensus for o > 13.4392.
We choose av = 13.5, and 8 = 7. The resulting evolution of the node states and integral
actions is shown in Fig. 4-2, where admissible consensus is reached as expected to the pre-
dicted value xo, := —(1/N)®L S | &) = [60.7634, 26.9084]7.
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Figure 4-3.: Networks with unitary weights representing different architectures for the
graph in the integral control layer: (a) all-to-all, (b) star, (c) ring, and (d)
Tree. (e) time response of the consensus index d, when the topology of the
integral network is varied

The admissible consensus conditions presented in Theorem 4.3.1 are independent from the
graph structure of the integral layer ¢; that only needs to be connected. However, in gen-
eral, we found that the rate of convergence to the consensus equilibrium can be affected
by the specific choice of ¢;. To illustrate this point, we consider different structures for
the graph ¢; as shown in Fig.4-3. We then plot the evolution of the consensus index
dy = ||x(t) = (1/N) (1n15 ® L,) x(t)||, where d, = 0 indicates that the closed-loop net-
work has reached admissible consensus. We observe that the structure of ¢; changes the

speed of convergence.

Surprisingly, when the integral layer has a ring topology which has lower Ay than the star
topology convergence is faster. Therefore, the presence of an integral layer with an inde-
pendent structure from the diffusive proportional layer can be used as an extra degree of

freedom to optimize performance.



CHAPTER D

Distributed PID Control for
Synchronization in Networks of
Nonlinear Units

In this Chapter we address the problem of synchronizing nonlinear units by considering
distributed proportional, integral and derivative actions acting among nodes. In particular
we extend the previous result on linear consensus to the case of nonlinear yet identical

dynamics. Specificaly, consider a set of N units (agents) described by

Xi(t) = £ (x(1)) + w(t) (5-1a)
yi(t) =I'x(t),i € N (5-1b)

where x; € R™, f(x,1) : R x R*U{0} — R" is a nonlinear function, y; € R™ is the output of
each node with I" € R"*", and w;(t) representing a distributed controller (or interconnection
term of the i-th node with its neighbour nodes). Generally, I" is assumed to be a diagonal
positive semi-definite matrix, representing the information that all units share with each
other.

The problem is to find bounded and distributed control inputs u;(t), such that all states

x;(t) converge asymptotically towards each other.

Definition 5.0.1. (Admissible Synchronization): A group of N nonlinear units (5-1), is said
to reach local admissible synchronization if there exist a set of initial conditions x;(0) = X
such that

lim [1;(t) =x;(#)]| = 0, [ui(t)[| < +00,VE >0, i € N (5-2)
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Moreover, if (5-2) holds for any set of initial conditions; then, we said that the network

reaches global admissible synchronization.

As suggested in previous Chapters, to solve this problem we make use of distributed propor-

tional, integral and derivative actions, by setting

wlt) ==Y £y | ays(0) +5 / yi(r)dr +73,(2) (5-3)

where «, § and vy are positive constants representing the global strength of the proportional,
integral and derivative contributions. Thus, the problem becomes that of finding conditions
on the control gains «, 3, 7, the network structure £ and the node dynamics f (.) so as to

guarantee convergence of all nodes towards each other, i.e, admissible synchronization.

5.1. Local stability analysis

In this section we study the stability of the synchronous network solution in presence of small
perturbations. To further characterize the influence of the derivative and integral terms, we
decide to analyse the PD and PI cases in a separated way. Here, the well known Master

Stability Function approach (MSF) is extended for finding local synchronization conditions.

5.1.1. MSF for distributed PD

Consider the group of nonlinear units (5-1) controlled by distributed proportional and deriva-
tive actions (this is, setting # = 01in (5-3)). Then, letting £ := I,y+7(£L®T), the closed-loop
network can be written as

Lx(t) = F(x) — a(L ® T)x(t) (5-4)

where F(x) := [f(x;)7, - ,f(xN)T}T and x(t) == [xT(t), - ,x%(t)]T are the stack vectors
of the nonlinear functions and node states respectively. Note that for v = 0 (just proportional
control) one has x(t) = F(x) — a(L ® I')x(t) which is the classical diffusive coupled network
(2-15). As done in Section 3.2.1, we first derive some properties of the matrix £ that will

be useful to prove admissible synchronization

Proposition 5.1.1. Let £ := L.y +7(L®T) where v is an arbitrary non-negative constant,
L € Q and T is a positive semi-definite diagonal matriz. Then, the following equalities hold

LOAx®L)=L '(Iy®1,)=(1y®1,) (5-5)
LAy®) =L 1y®¢) =(ly®{),v¢ e R™! (5-6)
L=(UIL)Z(U'®I,) (5-7)
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where X is a diagonal matriz given by X =1,y + y(A®T)

Proof. From Lemma 2.2.1, L1y = Oyy1; therefore, we immediately have L1,y = (I.y +
Y(L£RT))(1y®1,) = 1,n. Hence, multiplying both sides by ' yields ZlflzllnN = ZlfllnN
so that Zl_llnN = 1,5 and (5-5) is obtained. Similarly, using straightforward calculations
we can obtain (5-6). Moreover, we have that £ = UAUT where UU? = Iy. Hence, we can

write £ = (UUT @ I,) + y(UAUT @ I'), then regrouping terms yields (5-7). O

Now, letting P := Eil(ﬁ ® I'), and denoting by Zij and P;; the n x n blocks of matrices
£ and P respectively, yields that the equation of the i-th node of the closed-loop network

(5-4) can be written as

N
=Y Lyf(x;) —a Z Pix;(t),Vi e N (5-8)

j=1
Note that when all nodes are synchronized, i.e., x1(t) = --- = xn(t) = s(t), (5-8) becomes

s(t) = f(s) Zjvzl Zij —as(t) Zjvzl P.;. It follows from property (5-5) that Z;VZI Zij =1 and

from the definition we have that P is row-sum zero. This can be easily seen by considering
LoD (Ayel,) =L (LlyoT)

and from the fact that £ € € we have that L1y = Op«;. Therefore, the equation governing
the synchronous motion is given by §(¢) = f(s).

Following the master stability function approach, we study the stability of the synchronous
solution of the closed-loop network (5-8), in presence of small perturbations dx(¢). Thus,
we set s(t) = x;(t) — dx;(t). It follows from Taylor series expansion that f (dx; +s) =
f(s) + Df(s)dx;(t),Vi € N, where Df(s) represents the time-varying Jacobi matrix of f(.).

Therefore, using the properties of L the perturbation dynamics can be expressed as

Ox;(t) Z Li;Df(s)0x;(t) — a Z P;0x;(t) (5-9)

7j=1

which in compact form reads
A(t) = £ (Iy ® DE(s)) A(t) — aPA(?) (5-10)

where A(t) = [6x] (1), ,5x%(t)]T. Moreover, from (5-7) one has that L= (U®
1,)S Y(UT @ 1,); therefore, P = £ (L ®T) = (U L,)S (A& T)(UT ®1,). Hence, by
applying the state transformation {(t) = (UT @ I,,) A(t) to (5-10) and using properties 2-6

one has

L) =37 (Iy ® DE(s)) — (A @) ¢(F) (5-11)
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note that (5-11) is in triangular form with N decoupled blocks
Ci(t) = (Lo +9AT) " (DE(s) — aAT) Gi(t) (5-12)

Then, letting ¥ = ~\;, and @ = a); we have that the general equation describing the

perturbed dynamics of the synchronous state for any node in the network is given by

¢(t) = (L, +7T) " (Df(s) — aT) ¢, (¢) (5-13)

Therefore, the local stability of the synchronous solution s(t) can be addressed computing
the Maximum Lyapunov Exponent (MLE) of the variational equation (5-13) as a function
of the parameters & and 4. We denote this MLE value as W(&,%), which is also known as
Master Stability Function (MSF) [9]. Positive values of W(&,?) represent unstable modes,
i.e. the networks does not exhibit synchronized motion. Moreover, negative values of W(&, )
indicates that the networks exhibit local admissible synchronization.

