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ABSTRACT

Stability analysis of networked dynamical systems has been of interest in many disciplines
such as biology and physics and chemistry with applications such as LASER cooling and
plasma stability. These large networks are often modeled to have a completely random
(Erdés-Rényi) or semi-random (Small-World) topologies. The former model is often used
due to mathematical tractability while the latter has been shown to be a better model for

most real life networks.

The recent emergence of cyber physical systems, and in particular the smart grid, has given
rise to a number of engineering questions regarding the control and optimization of such
networks. Some of the these questions are: How can the stability of a random network be
characterized in probabilistic terms? Can the effects of network topology and system dynamics
be separated? What does it take to control a large random network? Can decentralized
(pinning) control be effective? If not, how large does the control network needs to be? How
can decentralized or distributed controllers be designed? How the size of control network

would scale with the size of networked system?

Motivated by these questions, we began by studying the probability of stability of synchro-
nization in random networks of oscillators. We developed a stability condition separating the
effects of topology and node dynamics and evaluated bounds on the probability of stability
for both Erdos-Rényi (ER) and Small-World (SW) network topology models. We then turned
our attention to the more realistic scenario where the dynamics of the nodes and couplings
are mismatched. Utilizing the concept of e-synchronization, we have studied the probability
of synchronization and showed that the synchronization error, €, can be arbitrarily reduced

using linear controllers.
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We have also considered the decentralized approach of pinning control to ensure stability in
such complex networks. In the pinning method, decentralized controllers are used to control
a fraction of the nodes in the network. This is different from traditional decentralized
approaches where all the nodes have their own controllers. While the problem of selecting
the minimum number of pinning nodes is known to be NP-hard and grows exponentially
with the number of nodes in the network we have devised a suboptimal algorithm to select
the pinning nodes which converges linearly with network size. We have also analyzed the
effectiveness of the pinning approach for the synchronization of oscillators in the networks
with fast switching, where the network links disconnect and reconnect quickly relative to the

node dynamics.

To address the scaling problem in the design of distributed control networks, we have em-
ployed a random control network to stabilize a random plant network. Our results show
that for an ER plant network, the control network needs to grow linearly with the size of

the plant network.
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CHAPTER 1: LITERATURE REVIEW

The study of collective dynamics of networked systems has found significant interest and
applications in a variety of disciplines including but not limited to social sciences (random
gossip), biology (nervous system), physical sciences (plasma, laser cooling) and engineering

(autonomous agents, communications networks and smart grids) [3-16].

Recently as the study of collective behavior of dynamical systems has reached some level of
maturity [3], the stabilization and control of these complex networks have started to receive

a great deal of attention by engineers and scientists [17-19].

In this chapter, we will introduce the basic concepts and review the significant contributions
and literature relevant to the study of the collective behavior of these large complex networks

as well as stabilization and control of these dynamics.

Background and Basic Concepts

There are two important aspects to the study of the collective dynamics in the networked
systems. The first feature of networked systems is the dynamics of isolated systems, referred
to as nodes. The second feature is the particular structure in which these nodes interact

with each other. A brief introduction of the concepts related to these features is given below.

Dynamaical Systems

Since systems which can be expressed with ordinary differential equations (ODE) constitutes

a large class of dynamical systems, this introduction is limited to this class of systems. This



class of systems can be denoted as

x =f(x,t), x(tg) = xo. (1.1)

In particular we study an autonomous system where the function f does not depend explicitly

ont

x = f(x). (1.2)
f: R" — R". We note that the study of autonomous systems can be generalized to non-
autonomous systems via defining y = [x7,#]” and f(y) = [f’ (x), 1]”.

One important concept in the study of dynamical systems is the concept of an equilibrium

point, also called a fixed point.

Definition 1. A point x = x* is a fized point of (1.2), if the state of the system starts at

x* and remains at xX* for all future time [20].

Since for all future time the trajectory starting at x* stays there, f(x*) = 0. Therefore, fixed

points are the solution of f(x) = 0.

Based on the behavior of the trajectories of the system in the neighborhood of x*, fixed
points are categorized as [2]:

1. Attractors (sinks): fixed points which attract all the nearby trajectories.

2. Repellors (sources): fixed points which repel all the nearby trajectories.

3. Saddle points: fixed points that attract trajectories on one side but repel them on

the other.



Figure 1.1: Behavior of trajectories near attracting (left) and repelling (right) fixed points,
c=1.

Definition 2. The basin of attraction for a particular attractor is the set of initial points
{xo} such that the trajectories starting from each of these points approach the attractor as

t— oo [2].
Theorem 1. Let x* be a fized point of x = f(x), i.e., f(x*) = 0, and

0

)
X=X*

then the fixed point, x*, is exponentially stable if F < 0 [2].

The maximum eigenvalue of F is called the characteristic value of x*.

Example 1. Let

o 22 — 2
i?z 1 — X9
then x7 = (—|c|,—|c|]) and x5 = (|c|,|c|) are two equilibrium points of the system with

3



respective characteristic values of max(—|c|, —1) and 2|c|. Hence, X} is an attracting/stable
fized point and x5 is repelling/unstable fixed points of the system. Fig. 1.1 illustrates the

behavior of the trajectories near these fized points.

Oscillation or periodic behavior is another feature of dynamical systems.

Definition 3. A system is said to have a nontrivial periodic solution or limit cycle, if

AT >0 35 x(t+7T) =x(t).

One example of such behavior can be found in van der Pol oscillator

T —T2

To —xp — (2 — 1)z
Fig. 1.2 shows the oscillatory behavior of two trajectories in van der Pol system.

Another interesting behavior of nonlinear dynamical systems is order determined random-
ness, called chaotic behavior [2]. This order determinism comes from the fact that given
the set of equations and initial conditions the evolution of the trajectories determines the

subsequent behavior for future time [2]. One example of such systems is Rossler oscillator,

i‘l 0 -1 -1 T 0
Ty = 1 « 0 X9 + 0 )
T3 0 0 -5 T3 v+ T173

where [, (3, 7] € R? are the set of known parameters. It is known that for certain ranges

of these parameters, the system undergoes chaos [2].

Sample trajectories of Rossler oscillator are shown in Fig. 1.3.

4



Figure 1.2: The van der Pol limit cycle, v = 1.

Figure 1.3: Sample trajectories of Rossler oscillator with chaotic behavior, [, £, 7] =
[0.165, 10, 0.2].