Note from (5-13), that for Ay = 0 one has that & = 0 and ¥ = 0. Thus, the variational
equation reads C,(t) = Df(s)¢,(t), and its Lyapunov exponents are equal to those of the
single uncoupled system. Hence for the next N — 1 nonzero eigenvalues, multiple scenarios
where U(a,7) intersects the zero plane can be obtained, as the ones presented in Section
2.6.1.

5.1.2. MSF for distributed PI

Here we are interested in networks under distributed PI control. This is, setting v = 0 in
(5-3). Thus, letting z;(t) = [, x;(7)dr and w; := [x/(t),z7 (¢)]", the closed-loop network

i ) “q

dynamics reads

N
Wi(t) = g(w;) — Y L;Hw;(t),Vi e N (5-14)
j=1
where g(w;) := [f(x;)", x,7]T and
| o' BT
H= [ Oun Ourn ] (5-15)

When the network reaches synchronization; this is, x;(¢) = - -+ = xy(t) = s(¢), we have that

$(t) = g(s), which in vector form can be written as

{ §m(t) ] _ { f(s,) ] (5-16)

Sz
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Then, following the MSF approach by studying the perturbed state s(t) = w;(t) — dw;(t),

and using the notation introduced in Section 5.1.1 one has

A(t) = ((Iy ® Dg(s)) — (£ ® H)) A(t) (5-17)
Then, using again the state transformation ¢(t) = (U™! @ I,,) A(t) one has

¢(t) = ((Iy ® Dg(s)) — (A @ H)) (1) (5-18)
note that (5-18) has triangular form with blocks

Ci(t) = (Dg(s) — AH) ¢(1), Vi e N (5-19)

where )\; are the eigenvalues of the Laplacian matrix. Then, letting & = Ao and 8 = \;3 we

have that the blocks of (5-19) can be represented by the generic dynamics {,(t) given by

c0=(os-[ ¢ " ) (5-20)

0n><n Oan

Similarly to the PD case, the local stability of the synchronous solution s(¢) can be addressed
computing the MLE of the variational equation (5-20). Hence, synchronization is guaranteed

for the set of values & and § such that U(a, ) remains negative.

Example 10. To illustrate the use of the MSF for PD and PI case, we consider the chaotic
Lorenz system introduced in Example 4. Then we compute the MSF for PD and PI control
by solving the variational equations (5-13) and (5-20) respectively. The two dimensional rep-
resentation of the MSF for both cases is depicted in Fig.5-1 for two different configurations

of the output matrix T

Setting ¥ = 0 we just have distributed proportional control acting among nodes. Then, the
MSF coincides with the one depicted in Fig. 2-8. In both cases Fig. 5.1(a) and Fig. 5.1(b),
the proportional gain can be considerably reduced by increasing the derivative one, and even
can be neglected in the second case where I' = diag{1,0,0}. Moreover, when the distributed
integral control is deployed together with the proportional one, we have different results (see
Fig, 5.1(c) and Fig. 5.1(d)).

This extra degree of freedom provided by the derivative or integral gain can be properly used
to optimize the network performance, since low values of the control gains may decrease the
control effort required to achieve synchronization. Next, we consider a network of ten Chaotic

Lorenz with I' = diag{1, 0,0}, where its structure is described by the graph depicted in Fig.
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Lorenz — T = diag{1,1,1} Lorenz — T' = diag{1,0,0}

10

8

6

e

Lorenz — T' = diag{1, 1 Lorenz — T = diag{1,0,0}

(C)

Figure 5-1.: Two dimensional representation of the master stability function for Chaotic
Lorenz. For each point in the plane corresponds the value of the MSF eval-
uated at that point, which is represented with different colors. The red-scale
colors denote positive values of the MSF, while negative values are repre-
sented by the blue-scale. (a)-(b) ¥(&,7) function computed for distributed
PD control, (c)-(d) ¥(&, 3) function computed for PI control.
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2.5(a) where Ay = 0.233. Hence, accordingly to the diagram on Fig. 5.1(b), if we choose
the point & = 4 = 2 where the MSF is positive (No synchronization), we thus have that
a = &/ = 85837 and v = §/\y = 8.5837. The time response of the network is shown in
Fig. 5.2(a). If instead we set @ = 2 and 4 = 8 we have that v = 34.3348 and the network

achieves synchronization as expected (Fig. 5.2(b)). Finally, we change the network structure

B L @wvwwv MM ]
- &MW/\/ ' N 4 W\W@'\‘NMAMM\;

_20 \ |
0 10 40
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% W \j\mw\,ww\f\JW\}@ WWWW\N MWWMMW\:

% 40
S

(a)

Figure 5-2.: Time response of a network of ten chaotic Lorenz. (a) a = § = 8.58 (b)
a = 8.58 and v = 34.3348

by the one depicted in Fig. 2.5(c) where Ay = 1. Also, we assume I' = diag{1, 1,1} and we

consider proportional-integral control. Hence, accordingly to diagram Fig. 5.1(c) we have
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that setting a = 1.5 and 8 = 8 the network does not exhibit local admissible synchronization
as shown in Fig. 5.3(a). While selecting a = 1.5 and § = 0.5 the network synchronizes (see
Fig. 5.3(b)). Note that, varying the network structure via Ay affects the value of the control
gains, and it suggest that there may exist an optimal network structure and values of the

control gains, such that the network synchronize using minimum control energy.

30 40 ) 10 20 30 40 "o 10 20 30 40

t[s] t[s] t[s]

Figure 5-3.: Time response of a network of ten chaotic Lorenz. (a) o = 1.5 and 8 = 8 (b)
a=15and g =0.5
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5.2. Global stability analysis

In the last section we have shown that the distributed derivative and integral action, affects
the synchronization region of the network in the parameter space. Those results were ob-
tained using the MSF; however, they are valid for a sufficiently small neighborhood of the
synchronous state. In this section we are interested in providing conditions to guarantee
global synchronization for PD and PI controlled networks. The conditions of global syn-
chronization are derived under some assumptions in the nonlinear vector-fields and output

matrix I' of each unit.

5.2.1. Distributed PD control

Consider the closed-loop network (5-8). Define the disagreement dynamics as

N
PN 1 .

Oxi(t) = xi(t) — x(t), %(t) = ’; xi(t),Vi € N (5-21)

then, one has that
N |

6%,(t) = —a Z P;0x;(t) ; Liff(x)) — ; f(x;),Vi e N (5-22)
and letting A, (t) := [6x] (t),- -, 6x%(t)]T, we have that the disagreement dynamics of the
whole network is

. ~— 1
AL(t) = —aPAL(t) + L F(x) - + (N1} ® L) F(x) (5-23)

Therefore, the problem becomes that of finding conditions on f(.), I" and the control param-
eters, a, v and £ such that the zero equilibrium of (5-23) remains globally asymptotically
stable. Then, we require some assumptions in the vector-fields as well as derive some prop-
erties for the disagreement dynamics, that will be particularly useful for both PD and PI
cases.