Stability

Here we will briefly review a central concept of systems theory known as stability theory.

Definition 4. [20] The equilibrium point x = 0 of system (1.2)
o is stable, if Ve > 0, there exists § > 0 such that
Ix(O)ff <0 = lIx@®)] <e vt=0,

and otherwise it is unstable.

e is asymptotically stable, if the system is stable and § can be chosen such that

|1x(0)|]| <0 = tlim x(t) = 0.

e is exponentially stable, if the system is stable and there exists ¢, > 0 such that

%O < = [Ix@)] < cllx(0)[e™", vt =>0.

Lyapunov Exponent

As linearization is proven to be a useful tool in the study of nonlinear dynamical systems,
it is often used to determine the behavior of the trajectories near a certain set of points
in the state space [2] [20]. Of course, one should be wary of the conditions under which
linearization results in correct predictions. For instance, some of the justifications of using

linearization are based on checking the regularity of the dynamics, Lipschitz condition [21].



By linearization of an autonomous system in (1.2), we have
x=Fx, x(ty) = xo, (1.3)

where F = 0f/0x is the Jacobian of the function f calculated on the set of points which
the behavior is sought to be determined. In general, F is time varying, but for brevity of

notation, argument ¢ is omitted.

One measure to determine the behavior of trajectories in (1.3) is to calculate what is called
Lyapunov exponents [2]. To calculate these exponents, one should first calculate the state

transition matrix!, ®(¢, ), for (1.3), then the ith Lyapunov exponent is

o; = limsup %Real {In (N (@(t,to)"@(¢,0)) }, i€ {1, -+, n} (1.4)

t—o00

where \;(+) returns the ith eigenvalue of the argument, and Real(-) returns the real part of

its argument.

Based on this measure, it is known that for a system to undergo chaos, at least one of the
Lyapunov exponents should be positive. The set {0;,7 =1,---, n} is called Lyapunov spec-
trum. Based on signs and values of the Lyapunov exponents expected behavior of the system
can be determined. Table 1.1 gives the possible behaviors expected for three dimensional

systems based on the Lyapunov exponents.

Note that if all the Lyapunov exponents of an equilibrium point are negative then the

equilibrium point is exponentially stable [2].

!The state transition matrix can be computed by Peano-Baker series [2].



Table 1.1: Spectra of Lyapunov exponents and the associated attractors for 3D state space [2].

signs of ¢’s | Types of attractors

Fixed points

-, —

Y
Y

( -)

(0,—,—) Limit cycle

(0,0,-) Quasi-periodic Torus
(+, 0,—) Chaotic attractor

Theorem 2. [2] If the mazimum Lyapunov exponent of (1.3) is negative, then x = 0 is

exponentially stable.

Lyapunov Direct Method

Another method of investigating the behavior of dynamical systems is known as Lyapunov

direct method.

Theorem 3. [20] Let x = 0 be an equilibrium point for (1.2). Let V : Q@ — R, be a

continuously differentiable function on a neighborhood €2 of x = 0, such that
V(0)=0 and V(x)>0:Vxe D — {0},

V(x) <0, V¥xeD.

Then, x = 0 s stable. Moreover, if

V(x) <0, VYxeD-{0}

then x = 0 is asymptotically stable.



V(x) in Theorem 3 is called Lyapunov function. One unique feature of Lyapunov direct
method is that no differential equation is needed to be solved. Also, it is noteworthy that

Theorem 3 only provides sufficient condition on the stability [20].

As it can be seen the Lyapunov theorem is only applicable to equilibrium points. To extend
the theorem to study of limit cycles and/or chaotic attractors, LaSalle invariant principle
has been introduced [22]. The following is the definition of an invariant set which is used in

the principle.

Definition 5. [20] The set M is called invariant set with respect to (1.2) if

x(0)eM = x(t)eM, VteR (1.5)

This means that if a solution belongs to M at some time instant, it belongs to M for all

past and future time.

Theorem 4. [20, LaSalle Invariance Principle] Let Q be a compact (closed and bounded)
set with the property that every solution of (1.2) which starts in 2 stays in Q0 for all future
time. Let V : Q0 — R be a continuously differentiable function such that V(X) <0,vx € Q.
Let € be the set of all points in Q where V(x) = 0. Let M be the invariant set in E. Then

every solution starting in €2 approaches M ast — oo.

Complex Networks

The mathematical notion of a complex network is a graph G consisting of a set of N nodes
connected by a set of M links. This graph is uniquely represented by the adjacency matrix
A = [a;;], where entries a;; = 1 if a directed link from j to ¢ exists, and 0 otherwise. In

the general case of a weighted network, a;; represents the weight of the link from node j to

9



node i [23] [24]. The number of the links which connects node ¢ to other nodes is called the

degree of node ¢ and is denoted by d;.

Investigating the statistical properties of many real-world and artificial complex networks
reveals that despite different network representations, some categorizations of these proper-
ties are possible. The most representative statistical property is the degree distribution P(d)
which indicates the probability of a node having degree d. While historically, the degree
distribution has been the first measure for studying the complex networks, several other
measures are found to be more useful and effective [4]. Two of these prominent measures are
the average shortest path length, (%, and the clustering coefficient, C. The average shortest

path length is defined as
N

1
(= -1y Z%’ja

ij=1
where ¢;; is the length of the shortest path® between node i and node j. The clustering
coefficient is defined as “the fraction of actual triangles (three vertices forming a loop) over

possible triangles in the graph”. One way to calculate C' is

N

ool 1l 2n;
_N; i_N;di(di—l)’

where n; is the number of links between nearest neighbors of node i and d; is its degree [3].

Another important property of a given network is its spectra, which refers to the eigenvalues

2Also known as characteristic path length.

3In case of the weighted networks, and this is minimal sum of the weights belonging to a path from node
7 to node j.

10



of the Laplacian matrix*. The Laplacian matrix of a network, L = [I;;], is defined as

N . .
m=1mi =]
o) Zmm (1.6)

li; .
Qg i F]

Per definition, the Laplacian matrix is positive semidefinite. Since the entries on each row
add up to zero, zero is an eigenvalue of the Laplacian matrix, with the all-one vector as its
right eigenvector [24]. It has been shown that if the network is connected, i.e., there exists a
path from each node to any other arbitrary node in the network, zero is a simple eigenvalue
of the Laplacian matrix [24]. The second smallest eigenvalue of the Laplacian matrix is a
measure of network’s connectivity and is referred to as its algebraic connectivity [24] [25].