Definition 5.2.1. (Lipchitz and QUAD conditions) A function f(x,t) : R* x R*U{0} — R"

15 called Lipchitz if there exist a positive constant ju such that
€0, 1) — £y, )l < ulx -yl ¥,y € R%ve > 0 (5-24)

if instead there exist a diagonal matrix D = diag{d,,--- ,d,}, and a positive constant € such
that

(x =y)" (f(x,t) = f(y,t) = D(x —y)) < —e(x —y)" (x —y),¥x,y € R"; ¥t > 0 (5-25)
we say that the function £(.) is QUAD(e, D).
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Proposition 5.2.1. Consider the quantity x := (Il ® I,)y where, the matriz II € Q
is defined as TI := Iy — (1/N)1yx1% and the vectors x,y € R™*1 are given by x :=
[XIT, e ,XMT, andy = [le, e ,yﬁ]T with x;,y; € R™. Vi € N. The following expres-

stons holds:

N N
XLy =YY Myy; =0 (5-26)

i=1 j=1
N N

x'(Iy®¢) =) vy Mi¢=0Y¢eR" (5-27)
i=1 j=1

x" (In1} ® I,) = Orypn (5-28)

Proof. Since IT € 2 one has that IT1y = O(;xy); therefore, relations (5-26) and (5-27) are
easily verifiable. Besides, from the definition we have that x = (Il ® I,,)y and substituting
in (5-28) yields (IN1XII® L,) y = Orxnn- O

Theorem 5.2.1. A network of identical nonlinear units (5-1) satisfying the QUAD(e, D)
assumption and controlled by a distributed PD strategy with v > 0, reaches global admissible

synchronization if the diagonal matrix D — aX I is negative definite.

Proof. Let’s consider the candidate Lyapunov function

V= JATHEA(

where £ is a symmetric positive-definite matrix. This can be easily seen from (5-7) where
all the eigenvalues of L are positive. Hence, V' is a positive definite and radially unbounded

function. Then, deriving V' along the trajectories of (5-23) one has
V=AT({t)(—a(LeT)A,(t) + F(x) —(1/N) (151y ® I,) F(x)) (5-29)

Moreover, from (5-21) we can write A, (t) := (II ® I,)x(¢); hence, using property (5-28), we
have that AZ(t) (1y15 ® I,) F(x) = O14,v. Furthermore, setting ¢ = f(%) in (5-27) one
has AT(#)(1y ® f(x)) = 0. Therefore, (5-29) can be recast as

V= —aAl(t) (LOT)A,t) + AL(t) (F(x) — (Iy @ f(%))) (5-30)

Letting D := diag{d;, - ,d,}, and adding and subtracting the term AT (¢)(Iy @ D)A(t)
in (5-30) yields V = V; + V3, where

Vi=AL() (F(x) - (Iy @ f(%)) — (Iy @ D)A(t)) (5-31)

Vs = —aAL(1) (£ @ T) A1) + AL(1)(Iy © D)A, (1) (5-32)
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It follows that V] can be written as

Vi = Z (xi(t) = %(1))" (F(x;) — £(%) — D (xi(t) — %(1))) (5-33)
from the assumption we know that f(x;) is QUAD(e, D); therefore,
Vi = 30 Gelt) — X0 (10— %(0) s

< —eAT(H)AL(t) <0
Now, for the linear term V5, we define a new state A(t) := (UT @ I,,)A,(t) where
. - - T
At) = [0 (£), -+, 6y (1)

Remember that U is an orthonormal matrix which is composed by the eigenvectors of £
(see Lemma 2.2.1). Note that the eigenvector corresponding to the null eigenvalue of the

Laplacian matrix is u; = (1/v/N)1%; consequently
ox1(t) = (1/N)(15 @ L)AL (1) = (1/N)AL @ L) (IT ® 1,)x(t) = Opy1

_ - - T _
Then, neglecting this trivial state and letting A(t) = 5x2T(t), e ,5X§(t)] and A =
diag{ Az, ..., Ay} yields

Vo =AT(t) (Iy@ D) —a (A T)) A1) (5-35)

note that (5-35) is a block-diagonal matrix, with blocks D —aA.I for k € {2,--- | N}. Since
— )\ is the largest eigenvalue of —A; then, for V to be negative definite it suffices that the
diagonal matrix D — aA;I" < 0, which concludes the proof.

O

Remark 5.2.1. Note that the condition for Global Admissible Synchronization in Theorem
5.2.1 is independent of the derivative gain v. The condition is in fact the same obtained
for the proportional case [47, 44]. This suggests that the underlying distributed proportional

control, provides an conservative estimation for the PD one.

To find synchronization conditions explicitly depending on the derivative gain v, we have to

assume stronger conditions on the vector field f(-) and the output matrix IT"

Theorem 5.2.2. Under distributed PD control, a network of nonlinear units (5-1) with
Lipschitz vector fields and with I' = 1,,, reaches global admissible synchronization if

A2 +1

. (5-36)



m 72 5 Distributed PID Control for Synchronization in Networks of Nonlinear Units

Proof. Let’s consider the Lyapunov function candidate

V= SAT0 AL
which is positive definite and radially unbounded. Then, by differentiating V' along the
trajectories of (5-23) one has

V = AT()(—aPALt) + L F(x) — (1/N) (1y1y ® L) F(x)) (5-37)

Moreover, from (5-5) we have that Zl_llnN = 1,~, and using property (5-27) we can write
AZ;(t)ﬁ_l(lN ® f(x)) = 0 It follows also from property (5-27) and (5-28) that the quantity
AT(t)(1y @ f(x)) = 0, and AT(t) (151y ®I,) F(x) = Oixnn (see the proof of Theorem
5.2.1). Therefore, we can recast (5-37) as V = V; + Vi, where

~—1

Vi = AL (F(x)— (Iy ® £(%))) (5-38)
Vo = —alp()PAL(1) (5-39)
Now, we proceed to find linear upper-bounds for each one of the terms on (5-38) and (5-39).
Hence, first we have that Vi < [ A,(8)| |27 || I(F(x) = (x @ £(x)))]|. Thus, using Lemma
2.4.1 and (5-7), we have that H‘[lm - max{ by (2*1) ‘} — max {|A (Y[} = 1. Next,
from triangular inequality we have ||Ax(t)|]Z < (, where ( := fo; ||6xk||; hence, (5-38) can

be recast as
Vi < CI(F(x) — (1y @ £(%)))]]

< ¢ ) — £

from the assumption we know that f(x;) is Lipchitz; therefore, ||f(x;) — £(X)|| < u||(x;(t) — x(2))]|
and one gets V; < uc2

Moreover, for V5, we have that
P=”L (LeT)=(UgL)S ' A®L)(UT a1,

Note that the matrix X71(A ®I,,) is a block diagonal matrix with diagonal blocks given by
_ . A2 AN
ElA In =d On na—Ina"'a—In
A L) 1ag{ 4 Aoy 14+ Any }
therefore, V5 can be upper-bounded by
Vy < —a ( min P) AT ()AL (1)
AT1,N=0,A,#0
< _ Oé)\g
oAt
Oé)\g
< 7z
T oyAtl

1AL

C2
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Thus, we can recast (5-37) as

. Oé)\g 2
V< —
< <u 7A2+1)C

and V < 0 if condition (5-36) is fulfilled. O

From condition (5-36) we have that the proportional gain «, is directly proportional to the
derivative gain . This can be seen in Fig. 5-4, where the slope of the line dividing the blue
(synchronization) and red (No synchronization) regions depends on the Lipschitz constant u

and the network structure via A\s. Note that, the proportional gain cannot be decreased by

Figure 5-4.: Estimated regions of global synchronization of networks controlled by dis-
tributed PD, using (5-36) with Ay = 1 and (a) u = 4, (b) & = 8. The blue
color, denotes the region where (5-36) is satisfied and red color otherwise.

increasing the derivative one as shown in the local stability analysis early in this Chapter. For
example in Fig. 5.1(d) the synchronization regions for the PD case present complex shapes.
The estimation obtained using Lyapunov theory is conservative and it provides a linear
upper-bound of the synchronization region. We will discus this fact more in detail in the
next Section using Chua’s circuits. Moreover, a better approximation of the synchronization
region could be obtained by considering different Lyapunov functions to prove that the zero

equilibrium of the disagreement dynamics (5-23) is globally asymptotically stable.
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5.2.2. Distributed Pl control

Here we consider the closed-loop network given in (5-14), then we can write

(507 [0 ]+ | emer ner |0

Oan O’I’LX?’L

now, using the disagreement dynamics defined in (5-21) together with

1 N

0z;(t) = z;(t) — 2(t),z(t) = ¥ zi(t),Vi e N (5-41)
k=1

one has

[f(xi)—(l/N)Zglf(xk)(t)]+ _Oéj%lﬁijr —ﬂjﬁlﬁsz {5xj(t>}

(SZZ(t) (SXZ Oan Oan 5Zj (t)
(5-42)
thus, considering I' = I,, and defining the block matrix
—al —-BL
e |
Iv  Onxn
the network disagreement dynamics can be recast as
A1) ] { F(x) — (1/N)(1x1} ® 1,)F(X) } { A,(t) ]
) = +(Q®I, 5-43

where A (t) := [827(t), -, 625(1)]".

Theorem 5.2.3. Under distributed PI control, a network of nonlinear units (5-1) satisfy-
ing Lipschitz condition with T' = 1,,, achieves admissible synchronization if the following
condition holds

1 2\
o > 1—1—/1)\—2-1-@)\—%[ (5-44)

Proof. Following [80], we consider the candidate Lyapunov function

AI}

A (5-45)

V(AL A, = % [AT AT ](R®I,) {

where,

1y c
R= [ c ﬁ£+a£2}
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We split the proof into two stages. Firstly, we will show that the candidate Lyapunov
function V(A,, A,) is indeed a positive definite radially unbounded function. Secondly, we
provide conditions under whitch the function V is negative definite.
Step 1: To show that V > 0, we consider two new states given by A7 := (UT @ I,,)AT
and AT = (UT @ I,)AT. For the eigenvector u; = (1/v/N)1% corresponding to the
null eigenvalue of £ we have that x;(t) := ((1/N)1% @ I,)A,(t) = Onx; and dz4(t) :=
(1/N)1%L @ 1,)AL(t) = 0,x1. Hence, neglecting those trivial states we can recast the
candidate Lyapunov function as

- - In_ A A
[ & AT}{ A 6A+ozA2} [A

(. J/
~

A

Rl
[

~T ~ T ~ T T ~r -~ T ~ T T - .
where A} := [6){2 (t),--- ,(5XN(1;)} VAL = [6z2 (t),--- ,(SZN<t>i| ;and A := diag{ s, ..., Ay}
Hence, from Proposition 2.4.2 we have that A > 0 if

From the assumption, we have that the graph is connected so that the eigenvalues A\ of £
are non-negative quantities; therefore, choosing o > 1 one has that V(A,, A.) is always a
positive definite function.

Step 2: Next, differentiating (5-45) along the trajectories of (5-43) we obtain

V(A:m Az) = %(Afm Az) + ‘/Q(A:m Az)
where

Vi(A,, AL) = [ AT AT ] (RQ@In)[ 28 ] (5-46)

(5-47)

Va(As,AL) = [ AT AT ] (R®In){ F(x) — (1/N)(1y1% ® I,)F(x) }

O(nnx)

Next, we rewrite V] as

Vi:

N | —

[AT AT ](RQ+Q™R® In){ 28 ]

Then, it follows that
P [y C —al —BL ol Iy [Iy L
RQ+QR_{[, Be+ac? || Iv o || -sc 0| £ Be+ac?

. _2 |: (OZ-l)L 0N><N :|
B oN><N 6‘62
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Hence, letting ¢ := S | [|0xx]], and € := S ||6z]|, we can rewrite V; as
-1HL O AL(t)
Vi—-[ar ar]| @ L| °
e e - RN
—(a—DAT(LOL)A, — BAT(L2 9 1,)A,

(- 1)
< —(a— DMATA, - BEATA, (5-48)
< —(a— 1A | A7 - BAZ AP
< —(a— 1)l — A

Moreover, from (5-47) we have that
1
Vo= ATF(x) - NA;,“ (Iy1y ® L) F(x) + AT (L ®L,) F(x)

1
- NAZT (L®1,) (1y1y ®L,) F(x)

It follows from (5-28) that
Al (Ix1y ©L,) = AT (1x1} ®1L,) = O1xnn
and from the fact that £ € €2 one has
L: ® I (1N1% & In) = OnNXnN
hence, Vo = ATF(x) + AT (L ®I,) F(x). From property (5-27) we know that AT (1y @
f(x)) = O1sny and (L ®1,) (Iy @ £(X)) = O,y xnn; therefore, Vo can be recast as
Vo= AT(F(x) - Iy @f(x) + AT (L®1,) (F(x) - (1y ® f(X)))
< JAZIF(x) = Ax @ £&)| + [|AT[ ILIHEF ) — 1y © £(x))]]
Then, using the triangular inequality and the fact that the vector field is assumed to satisfy
the Lipschitz condition ||f(x;) — f(X)|| < u||x; — X||, yields
IF(x) — (v @ £(%))[| < Z 1£(x:) — f(%)]]
- (5-50)
< Mzizl i — x|
< ug

From Lemma 2.4.1 we have that [|L]| = m]?x{])\k(ﬁ)\} = A; hence, Vo < (¢ + An¢é)
Finally, exploiting the bounds for V; and V5 we have that

R A _MN/QIM

(5-49)

—HAN/2 BAS

S

(5-51)

hence, V is negative definite if S = 0, and using Proposition 2.4.2 we obtain (5-44) and the

proof is complete. O
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Unlike the PD case where the synchronization condition depends linearly of the networks
structure, for the PI case the synchronization condition (5-44) (Theorem 5.2.3) is a nonlinear
function of the parameters $ and the networks structure via Ay and Ay. This can be seen in
Fig. 5-5, where the line dividing the blue (synchronization) and red (No synchronization)
regions was computed for two different network structures Ring and Star as those depicted in

Fig. 3.1(c) and Fig. 5.10(a). The estimation obtained using Lyapunov theory is conservative

300
250
200

Q.

150

100

50

0 50 100 150 200 250 300 0 50 100 150 200 250 300
(a) (b)

Figure 5-5.: Estimated regions of global synchronization of networks controlled by dis-
tributed PI, using (5-44) with p = 4, for two different network structures and
(a) Ay = 0.5188 and Ay = 5.7105, (b) Ay = 0.382 and Ay = 4. The blue color,
denotes the region where (5-44) is satisfied and red color otherwise.

and it provides an upper-bound of the synchronization region obtained in the local stability

analysis.

5.3. Performance assessment

In this section we study in detailed the influence of the use of distributed derivative and
integral controllers in the overall performance of the network under different scenarios of

heterogeneity and disturbances.