That is, a bigger algebraic connectivity implies a stronger connected network.

Classifying complex networks based on the degree distribution, P(d), separates the networks
to homogenous or heterogenous classes [3]. Homogeneity of the network is determined by
the tail of the degree distribution. If the tail of the degree distribution rolls off exponentially
with the degree, the network is referred to as homogeneous, otherwise, the network is called

heterogeneous [3].

This classification can be improved upon by additionally taking the average shortest path
length of the network into account. This parameter can be used as a measure of smallness
of the network. That is, a smaller ¢ implies that the nodes in the network can be reached
in smaller number of hops. This parameter is also referred to as small-world property [3].
Clustering coefficient, C, is another useful parameter in classification of the networks, where

larger C' values imply the existence of redundant paths and smaller C' values imply otherwise.

4Also known as gradient matrix.

11



Figure 1.4: The transition from regular network to SW and random network.

Network Models

Here, three common structures of mathematical interest for the networks are briefly reviewed.

Regular network or lattice: a connected network which has the property of d; = d is called a
regular network or lattice [4]. This is also known as d-regular networks. Fig. 1.4-left shows
a lattice with d = 4. A regular network is homogeneous and its characteristic path length

scales as £ ~ N/ and its clustering coefficient is

Erdos-Rényi or random network: if the link between two arbitrary nodes exists with proba-
bility p, and otherwise nonexistent, the resulted network is called Erdos-Réyni network, and
is denoted by G(N, p). Fig. 1.4-right shows an example of random network. An Erdés-Rényi

network is also homogenous. . Its characteristic path length scales with logarithm of net-

12



work size given a constant average degree, ¢ ~ In(N)/In(d), where d is the average degree
of the network, hence even when the network is large the average shortest path length is

small [3] [23].

Small-worlds: one of the seminal works on the modeling of the networks has been done
by Watts and Strogatz [4]>. This work was intended to create a comprehensive model to
understand the effect of substrate networks on the synchronization phenomena in real-world
networks. The model predicts the highly correlated connections between the nodes as if
there are invisible long range links between distant nodes in the network. This property in
the real-world networks is known as small-world (SW) effect [3] [4] [6]. This model shows
that if we start from a regular network and remove one end of a small number of links with
probability p and reattach the free-end of these links with equal probability (in random)
to other nodes, for p > p., the average distances between the nodes, ¢, will be reduced
drastically in the resulted network. As the number of rewired links increases the network
becomes more and more random where for p = 1 the network is completely random. Fig.

1.4 shows this transition from regular networks to small-worlds and random networks.

A revision to the model came shortly after. In the revised model, instead of rewiring the
existing connections, a small number of connections (with respect to the network order, M)
is established in random to acquire the small-world [6]. This revision simplifies the original
model, thus rendering it more suitable for analytical approaches [6]. In addition to having
a small characteristic path length which scales logarithmically with the network size (like
random networks), small-worlds also have the property of preserving the large clustering

coefficients of the substrate regular network [6].

50f course there were some experimental studies before this work, where small-world property was re-
ported. Two instances of such studies are S. Milgram ’s experiment of 1969 and “six degree of separation”
concept by F. Karinthy in 1929 [3] [26,27].
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Even though the small-world models bridge the gap between regular and random networks,
real-world networks prove to be more complex. Since the new model failed to give a com-
prehensive understanding of the behavior of the substrate network, a pragmatic model was
introduced by Barbasi and Albert [7]. In this model, the inherent nature for the formation
of the real-world networks, such as preferential attachment and connectivity saturation®,
was also taken into account [3] [7] [25]. The real-world networks are usually a result of
mechanism, whereby in the evolution of the network, new comers prefer to attach to the
existing nodes with a higher number of links, also called hubs. The resultant networks have
power-law degree distribution, P(d) = d~7 where 7 is a positive constant. It has been shown
that many real-world networks such as World Wide Web (WWW), electrical grids, etc. bear
this property [7]. As it can be seen the degree distribution of power-law is independent of
the network size, hence it does not scale with /N and consequently, these networks are called
“scale-free” (SF). Since the degree distribution is power-law, these networks have a small
number of highly connected nodes, referred to as hubs, and a large number of nodes have
very small number of links [7]. Since the degree distribution in scale-free networks has a

heavy tail, these networks are classified as heterogeneous networks.

Synchronization in Complex Networks
One of the most intriguing collective behaviors found in complex network of dynamical
systems is the phenomenon of synchronized states.

One of the earliest reports of the synchronization or “odd kind of sympathy” was reported by

C. Huygens in 1665 where it was observed that two pendulum clocks with shared supporting

6That is, each node can handle/allow certain number/weight of connections, also called capacity con-
straint.
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frame, swung with the same frequency in 180 degree phase difference [3]. The reported

behavior would be also restored in case that the pendula were disturbed [3].

The problem formalization evolved with time and was first expressed in its current form
by Wiener in his book, Cybernetics, to study and comprehend of synchrony between large

groups of neurons, fireflies, or crickets at the same time [28].

It was not until A. T. Winfree’s paper in 1967 work that the breakthrough in the study
of this kind of collective behavior occurred [29]. Winfree’s work was based on the mean
field theory where the nodes (elements) in the network (population) were considered to be
phase oscillators [3] [29]. In this formulation, only the synchronization of the phases in
the oscillators was considered, while the amplitude of oscillators was ignored. Kuramoto ’s

oscillator is one of the common models used in this setup [3].

Following Winfree’s work, there has been considerable efforts to study the structural and

dynamical effects of the network on the emergence of the synchrony.

Parallel to the study of phase synchronization, there has been a lot of attention devoted to
analysis of state synchronization in the network of identical oscillators [3]. A breakthrough
in this research thrust was accomplished by Pecora and Carroll. When solving the problem
of state-synchronization, they introduced the concept of master stability function (MSF) and
chose the negativeness of the mazimum Lyapunov exponent (MLE) of traverse modes as a

measure of the stability for the synchronization status of the network [5].

One of the key benefits of the master stability condition (MSC) approach is that the impact
of topological characteristics of the network on the stability of the synchronization can be

assessed separately from the dynamical properties of the nodes in the network [3] [5] [30].
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Synchronization in Network of Dynamical Systems-Basic Formulation

Let V= {1,--- , N} and let x; € R" be the state vector for node 7, ¢ € N/, in the network of
N = N identical nodes. Let the individual dynamics be x; = f(x;) where f: R" — R" [5].
Suppose h : R" — R" is the inner coupling function of the states. Hence the dynamics of

the network of N coupled oscillators can be expressed as

%; = f(x;) — ¢ Y _ ay(h(x;) = h(x;), Vie N

jeN
x;(to) = X},
or equivalently,
% =f(x;) —c Y _lh(x;), VieN (1.7)
jeN
Xl(to) = X?,

where c is the coupling strength, a;; indicates the weight of the connection from node j to
node ¢, and, L = [[;;] is the Laplacian matrix of the network. If the network is assumed to be
connected, then zero is a simple eigenvalue of the Laplacian matrix of the network with the
all-one vector as its corresponding eigenvector. Also in this section we assume that network

is symmetric/bidirectional, hence the Laplacian is diagonalizable by the unitary matrix [31].

Let N — 1 constraints x; = --- = x define the synchronization manifold, and s to be the

synchronization state. Also, let the error vector of node i from the synchronization manifold

be

16



Then the variational equation corresponding to (1.7) is

éi:Fei—chinej, VZ'EN, (18)
jeN

e;(ty) = e},

where F = 0f/0x|x_s and H = 0h/0x|x—s are the Jacobians of the vector-functions f and
h calculated on the trajectory, s, respectively. Note that F and H are in general time varying,

but we have dropped the notation for the sake of brevity.

Equation (1.8), can also be represented as
ée=(I®F—-cL®H)e, (1.9)
e(ty) =€,

T

where e = [e], --- | eX]T.

As it will be shown in the following chapters, equation (1.9) is equivalent to

n=(IoF—cA®H)n, (1.10)

n(to) =n°,

where n = (U” ®I)e and U is the unitary matrix which diagonalizes the Laplacian matrix,
L = UAU?, and A is a diagonal matrix, with eigenvalues of the Laplacian matrix as its

diagonal entries [5] [24] [31].

As it is noted in [5], my corresponding to puy = 0 gives the variations parallel to the synchro-

nization manifold, s, which will be ignored in this section. To study this term we identify the
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synchronization manifold in Chapter 3. Asm,;, i =1,--- , N —1 are traverse to the manifold,
for the realization of synchronization state, it is necessary that these traverse modes to be

damped out. In other words, 0 should be a stable equilibrium point of

n=I8F—-cA'@H)n, (1.11)
n'(to) =",
where ' = [pT,--- . n% |7 and A’ = diag([py, -+ ,pun_1]). Hence the synchronization is

achievable if 0 is the stable equilibrium of the following

m; = (F—cpH)m,, Vie N —{N}, (1.12)

n;(to) = ny,

where p; is the ith largest eigenvalue of the Laplacian matrix of the network.

From Theorem 2, we know if the MLE of (F — cpu; H) is negative for i € N — {N}, the

synchronization would be achieved [5].

Calculation of MLE for the generic equation of

z=(F—c\H)z

as a function of A gives the master stability function (MSF) of the network [5].

Based on the definition of MSF, o(-), can be defined as

o(A\) 2 MLE(F — cAH), (1.13)
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where MLE(+) returns the maximum Lyapunov exponent of the argument. Three types of

MSFs of interest are [1]:
1. Type I: monotonically increasing MSF (e.g. H is negative definite) where the stability
region is cA(L) € (0, 1), with oy being the positive root of the MSF.

2. Type II: monotonically decreasing MSF (e.g. H is positive definite) where the stability

region is cA(L) € (ay, +00), with «; being the positive root of the MSF.

3. Type III: MSF which returns negative values in the finite interval (o, as) (e.g. H is

positive semidefinite), where a; < ay are the positive roots of the MSF.

Fig. 1.5 shows the MSF types of practical interest.

'
1 Type IIT —&—Type I
] —©—Type Il
= = -Type IlI

o (h)

Figure 1.5: Three types of master stability function of interest [1].
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Literature Review on Synchronization in Complexr Networks

Following Pecora’s work, the vast majority of the existing literature on the subject have
adopted the negativeness of the largest traversal Lyapunov exponent as a measure of stability
of the synchronization. Of course, as noted in [5] and [21], the negativity of Lyapunov
exponents, in general, is neither a necessary nor a sufficient condition on the stability of
the synchronization manifold itself and it does not stop the manifold from bubbling and

bursting [5]. The condition of having MSF to be negative is called master stability condition

(MSC).

Since MSC leads to useful bounds on structural properties of the network, especially the
eigenvalues of its Laplacian matrix, scientists have been more focused on studying ways
to relate the bounds on the eigenvalues of the Laplacian matrix imposed by the MSC to
other properties of the network, such as minimum or maximum degree of the nodes, average
degree, etc. [5] [6] [11] [12] [30] [32] [33] [34]. These studies have been extended to under-
stand the relation of synchronizability of the network to its macroscopic and/or qualitative

characteristics such as regularity, smallness, randomness or scalability [30] [32] [33].

Even though the random networks are of limited practical interest, their study helps to pave
the path to understand dynamical flow in the networks with some degree of randomness such
as small-worlds or scale-free networks. Although, it has been numerically shown in [11] [35]
[36] that in large random networks, the average degree is the parameter directly linked to

the stability of the synchronization, rigorous analytical treatment has been lacking.

Due to practical interest in small-worlds, the synchronizability analysis in such networks
has drawn a lot of attention in many disciplines [3] [30] [32] [33] [34] [37]. It has been

shown that the synchronization is easier to achieve in small-worlds compared to regular
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networks [30] [34]. It has been also shown that in addition to small characteristic path in
small-worlds, homogeneity of these networks contributes to their enhanced synchronizability
[33] [38]. That is, as the network becomes more heterogeneous, e.g., scale-free networks,
the synchronization is harder to achieve [33] [38]. Furthermore, it has been shown that the
synchronizability of the network is closely related to the spectra of the Laplacian matrix of the
network. Along this line, there have been some attempts to approximate the distribution of
the spectra for different network types, such as random networks [11], and small-worlds [39].
The approximations of the Laplacian spectra in these studies have been performed using low

orders of moments of the Laplacian matrix specially in the case of small-worlds [39].