5.3.1. Heterogeneity between nodes

Here we investigate the performance of the PD controller when a mismatch in the parameters
of each agent is present. To this aim we consider 6 Lorenz chaotic oscillators (2-23) controlled

by distributed proportional control. For the sake of simplicity and without loss of generality,
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we choose the network topology as a ring graph with unitary link weights as the one depicted

in Fig. 5-6. Also we set the parameter a = 2 for nodes 1,4 and 5, and a = 3 for all

2 -1 0 0 0 -1
-1 2 -1 0 0 0
c=|0 -1 2 -1 0 o0
0 0 -1 2 -1 0

0o 0 0 -1 2 -1

Figure 5-6.: Heterogeneous network of Lorenz systems.

the others. The time response of the disagreement dynamics of the network controlled

by distributed proportional control is shown in Fig. 5-7. In fact for heterogeneous node

10 20 30 40 50 60 70 80 90 100

Figure 5-7.: Time response of the closed-loop heterogeneous network of heterogeneous
Chaotic Lorenz systems with I' = I, controlled by distributed P control
with a = 2.

dynamics, the proportional controller is not able to provide admissible synchronization, yet
bounded synchronization is reached instead. Moreover, comparing the error bounds || A, (¢)||
on Figs. 5-7, 5-8 we can see that the error bound has been substantially reduced by

including a derivative gain as well as the chaotic behaviour is preserved. Therefore, the
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derivative action represents an extra degree of freedom for improving the synchronization

performance in heterogeneous networks.

20 ‘
—
\T/gs 0
0 | | I | I
0

10 20 30 40 50 60 70 80 90 100

50 T T T T T T T T T

50 i i i i i i i i i
10 20 30 40 50 60 70 80 920 100

~— 100
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—_ 50
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— 0 10 20 30 40 50 60 70 80 90 100
t[s]

Figure 5-8.: Time response of the closed-loop heterogeneous network of heterogeneous
Chaotic Lorenz systems with I' = I,,, controlled by distributed P control
with a = v = 2.

5.3.2. Constant disturbances

As discussed in Chapters 3 and 4, a distributed integral action is able to reject constant
disturbances for networks of linear and heterogeneous node dynamics. Hence, the PI control
strategy may be also useful for networks of homogeneous nonlinear systems affected by

constant disturbances, possibly nonidentical, acting on each node.

xi(t) = £ (x;(t)) + d; + w(¢) (5-52a)
yi(t) =Tx;(t),i e N (5-52b)

where d; € R™ ! represents the constant disturbance. We consider the example introduced
in Section 5.3, but for six homogeneous Lorenz chaotic oscillators, with a = 2 and connected
in a ring configuration. We apply some perturbations to nodes 1, 3 and 4, that is we set
d; =[4,0,0]7, d3 = [6,0,0]” and d4 = [7,0,0]%. For the sake of comparison, we first deploy
just proportional control, by setting « = 3, 5 = v = 0 in (5-3). The time response of
this perturbed network can be seen in Fig. 5-9. The constant disturbances in the nodes

render them heterogeneous; hence, just bounded synchronization is attained. To reject those
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Time response of a ring network of six homogeneous Lorenz oscillators with
a = 2 under constant perturbations acting on nodes 1, 3 and 4. The network
is controlled by just distributed proportional control with o = 3.

Figure 5-9.:
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Figure 5-10.: (a) Time response of a ring network of six Lorenz oscillators with a = 2 and
affected by constant perturbations acting in nodes 1, 3 and 4 controlled by
distributed proportional and integral actions with & = 3 and g = 1. (b)

Evolution of the disagreement dynamics.
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heterogeneous constant disturbances, we deploy the integral action by setting 5 = 1. The
results are shown in Fig. 5-10 where admissible synchronization is achieved.

Note that, despite the presence of constant disturbances affecting some nodes in the network,
the controller is able to guarantee perfect agreement among all states of the units. Here,
the integral action grows until the heterogeneities of the nodes are compensated, so that all
nodes share the same perturbed nonlinear dynamics. This can be seen as a sort of homoge-
nization of the nodes, since the integral action adapts its value such that all perturbed nodes

become equal; so then, the proportional action acts and guarantee synchronization.

This, can be compared with the property of the classical PI control, where the proportional
action stabilize the system and the integral action eliminates the residual error. We can then
conclude that the beneficial properties of the classical PID control are preserved even when
the controller is deployed in a distributed fashion.

Moreover, the controllers provide an extra degree of freedom for controlling heterogeneity,
disturbances and most importantly, for modifying the synchronization region in the param-

eter space.



CHAPTER O

Applications

6.1. Synchronization of power generators

In this section, an application of the multiplex PI-Control strategy introduced in Chapter 3 is
presented for synchronizing power generators. In particular we consider N power generators
governed by the swing equation [51]

M — o) — Pre) i e N (6-1)

WR
where H; and wg are constants representing the inertia and reference frequency for the i-th
generator. The quantity P(t) := P’ — d;0;(t) is the mechanical power provided by the

i-th generator and it is composed by a constant power injection P and a damping term

d;0;(t), d; > 0 which models power losses. Moreover, P (t) is the power demanded by the

)

network. Note that when (6-1) is at equilibrium state, P/™ = P the frequency of each
generator w;(t) := &;(t) remains equal to a common constant for all generators in the grid.

For the sake of simplicity, we linearize the swing equation (6-1) around the synchronous state

wi(t) = -+ =wn(t), and letting m; = 2H;/wg, we obtain [1, 51]
mlwz(t) = —dzwz(t) + Pz* - f)ind(t) + UZ(t) (6—2&)
. N
PPty = Y EE; |Vl (wi—w)i €N (6-2D)
J=1,j#i

where F; > 0 is the nodal voltage, and Y;; is the admittance among buses ¢ and j.

6.1.1. Distributed controller

To achieve synchronization, we propose to use a combination of local and distributed control

actions as also done in [2, 34] with the notable difference that we now consider the case of
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heterogeneous local state-feedback actions characterized by different gains which are deployed
together with the distributed PI strategy proposed in Chapter 3. In particular, we set

’Uz(t) = L (klwz(t) + o Z::l szwl(t)> (6-3)

m;

with k; being a constant representing a local feedback gain for the i-node, & > 0 and P € Q2

represents the Laplacian matrix of the proportional layer ¢p with link weights w;;.

From a practical viewpoint, the control strategy corresponds to enhance the coupling be-
tween the agents in the open-loop network via additional proportional and integral control
interconnections. This could be implemented via appropriate digital devices or by a TCP /IP
communication protocol with optical fiber links, feeding the control action to the nodes rather

than physically establishing a connection [7].

Now, let g;; := E;E;|Y;;| be the weights on each edge of the power network in (6-2b) and
Z € (2 the associated Laplacian matrix describing the equivalent distributed integral action
(6-2b). Setting z(t) = —(1/m;)P!(t), the problem becomes that of proving convergence in

the heterogeneous network given by

w(t)=H-aoP)w(t)+z(t) + A (6-4a)
a(t) = —~MZw(t) (6-4D)
where w(t) := [wq(t), - ,wn(t)], z(t) := [21(t), - - - , zn(t)] are the stack vectors of frequency
and rescaled electrical power respectively, H := diag{k; — dy/my, -+ ,kny —dnx/mn}, M :=

diag{1/mq,--- ,1/my} and the vector A := diag{ P} /m1, -, PX/mn}.

Proposition 6.1.1. The closed-loop power network (6-4) has a unique equilibrium given by
= Woolyy, With W 1= =30 PF/SN (mik; — d;) and 2* = —(we Hly + A)

w*

Proof. As done in the proof of Proposition 3.1.1 by setting the left-hand side of (6-4) to zero
one has that x* = aly, Va € R and z* = — (aP1 + A). Now letting v := [my,--- ,my]|7,
by the definition of z(¢) one has that v'z(t) = 0. Therefore v7z* = (0 and we obtain

viA Zf\il P

— —_ — = woo 6—5
viH1y SN (miks — dy) (©5)

which completes the proof. O]
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Remark 6.1.1. Note that the equilibrium point w., depends on the average of all generator
parameters, as well as on the control gains k;. Therefore, the values of the control gains,
can be exploited for changing the consensus frequency value, despite heterogeneity among

generator dynamics.