Most of these studies consider the networks to be unweighted and undirected, however,
there have been some attempts in analysis of weighted-undirected and binary directed net-
works [40-42]. In [5], it has been shown that for directed networks, where the eigenvalues of
the Laplacian matrix of the network are not real, the short and long wavelength bifurcation
phenomena can happen in regular networks (lattices). Also, the stability of the synchroniza-

tion in the context of time-varying or switching networks has been studied in [43-45].

Even though the study of the synchronization in the networks of identical nodes appears to be
matured, there have been a few attempts made to study the networks under more realistic
assumptions. One such assumption is to consider inner couplings and isolated dynamics
being mismatched. One of the reports on the synchronization of slightly different oscillators
is given in [46]. The authors report that even in the networks where the oscillator dynamics
and their couplings vary slightly from each other, the network can be almost synchronized.
That is, the states will converge to the vicinity of a certain synchronization state. In [47]
and [48], a sensitivity analysis of synchronization has been performed for the network of
mismatched oscillators. It has been shown that near-synchronization behavior can occur in

a network of mismatched oscillators using master stability function. The general stability
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of the synchronization in the network of dynamical systems with nonidentical dynamics for
each node is studied in [49] and [50] using the Lyapunov direct method. However, in most of
these studies the effects of uncertainties in the weights of the links and inner couplings have
been ignored [51]. Also to the best of the author ’s knowledge, there has been no attempt to
investigate the phase transition in which the network undergoes this type of synchronization

(neighborhood synchronization).

Switching Networks

Although the majority of the synchronization literature study static networks, where the links
are considered to be fixed in time, in most applications the network evolves with time [52].
One of the interesting models of the time varying networks is the one with switching struc-
ture, where existing links are removed or new links are established through a deterministic
or stochastic process. The use of non-conservative methods, such as MSF, for analysis of the
switching networks requires simultaneous (joint) upper-triangularization of the Laplacian
matrix of the set of networks which switching is chosen from”. This substantially limits the
scope of the study of this kind of networks [53] [54]. Also the joint upper-triangularization of
the matrix set guarantees the existence of common quadratic Lyapunov function (CQLF) for
the linear time-invariant (LTT) systems [53]. Since CQLF is conservative, switched quadratic
Lyapunov functions (SQLF) has attracted some attentions [55]. The idea is that if all the
networks in the switching set are synchronizable, the Lyapunov function of each network can
be concatenated based on the switching signal to form a global Lyapunov function. Alterna-
tively, the synchronizability of the network-set under arbitrary switching can be checked by

examining a set of linear matrix inequalities (LMI) [54]. Another method in analysis of the

"The simultaneous upper-triangularization of any set of matrices is only possible if the Lie algebra pro-
duced by the matrix set is solvable (nilpotent) [53] [54].
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synchronization/stability of the network is called multiple Lyapunov function (MLF) [56].
In this method, for each network in the set a Lyapunov function is found with negative
definite derivative. The concatenation of these multiple Lyapunov functions constructs a
positive semidefinite function, with guaranteed negative definite derivative everywhere with
the exception of the switching instances®. Now if the values of the concatenated function
at the switching instances are descending, then negative definiteness of the derivatives of
all consisting Lyapunov functions the ensures stability of the synchronization [54]. Unlike
SQLF?, MLF can correspond to different regions of the state space, which renders it useful in

designing of the switching control signal [53]. The result for synchronization under arbitrary

switching can be found in [54] and references therein.

Under the particular condition of deterministic (or stochastic) fast switching, it has been
shown that the results obtained for the static network can be applied to the time-average
(stochastic average, i.e., expected value) of the architecture of the network [52] [57]. The
network is considered to be fast switching if the establishment and removal of connections
are faster than the dynamics of individual nodes. Examples of such networks can be found

in moving particles in plasma, mobile agents in wireless sensor networks, UAVs and etc. [43]

52] [58).

8Hence MLF is not a Lyapunov function.

9SQLF only partitions the time domain while MLF can partition state space as well.
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Control of complex networks

In control theory, the controllability of a dynamical system is defined as the following [59] [60]

A system with a suitable choice of inputs is controllable if it can be driven from any

arbitrary initial state to a certain target state within a finite time.

Although control theory is mathematically matured in many applications, its advance in
complex networked systems is hindered [60]. The issue is that the controllability of such
systems is determined by two independent factors, the first factor is the topology of the
system, i.e., how the subsystems interact with each other; and the second factor is the
governing dynamics of each individual subsystems [60]. With the availability of deeper
understanding of structural/topological properties of complex networks, recently there have
been profound results regarding the controllability of these networks (see [60-62] and the

references therein).

The need to regulate the behavior of systems consisting of many interconnected components
is a common feature for most applications in social, biological sciences and engineering.
Hence, designing a network of controllers (control network) that can guarantee a specific
behavior of a given network of plants is of utmost importance. Examples include but not
limited to synchronous heart beat cells, synchronization of neurons in nervous systems, flight
formation of unmanned aerial vehicle (UAV), networked control systems in industrial plants,

opinion dynamics in social networks by leaders, and cell cycles in biology [62-64].

Historically, the first controllers designed for networks were centralized, where all the state
information was known at a central point and control laws were determined using all that

information [61]. Even though the optimal control is possible with this kind of controller
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design, the scalability and complexity issues and the requirement of the availability of perfect
state information of the whole network at all times forced engineers to trade-off the optimality

of such controllers to overcome some of the obstacles in the implementation process [61].

To alleviate some of the issues regarding centralized control design, an extreme alternative
is decentralized control. In this approach controllers use only the local state information
to form a control law for each node. This way the complexity of the controller design is
reduced and thus, the solution can be easily scaled. Decentralized control is more effective
in a network of sparsely or weakly coupled subsystems [65-67]. Even though the simplicity
and scalability of the design is achieved with this method, the performance drastically suffers.

Pinning control is an example of decentralized control.

In pinning control, the set of nodes is divided into two subsets, one subset consists of nodes
that have self-feedback and knowledge of the target set. These nodes are called pinned nodes.
The nodes without any controllers form the other subset. The pinned nodes play the role of
leaders or pacemakers in the network. The desired action is initiated only from these nodes

and propagates to the rest of the network [62] [63].