Corollary 6.1.1. Under the control dynamics (6-3), the power network (6-2) with m; =
m,m >0 Vi € N asymptotically converges to (6-5) if the following conditions are satisfied

1y = i (k - %) <0 (6-6a)

i=1

St (k= )’ i)
aly (P) > = m. + max< k; — — 6-6b
2( ) N |w11’ ¢ m ( )

Proof. Note that (6-4) can be seen as a group of N first order heterogeneous agents controlled
by a multiplex PI strategy. Specifically, letting A; = k; — d;/m, the dynamics of each node

can be written as

Wilt) = Agw;(t) + 6 — a S0 Pyw;(t) + z(t)
4(t) = —(1/m) 301, Tijw;(t)

Therefore, using Theorem (4.3.1) with ¢ = 0, and § = (1/m) completes the proof. ]

6.1.2. Simulation

As an illustration, consider the power network shown in Fig. 6.1(a). For the sake of simplicity
and without loss of generality we assume that all weights in the power network model (6-4)
are unitary, that is g;; = 1 Vi, j € N.

Moreover we assume m = 0.1382, and four different values of damping, that is d; = 0.005,
for i € {1,4,7,8,11,14}, d; = 0.0045, i € {2,6,9,13,15}, d; = 0.0040, ¢ € {3,10, 12}, while
d; = 0.006, i € {5,16}. Furthermore the vector containing the nominal power injections for

each node is given by
A = (1/m)[100, 200, —300, 100, 90, 80, 50, —100, 200, —100, —155, 100, —500, 200, 125, 10]

The aim is to synchronize all generators to a common frequency value, say 60, despite the
fact that the network is heterogeneous. We then introduce feedback controllers with appro-

priate gains at nodes 1,5, and 10 (self feedback loops indicated in black in Fig. 6.1(a)) in
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ay
& e
klO =
(a) (b)

Figure 6-1.: (a) Power network represented by the integral layer, (b) Architecture of the
network in the proportional layer.

Figure 6-2.: Time response of the controlled power network. The blue dash-dot line rep-
resent the convergence value wey.
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order to shift w., as given by (6-5) to the desired value w., = 60. To address the stability

of such consensus equilibrium, we use Corollary (6.1.1).

Firstly we find that ¢; := —0.7533 and condition (6-6a) is fulfilled. Secondly, we have
that max {k:l — %} = (0.4638 and therefore the power network reaches admissible consensus
if als E’P) > 9.1738. Hence, choosing the proportional network as in Fig. 6.1(b) where
all weights among links are set to w;; = 5 yields a@ > 6.77. Setting @ = 7 we obtain the
behaviour depicted in Fig. 6-2 where admissible consensus is obtained to the expected value

Woo-

6.2. Electrical Circuits

Consider the case where the agents or units are described by a non-linear circuit as shown in
Fig. 6-3. Each circuit is composed of a linear subsystem modeled by a passive impedance,

Zose, and a nonlinear voltage-dependent current source, g(.).

Zose + +

21

-
=
—
—

L)
R
+
ISC,—C.—— v
O
Chua's Circuit Dead-zone oscillator Van der Pol oscillator

(b)

Figure 6-3.: (a) Schematic of the nonlinear circuit [24], (b) Different examples of nonlinear
circuits.

Suppose the problem is to design an electrical network interconnecting N non-linear cir-

cuits for synchronizing all their states. Synchronization in electrical circuits is a problem
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Distributed
PID Control

Figure 6-4.: Distributed PID (RLC) network for synchronization in networks of nonlinear
circuits.

of notable importance for applications such as AC electrical grid, solid-state circuit oscil-
lators, semiconductor laser arrays, secure communications, and microwave oscillator arrays
[24, 31]. We propose the use of distributed PID actions which are equivalent to parallel
RLC interconnections (as can be seen in Fig.6-4) for synchronizing nonlinear circuits. Note
that the current I; for all ¢ = {1,---, N} can be calculated using Kirchoff’s laws in each
link interconnecting two circuits. Letting R;;, L;; and C;; as the resistance, inductance, and

capacitance between circuits ¢ and j then, the current [; can be recast as

N N N t

L) = 3 7 (1) = )+ 3 Cy (50 = ) + 3 7 [ (1y(r) = ) (67

j=1 j=1 j=1 o
Next, assuming aw;; = 1/R;;, yw;; = Cj;, and pfw;; = 1/L;; where «, 3,7, w;; are positive
constants. Therefore, the electrical network can be represented by a graph & = (N, £) where

w;; denotes the strength of the a link between nodes ¢ and j. We can rewrite (6-7) as

H0) ==Y £y [ aws(0)+5 / vy () + 05 (1) (6-8)

where L is the Laplacian Matrix associated to the graph ¢. Note that equation (6-8) is the
same as the PID strategy introduced in (5-3). Therefore, the synchronization analysis derived
in Chapter 5 can be used for analyzing this networks of electrical circuits. As a representative

example we consider the problem of synchronizing N Chua’s circuits controlled by distributed
PID
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6.2.1. Chua’s Circuit

i; +i7
+ +
~ - =Y M
G| - e

Figure 6-5.: Schematic diagram of Chua’s circuit.

The adimensional equation of Chua’s circuit of Fig. 6-5 is given by [80]

(%) —a a x1(t) —ah(xy)
@) =] 1 =1 1| | 2@ | + 0 (6-9)
i3(t) -b 0 x3(t) 0

P
f(r1,22,73)

where

di —dy

h(x1) = cxy + (|e1(t) + 1] — |21 (t) — 1))

with x1(t), x2(t) and x3(t) being the rescaled states of vy, vy and i3 and a, b, ¢, d;, dy being
the rescaled circuit parameters in Fig. 6-5. Then, without loss of generality, setting a = 10,
b=18,c= —3/4,d; = —4/3 and dy = —3/4, the electrical circuit exhibit chaotic behaviour
as can be seen in Fig. 6-6 Then, letting v = x; in (6-8) and x = [z, za, T3], we have that

the closed-loop network reads

t

0

with T' = diag{1,0,0}. Nevertheless, different types of couplings can also be considered
varying the structure of matrix I' as we shall discuss later. Next, we present local and global

synchronization analysis of the closed-loop network (6-10).

6.2.2. Synchronization in networks of Chua’s Circuit

Here, we exploit the local synchronization analysis of Section 5.1, as well as the global
Theorems for PD and PI founded in Section 5.2.



6.2 Electrical Circuits B 89

20 40 60 80 100 120

Figure 6-6.: Chaotic Lorenz attractors with their respective Lyapunov exponents f,. k
represents the step-number of the L.E. algorithm

6.2.2.1. Local admissible synchronization of Chua’s Circuit

Using the analysis developed in Chapter 5, we then make use of the MSF approach for PD
and PI. Hence, we solve the variational equations (5-13) and (5-20) and following a similar
derivation as in example 10, we obtain the diagrams depicted in Fig. 6-7.

Next, we consider an electrical network of ten Chaotic Chua’s Circuits with T' = diag{1, 0, 0},
where its structure is described by the graphs depicted in Fig. 2.5(a). Accordingly to
the diagram on Fig. 6.7(b), if we choose the point & = 3 and 4 = 0.15 we have that
the MSF function is positive and no synchronization is expected. Therefore, we have that
a = a&/Ay = 12.8755 and v = 7/Ay = 0.6438. The time response of the network is shown in
Fig. 6.8(a). Moreover, increasing the value of the derivative gain to 4 = 0.45 we have that

v = 1.9313 and the network achieves synchronization as expected (Fig. 6.8(b)).

6.2.2.2. Global admissible synchronization of Chua’s Circuit

First, we prove that the vector-field f(.) of the Chua’s circuit is Lipschitz. Hence, substituting

the parameter values in the circuit model we have that the vector-field of (6-9) can be recast

as
—£$1+$2+9($1) 7
(0= | mo-mtr |6 = o (@ + D]~ o - 1) (6-11)
—181’2

Then let x, and y be two generic vectors in R? one has

f(x) —f(y) = Alx —y) +v(x) = v(y)
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Chua — T = diag{1,1,1} Chua — T = diag{1,0,0}
4 _

Lorenz — T = diag{1,1,1} Lorenz — T' = diag{1,0,0}

6 0.3
5 0.2
4 0.1
QD 3 0
2 -0.1
1 -0.2
0 -0.3
0 0.2 0. 0.6 0.8

c)

»

—~ D

(d)

Figure 6-7.: Two dimensional representation of the master stability function for Chaotic

Chua. For each point in the plane corresponds the value of the MSF evaluated
at that point, which is represented with different colors. The red-scale colors
denote positive values of the MSF, while negative values are represented by
the blue-scale. (a)-(b) ¥(&,4) function computed for distributed PD control,

(c)-(d) ¥(a, ) function computed for PI control.
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Figure 6-8.: Time response of a network of ten chaotic Chua’s circuit controlled by dis-
tributed PD control with v = 12.8755 and (a) v = 0.6438 (b) v = 1.9313
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where
=7/4 1 0
A = 1 -1 1
0 —18 0

It follows from Lemma 1 in [37] that ||g(x) — g(y)|| < (7/12) ||x — y||; therefore

1£06¢) = £(y)I| < ([[A[l+ (7/12)) [Ix = |

and by Definition 5.2.1 we have that the Lipschitz constant of (6-11) is p = 18.7784. Next,
we assume that the coupling matrix I' = I3, which means that the circuits are coupled by
the three states variables. This can be implemented by adding an extra RL or RC link
between the vy terminal of each circuit and also including a current source to the inductor of
each Chua’s circuit, which also depend on PI or PD type coupling; nevertheless, the circuit
implementation of this coupling goes beyond the scope of this work, and this is a simple
idea of how it could be designed. Next, consider a group of 10 Chua’s circuits coupled in a
star topology (See Fig. 5.10(a)) where Ay = 1 and Ay = 10. The using Theorem 5.2.2 for
the PD case and Theorem 5.2.3 for the PI we can plot the global synchronization regions

as depicted in Fig. 6-9. The estimation of the synchronization region using the results for

150

100

50

20 40 60 80 100 0 50 100 150 200 250 300 350
(a) (b)

Figure 6-9.: Estimated regions of global synchronization of a network of Chua’s circuits
controlled by distributed (a) PD and (PI). The blue color, denotes the region
where (5-36) is satisfied and red color otherwise.

the global approach are conservative and can be improved by considering different Lyapunov
functions. By comparing global and local synchronization results (see Fig. 6-7) we note a
large difference between them. However, the global results obtained from Theorems 5.2.2

and 5.2.3 are more general, since the network will synchronize no matter the initial condition.
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6.2.2.3. Heterogeneity between nodes

Here we investigate the performance of the PD controller when a mismatch in the parameters
of the Chua’s circuit is present. Thus, consider a 6 nodes ring network with unitary link

weights, and let the parameter b = 18 for nodes 2,3 and 5, and b = 15 otherwise. The time

_57 |
=
ST

<] 3
_2

o

0 i i i i

0 20 40 60 80 100

t[s]
(b)

Figure 6-10.: Time response of the closed-loop heterogeneous network of Chua’s circuits
controlled by distributed P with I' =1,,.
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Figure 6-11.: Time response of the closed-loop heterogeneous network of Chua’s circuits
controlled by distributed PD with I'" = 1,,.

response of the network controlled by just distributed proportional control with @ = 1 is

shown in Fig. 6-10. In fact for heterogeneous node dynamics, this controller is not able to



B 9 6 Applications

provide admissible synchronization, but bounded synchronization instead. The error bound
can be substantially decreased by increasing the proportional gain; nevertheless, the control
effort will also increase and this represent an strong limitation from a practical point of view.
Moreover, considering proportional and derivative actions by setting a = v = 1 we obtain
the time response of Fig. 6-11 where the error bound has been significantly decreased.
Therefore, the derivative action represents an extra degree of freedom for improving the

performance of synchronization in heterogeneous networks.



CHAPTER (

Conclusions

We discussed several distribute PID strategies to control networks of linear or nonlinear
agents so as to achieve consensus or synchronization.

In Chapter 3, we have investigated the use of a distributed PID protocol to achieve consensus
in homogeneous and heterogeneous multi-agent networks. Convergence of the strategy in
both cases was obtained by using appropriate state transformations, linear algebra and
Lyapunov functions. Explicit expressions for the consensus values were obtained together
with analytical estimates of the upper bound for all integral actions. Also, where possible,
estimates of the rate of convergence where obtained as functions of the gains of the distributed
control actions and the network structure. It was found that the network architecture,
the nodal dynamics and the control gains all contribute to determine the stability and
performance of the closed-loop network.

In Chapter 4 a novel approach for controlling networks of heterogeneous nodes with generic
n-dimensional linear dynamics in the presence of constant disturbances was proposed. In
particular, we discussed the use of different control layers deploying proportional and integral
actions across the network. Each layer has its own structure which allows to deploy a com-
bination of P, I and PI couplings among nodes to achieve consensus. We proved convergence
of the strategy and derived conditions to select the control gains as a function of the open
loop and control network structures and the node dynamics. We illustrated the effectiveness
of the proposed strategy via numerical simulations on a set of representative examples.
Also, an extension of the distribute PID controller to the case of networks of homogeneous
nonlinear units was presented in Chapter 5. Both local and global stability analysis were
developed using the MSF approach and Lyapunov theory. It was revealed that the derivative

and integral actions both contribute to enhance the synchronization region; as well as, they
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can be properly used for decreasing the residual error when the nodes are heterogeneous and
also the integral action rejects constant disturbances.

In both cases of linear and nonlinear node dynamics, we observe that the most important
properties the classical PID are preserved even if the controller is deployed in a distributed

fashion.

7.1. Future Work

Several open problems are left for further study.

e First and foremost the effect of varying the structure of the network control layers on
the multiplex strategy should be studied in more detail as preliminary results show
the performance of the network evolution towards consensus can be affected by such

variations.

e Also, it remains to be investigated if the additional degrees of freedom represented by
the gains of the distributed P and I actions can be exploited to improve the performance

of the closed-loop network, possibly in an optimal manner.

e We wish to emphasize that more sophisticated approaches can be developed by con-
sidering other linear or nonlinear control actions rather than the simpler proportional
and integral actions considered in this work. For example, robustifying the distributed
action could be designed by considering an extra network control layer of variable
structure controllers. Also, designing adaptive strategies where the gains «, g and ~

are time-varying functions.

e An interesting extension of the distributed PID control may be consider the strategy

for undirected networks and possible time-varying structures.