Pinning Control

As this study will mostly focus on the analysis of synchronization and its stability in complex
networks, the effects of pinning on the synchronizability of such networks will be reviewed
here. Since first proposed in [68], pinning control has been a viable candidate to achieve
stability in complex networks. This technique is utilized to compensate for spectral re-
quirement of the architecture of the original network and/or to achieve the robustness of
the stability of the synchronization in the event of link failures and other sources of distur-

bances [17] [18] [34] [60] [62] [63]. Sometimes pinning is used when the network is expected
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to reflect a predetermined behavior. For instance in opinion networks, such a predetermined
behavior /opinion comes from leaders, the synchronous beats of heart cells which is generated
by pacemaker cells in sinoatrial node, or following a reference trajectory in a group of UAVs,

ete. [62] [63].

The pinning controllability has been defined in [62] and has been shown to be equivalent to
the synchronizability of an augmented system. The augmented system includes an additional
node which is the reference signal in the local controller and its connections are directed from

that node to the pinned set and zero to the rest of nodes [58].

It has been shown in [17] that a network of oscillators can be stabilized by a single con-
troller. Clearly, pinning a network in this manner requires a very large controller gain,
which is practically undesirable if not impossible. This idea has been evolved to use multi-
ple controllers with smaller controller gains to obtain a practical design of controllers with
utilizing a small number of controllers [19] [49] [69]. In [69], pinning of higher degree nodes
has been investigated which has been shown to be effective in scale-free networks. As it was
pointed out previously, when the network evolves based on preferential attachment of new
comers, controlling the hubs, where the arriving nodes are likely to be connected, helps the
scalability and efficiency of the control. In [19], assuming that the inner coupling matrix is
positive definite (MSF type II), it is proposed to pin the lower degree nodes to stabilize the
network globally. It has been shown that this approach outperforms that of [69]. In [70],
the condition of positive definiteness of the coupling matrix has been relaxed to positive
definiteness of symmetric part of its product with another positive definite matrix. It has
been also shown that the number of pinning controllers is inversely related to feedback gain.
The adaptive pinning control is used in [17], [19] and [71], where the controller gains are
evolved by a differential equation. This approach provides robustness in the presence of

possible uncertainties and perturbations.
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In most of these studies, controllers’ gains are considered to be equal, which makes the de-
sign of controllers conservative. Also these designs use the Lyapunov direct method, to form
a control law and assign of the controllers, which adds another layer to their conservative-
ness. While this enhances the robustness of the controllers in the event of failures in the

connections, the other approaches, in general, result in a fewer number of pinned nodes [63].

The optimal gains of controllers and their locations have been analyzed in [63]. The problem
has been converted to a combinatorial and continuous optimization problem and solved by
particle swarm optimization. This approach, even though effective in avoiding local optima

compared to generic particle swarm optimization techniques, is computationally complex.

In [72], the cost optimization of pinning control and its effectiveness in several special net-
works such as, lattices, complete networks, cluster of star shaped sub-networks have been
studied. Using MSF, it has been shown that pinning lower degree nodes yields in minimal
cost of pinning for MSF-type II. In this work, cost function is assumed to be the sum of the

controllers’ gains.

In [43], the idea of “spatial pinning” has been introduced, where depending on the appli-
cation, the individual assignments of the controllers is either impossible (e.g. plasma) or
undesirable (e.g. mobile agents). The proposed method applies controllers to any mobile
agent located in a fraction of the total deployed area. It is assumed that if two nodes are
in certain distance of each other they become neighbors, i.e., coupled. If the nodes move
adequately fast or if the density of the nodes is sufficiently large, a fast switching network
emerges and the results of [52] or [57] can be applied to control the network. It has been
shown that by choosing a sufficiently large controller area, i.e., pinning area, the network is

synchronizable.

Node-to-node pinning control has been proposed in [58]. In this strategy, only one node is

27



pinned at any time instant but the controller (pinning point) switches in faster rate than the
dynamics of individual nodes, hence the controller is passed around among the nodes. Even
though the authors in [?] assumed a time-invariant network, the result is very similar to
that of [43]. Considering the cost function to be the aggregate controllers’ gains, the authors
in [?] proved that the optimal gain assignment is to pin the nodes with uniform controller

gains as it was conjectured by the extensive numerical results in [62].

Most of these studies assume that the inner coupling matrix, H, is positive definite which
means the MSF of the network is of type II form (see Fig. 1.5). Moreover, the methods
of analysis in these literatures are mostly conservative (the Lyapunov direct method). Fur-
thermore, these results, like pinning a lower degree nodes, are primarily based on extensive
numerical simulations and not analytical. Also, the main part of these analyses is based on
using a single controller to pin the network which usually results in a very large controller

gain.

To mitigate some of the drawbacks in decentralized control, distributed control has been in-
troduced. In these controllers the state information of other (neighboring) nodes is combined
with the local state information to form the control law which increases the performance of
the controllers. Distributed control can be used in a wide range of networks to achieve the
stability of the entire network [61] [73]. Since this method uses the information from a wider
subset of the network nodes, it can be much more effective than the decentralized approach.
However, this approach attains the stability goal by increasing the size of the control net-
work, which directly increases the cost by introducing communications of the state in the
control network. Another drawback for this networked control method is that the availability
and the proper estimation of the states at given time has been proven to be challenging in

the implementation process [61].
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Distributed Control

Here, the concept of distributed control is briefly described and the existing results are

reviewed. Networked control systems are defined as [74]:

“Networked control systems (NCSs) are spatially distributed systems in which the
communications between sensors, actuators, and controllers occur through a

shared band-limited digital communication network.”

As the controllability of arbitrary distributed networks is still to be determined, the impact of
topological characteristics of the network on its stability is largely under-studied [73-76]. One
major step in this direction has been accomplished in [60] ,where the structural controllability

in complex networks of LTI systems has been studied.

To address some of the issues such as imperfect communications and structural uncertainties,
different types of controllers are proposed to be used in distributed networks. Adaptive
controllers are used to cope with the architectural changes and also to compensate for noisy
data where quantizations of states, noise in observation, and errors in estimation of the

recovered data’s contribute to those uncertainties [74,77].

Since the important feature of the implementation of distributed algorithms is communi-
cation and controller actuation, the event/time triggered controllers are commonly used in
NCSs. These controllers, in most cases, relax the requirement of continuous transmission
of data and they can operate on centralized or decentralized triggering rules [74] [78] [79].
In centralized type of triggering, the time sequence of information updates is calculated

and communicated by a central entity, based on a global measure in the network, hence
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the sampling is performed in a synchronous fashion in the nodes. However, as the limi-
tation of communication and processing power gets contingent then the distributed, i.e.,
asynchronous, implementations are favorable. As an extension to event-triggering, a self-
triggering is considered in [78] [80], where each node calculates the next update time at the
current time. In this approach, the measurements are not needed to be tracked between two

consecutive updates.

Although, there have been great strides made in the subject of distributed control, the
question of scalability of the size of the controller network, also known as communication
network, have received very little attention. That is, if the order and/or size of the network

increase by some factors how does that effect the order and/or size of the control network?

Contributions of Thesis

As it is known the spectra of the Laplacian matrix is a major factor in determining the sta-
bility of the dynamical networks. However, there has been small progress on this subject. In
chapter 2, we will provide asymptotic analysis of the spectra of the Laplacian matrix for ran-
dom networks as well as small-worlds. Then in chapter 3, we will take on the synchronization
problem in complex networks with uncertainties in isolated node dynamics, inner coupling
and weights of the links. Additionally, with calculating the probability of the stability we

will assess the transition of the mismatched network to synchrony.

Chapter 4 will provide the study of the pinning control with multiple pinning controllers
under the assumption of the positive inner coupling matrices and constrained controllers’
gains. The analysis will be performed by MSF like methods and a heuristic algorithm will

be presented to identify the pinning set and the corresponding controllers’ gains. It will be
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shown that the algorithm results in improved performance in the sense of the number of
pinning controllers, compared to existing methods. In chapter 5, by removing the condition
of positive definiteness of the inner coupling matrices, the pinning problem will be studied
in the network of moving agents where it is assumed that coupling/linkage of the agents

changes faster than the dynamics of the isolated nodes.

In chapter 6, the problem of scalability of the controller network in the network of LTI nodes
will be analyzed. Here it will be assumed that the controller network is Erdos-Rényi. We
will show that the best controller network should be a subnetwork of the substrate network,
called the plant network. The scalability factor of the controller network will be calculated as
a function of the average degree of the plant network. Chapter 7 is dedicated to networks of
linear-time varying systems which are partially observable. Finally, chapter 8 will conclude

this study.
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CHAPTER 2: PROBABILITY OF SYNCHRONIZATION IN
LARGE COMPLEX NETWORKS

In this chapter, we use an alternative master stability condition (MSC) derived from Lya-
punov direct method to obtain a sufficient condition on the stability of the network, based
on the eigenvalues of symmetric part of local and coupling dynamics. We perform our anal-
ysis in a generalized framework where the linkage matrices are not limited to be diagonal
and /or binary components), allowing multi-state and cross-state linkages, possibly with dif-
ferent strengths [81] [82]. We then use the derived MSC to calculate a lower bound on the

probability of stability for large Erdos-Rényi and Newman-Watts small-world networks.
System Model

Consider a network of N identical nodes with identical coupling dynamics

%= fx) = Y lh(x,), (2.1)

where x; € R",1 < i < N denote the state vector of node i, and f(-) and H(-) denote the
node and coupling dynamics, respectively. L = [[;;] is the Laplacian matrix of the network.
We assume that the network is undirected, i.e. l;; = [;; for all 4, j. Since L has zero row-sum,
this network has a synchronization state, xq, which is the solution of local state equation,
xg = f(x¢). This equation also defines the synchronization manifold. To maintain the
synchrony throughout the network, all x; should converge to a synchronous state, xq. This
means that all the modes traverse to the synchronization manifold should be damped out [5].

Denote the deviation of the state of each node from the synchronous state by e; = x; — Xg.
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If e; are small, (2.1) can be linearized around xq as

1=

L linej, (22)

where F and H are Jacobian matrices of f(-) and H(-) around xo, respectively. Note that in
general, x( is time dependent and so are F and H. For cleaner notation, we have dropped

their explicit dependence. Stacking (2.2) yields

é=(I®F - L®H)e="Fe, (2.3)
where T is the identity matrix, ® denotes the Kronecker product, and e = [e] ---e}]” is
the error vector with respect to 1 ® xg, where 1 = [1 --- 1],

Network stability condition

The network synchronization is exponentially stable, if F is exponentially stable. Since L
has zero row sum, its smallest eigenvalue, uy, is zero [24]. The mode for uy = 0 in (2.3)
represents the variations parallel to manifold and hence should be omitted in the study of
stability for traversal exponents [5]. Furthermore, multiplicity of zero in the set of network
eigenvalues is one, if and only if the the graph is connected [24]. The remaining modes in
(2.3) are traverse to the synchronization manifold and decay exponentially if and only if
the remaining modes of (2.3) are exponentially stable. Considering (2.3), norm of e can be

bounded by ( [21] Thms. 1 and 2)

et < letto x5 [ (B + () + 1) ]

to
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for t > ty and € > 0, where \;(.) denotes the ith largest eigenvalue of the argument. If
~  ~T
F+F 4 el <0 for all £ > ty, this bound approaches zero as t grows and the system is

exponentially stable. Thus, a sufficient condition on stability is

Je>0 st. F() +F () + el <0, Vt > t,. (2.4)

Since L is real and symmetric, it can be unitarily diagonalized as L = QAQ”. Consequently,

F can be block diagonalized, using transform QT @ I. That is

Q" eDFQeD)=(Q"eD(I=F)(Qel) - (Q"eD)(QAQ" @ H)(Q®I)

=I®F-A®H.

The diagonal block elements are F + p;H, where p; is the ¢th largest eigenvalue of L. Hence

(2.4) can be replaced by
Je>0st. F+F —p (H+H") + eI <0, VE > ¢, (2.5)

for 1 <7 < N — 1. Note that since L is symmetric, u; are real and non-negative.

Now we can use Weyl’s inequalities to further explore (2.5). Assume that B and C are n xn
Hermitian matrices, and 1 < j, k,j + k —n < n, then Weyl’s inequalities state that ( [83]

Thm. 1.3)

Aj+r-1(B 4+ C) < A;(B) + A (C) (2.6)

Ajsk-n(B + C) = A;(B) 4+ Ak (C). (2.7)
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Utilizing (2.6) with j + k =2 and (2.7) with j +k —n = 1 yields

Aj(B) + A—j+1(C) < M (B+C) < Mi(B) + Ai(C), (2.8)

for 1 < j < n. Now, since F + F? and —u;(H + H”) are Hermitian, we can use (2.8) to

bound A\ (F 4+ FT — ;;H — 11, H) 4 € from both sides:

MEF+FT—p,H— 1, HY) + e

<MEF+FD) + N (—pwH — pHY) 4 ¢

=MF+FD) — ), (H+HT) + ¢, (2.9)
and
MEF+F —pH - pH) + ¢
> N(F+F") + Xy (—pH — i HY) 4 ¢
= N(F+F) — )\ ;(H+HY) + ¢ (2.10)
for1 <j<n.