APPENDIX A

Matrix Calculations

A.1. Computation of ¥ matrix

We know that ¥ = Uflz_lPU, and

i1 Wia ] 11
=U"L
[ Wi, Wy

1 01 (1) U

Ov-1)x1 P

Next, we simplify the expression of each block in the matrix. Specifically, from (3-9) we have

that Ry = 7’111%_1 and the first block can be expressed as
Y =111 (lAnPl + 212P1N—1> + Ry (22101 + 222f)1N—1>
= 7“112\11/)1 + 7“1111:@_1221P1 + 7"11212151N71 + R12222i§1N71
~ ~ ~ ~T
From (3-36) one has 1§, Lo = 1 — l31, where L5 = L,,. Thus, using (3-37) yields

Y =rup1 + 7”11212f’1N—1 + T111%_1222f)1N—1
=Trip1+ 7”11212P1N—1 +ri 1y, — le)f)lN—l

=7rup1+ 7"111£_1f)1N71

—MY ;e

We move next to the second block given by
U, = N7’11(T11P1R51 + zlzf)Rgg) + NR12(01221R;F1 + 222f)R"2Fz)
from (3-9) we have that Ry = r1;1%_;. Some algebraic manipulation yields

(1/N)‘I’12 = Tllplz\llel + pl’f‘lll%_lzglel —|- Tllzlgf)RgQ + R12Z’,22IA’R§2
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Using (3-36) the right-hand side of this expression can be rewritten so as to get

%‘1’12 = Tllplz\llel + prr(1 — 2\11)R2T1 + 7“11212151:{52 + R12222§R2Tz
%\1112 = rupRY, 4+ r1 £1,PRE, +11,1%_ £2,PRE,

%‘1’12 =rup Ry, + 7”11212f)Rr‘2rg +ru(ly_, — Elz)f)Rgg

%‘1’12 =rumRj, + R12§Rgg

Finally, adding and subtracting lelgRgTz and applying property (3-13) yields
(1/N)¥1y = —piRipR], + RipPRY,
(1/N)¥1; = Ry (f) - plINfl) Rg;
(1/N)\:[112 = 7’111%71 (]/.5 - plIN71> Rg;
Wiy = [p2—p1,--, pv — iRy, = PRy,
The third block of the matrix has an expression given by
Wy = R212\11f71 + R22221P1 + Rlelzf)lN—l + R22222131N—1
Using (3-11) we get

Wy = —R221N—1711P1 + R22221P1 + R22Z22131N—1 - R221N—1212§1N—1
Wy = R22((222 - 1N—1212>1—31N—1 + ,01(221 - 1N—1ZA11))

Then, using (3-39), one finally has ¥y = RQQ(ZQQ — 1N,1212)(13 — p1In_1)1Iy_1 and (3-52)

is then obtained. Finally, the last block of ¥ matrix is expressed as
(1/N)Wy = R211A11,01Rgl + R22/11221R2Tl + R22Z2213Rgg + R2121213R§2
Using (3-11) and (3-36) one gets

(1/N)Wyy = ,01R22(221 - z\lllN—l)Rgl + R22(222 — 1N—1221)PR§2
= R22(222 — 1N—1212)§R2Tg — P1R22(221 — TlllN—l)l%_leQ

then, applying (3-39) one has
(1/N)®y = Ros(Loy — 1y_1L£12)PRE, + p1Ron(Loy — 1y_1L12)An_11% RE,

and we obtain (3-22)
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A.2. Derivation of ¥ for generic node dynamics

Using the block decomposition of R as done in the proof of 4-17, we have

T — [ rily, (Ri2®1,) } { A, Onxn(v-1))
(R ®1,) (Rp®l,) O(n(N=1)xn) A

(1N—1 ® In) N(RgQ ® In)

Then, by matrix multiplication one gets

v, ¥y }
P =
{ Wy Wy

where
Uy =rAr+ (R ® In)A(lN—l ®1I,)

Wiy =N (rmAI(Rg; ®L,) + (R, @ L,) ARy, ® L))
Uy = (Ryy ®@L,)A; + (R @ L)A(Iy_1 ® 1)
Uy = NRy @ L)A1(R}; ®1,) + N(Rax ® I,)A(R], ® 1,,)
Now, by some algebraic manipulations we can simplify each block of ¥. Then, by definition
r11 = 1/N and Ryp = (1/N)1% | and
Uy =(1/N) (A + (15, ®L)A(ly ® L))

which is clearly (4-24). For the second block we can add and subtract NA(R;xRL, ® I,)
where Ris = (1/N)1%_,. Hence, using (3-14) one has

Wy, = (15, 9@L)A - AL, ®L))(RL®1,)

- 7

g

P,

note that the matrix P; can be recast as Py = [Ag A3 -~ Ay_1] —[A1 Ay --- Ay = [As —
A;--- Ay — Ay] and then (4-25) is obtained. Then, following a similar procedure as done
before but for ¥y adding and subtracting (Rge1% | ® I,)A4, and using property (3-12) we

obtain
¥y = (R ®1,) (A(lN—l ®L) -1y ® In)Al)

. >3

g

P2

in this case P, can be rewritten as

P2 = [AQ - AlTv o 7AN - AlT]T
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Finally, from properties (3-12) and (3-14) we can express (R, ®L,) = —(1/r11)(R12R2, ®1,)
and (Rg; ® I,,) = —(Ro2ly_1 ® I,,) and the last block reads

Py = (R ® In)x1(R2zT ®1I,) + NRyp® In)A(RmT ®1I,)

where _Kl = (Iy_; ® I,)A;(1%_, ® I,). Note that :&1 can be also written as jNXl =
(1y_11%_, ® A;) and by grouping common terms we obtain (3-22).
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Lyapunov Exponents

Lyapunov exponents provide a quantitative measure of the divergence or convergence of

nearby trajectories for a dynamical system. Consider the system
% = f (x(1)) (B-1)

Given some initial condition x,, consider a nearby point x,+ d,, where the initial separation
or perturbation 4, is arbitrary small as shown in Figure.B-1. Then, after a time T their im-

ages under the flow are given by fr(x,) and fr(x,+4d,) respectively. Hence, the perturbation

£(x,+8)

Figure B-1.: Divergence of two solutions for nearby initial conditions

at time T is given by

(ST - fT(XO + 60) - fT(Xo)
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If [|67| ~ e"T||d,||, then p is the exponential rate of divergence or convergence of two

trajectories and more formally can be defined by

~ fim L 07l

B-2
AT S (B-2)

where ||d7|| denotes the length of the vector dr. Note that for > 0 we have exponential
divergence of nearby trajectories. Then under some assumptions on the vector-field, p rep-
resents the largest Lyapunov exponent if the limit (B-2) exist. Then, several generalizations
to compute the complete spectrum are available in literature; however, we introduce just
one based on Gram-Schmidt orthonormalization, which provides a good approximation of

the Lyapunov exponents and it is easy to implement.

B.1. Estimating the Lyapunov exponents

A simple estimation of the Lyapunov exponents for a continues time dynamical system is

introduced in [69]. Specifically, we have to integrate the system

%(t) = £(x(),  x(0) =x, (B-3a)
I

where M(t) = [uy(t),- - ,u,(t)] with u,(t) € R* for p = {1,--- ,n} then,

= lim —ZIHHW]H (B-4)

k—oo k

where T' is the step size of the integration method, %k is the number of iterations, and the
superscript 7 denotes the j-th sample of the vector w;. Furthermore, the vectors w; are

computed using the Gram-Schmidt orthonormalization of the set u, as

W1

W) =Uu;, Vi = -—F (B—5a)
[[wi|
Wo = Uy — (ugvl) Vi, Vo = & (B—5b)
[[wall
p—1 W
w, =1u, — Z (w)vi) vi, vy = — 2 (B-5c¢)
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