To obtain a sufficient condition on stability we now force the upper bound in (2.9), to be
negative

M(F+F) — min Apidn(H + H)} +e<0. (2.11)

1<i<N—

for some € > 0. Based on the sign of \,(H + H"), condition (2.11) reduces to

>t i NH+HD) >0
N1 > p ( ) (2.12)

p < ptoif A (H+HT) <0,
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where pf = (A (F +F?) 4+ ¢)/\,(H + H7”). This means that, using the terminology intro-

duced in [84], we can say that the synchronizability set of the network is {L|L satisfies (12)}.

We can also derive a necessary condition for (2.5) by forcing the lower bound in (2.10) to be
negative, or

max {\;(F+F") — p\;(H+H")} + € <0. (2.13)
]

Let k4 be the index of smallest positive eigenvalue of H + H”. Then (2.13) reduces to

A F FT €
UN—1 = /ﬁvfl = max;>g, %

In the case that \;(H+H") = 0, if \;(F +F”) > 0 then the condition (2.5) is not satisfied,

and if \;(F + F7) <0, the corresponding condition can be eliminated.

We note that, (2.14) is a necessary condition on (2.5), which itself is a sufficient condition on
stability. Therefore (2.14) does not reveal anything about the stability of the network. How-
ever, since (2.12) and (2.14) sandwich (2.5), condition (2.14) provides information regarding
how close (2.5) and (2.12) are.

Having developed the bounds on condition (2.5), namely (2.12) and (2.14), we now proceed
to relate them to the degree properties of the network. To do this, we employ following

inequalities known for symmetric Laplacian matrices [24]

HN—-1 < dmin and M1 S

_N—l N_ldmaX7

where dyi, and dpa. denote the minimum and maximum node degrees, respectively. Using
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these, and (2.12), the stability condition can be also expressed as

Qi >l 2 222 iE A (H+HT) >0

— “"min

Qo < dfpe 2 N2l if N (H+HT) <0

Similarly, necessary conditions for (2.5) become

Aoy > df. A N-1 g

— “min N :uN—l (2 15)
Amax < quax £ %Ni

From (2.12) one can draw the conclusion that in the network with low algebraic connectivity,
1n_1, synchronization is difficult to achieve. This behavior is caused by the fact that the
coupling is not strong enough to push/pull the oscillators to synchronous state. And from
(2.15) we can see the other case of non-synchronization behavior occurs when (some) nodes
have too many connections (condition on dy,ay). This phenomenon is known as synchroniza-
tion quenching, where the coupling is so strong that eliminates the self-drive of (some of)

the oscillators and consequently, the network cannot achieve synchrony [85].

Probability of Stability

Erdos-Rényi networks

In the following, we investigate probability of stability of Erdés-Rényi networks [23]. For
large Erdos-Rényi networks with randomness parameter p, we can use (2.12) and (2.14) to
calculate the lower and upper bounds on the probability of (2.5) being satisfied. We recall

that (2.12) provides a lower bound on the probability of stability, whereas (2.14) describes
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the closeness of this lower bound and the probability of (2.5).

Since eigenvalues of any large randomly generated symmetric matrix follows the Wigner’s
semi-circular distribution [86], we can approximate the distribution of eigenvalues of Lapla-
cian for an Erdos-Rényi network. By definition, L = diag(d) — A, where A is the adjacency
matrix of the network, and d is the degree sequence of the nodes. Also in large Erdos-Rényi
network, we can approximate diag(d) by NpI [23]. Hence, L &~ NpI — A. Thus the pdf of
the eigenvalues of L is approximately [86]

— 1  J/1-X2 |X|<1
pulw) = TV .

0 elsewhere

)

where X = —2=8P _ The order statistics uy_; and have densities
o/ Np(l—p) HN—1 M1

Pun—: () = (N = 1)[1 = Pu(2)]" pa(2),

P (@) = (N = 1) P (2)pu(z),

where

Pu(z) = / paly)dy
: (N-Dp—2/Npp)

1 1
=1——cos ' X +-XV1— X2
v

™

Now, we can evaluate the probability of occurrence of each conditions given in (2.12) and
(2.14). The lower bound on the probability of stability attained from Wigner’s approximation
for (2.12) is

1—[1—P, (u)]"™" AH+HT) >0

(2.16)
PN () A(H+H") <0
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Similarly, an upper bound on the probability of (2.5) can be derived by applying Wigner’s

approximation to (2.14) is

Py up = [Pu <N§> — Py </ﬁv—1>] o : (2.17)

Since these probabilities have relatively sharp roll-offs as a function of N (see numeri-
cal results), we can use randomness values, pr, and py, which yield Py p(pL) = 1/2 and
Pwus(pu) = 1/2, to study the synchrony trends as network parameters change. From

(2.16) and (2.17), we have

T
L 1 {Al(F+F)+e 41’

N+4| A H+H)
1 {max N(F+F7) —i—e]
PSRN [ mE e H

Thus, the value of randomness, p, required to have stable synchronous state decreases as

O(1/N).

Small-World Networks

Consider a small-world network based on the Newman-Watts model [6] constructed by ran-
domly adding links, with probability p, to a k-regular ring network. This is equivalent to
the superimposition of a ring network and an Erdos-Rényi network on the same node set.

Thus, the Laplacian matrix of the small-world network is

LSW = LRk + LER - Loverlap7
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where Ly, , Lgr and Lgyeriap denote the Laplacian matrices of a k-regular ring, an Erdos-Rényi
network, and their overlap of edges, respectively. Let us denote the ith largest eigenvalues

overlap

of these matrices by p$%W, p™, uP® and

)

, respectively. Weyls’ inequalities yield
A T T T (2.18)

Define Lj = Lgr — Loverlap and Ly = Ly, — Loyertap. Since the overlap is always a subnetwork
of both the random network as well as the ring network, L; and Ly are Laplacian matri-
ces. Thus, their smallest eigenvalues are zero. Hence, once again we can use the Weyls’

inequalities to get

Yy > max{pnt s} (2.19)

For even N the eigenvalues of a k-regular ring network are

s kml (k+1)ml

R SIN = COS ~———
,Ulk:2<k_ N —~ N )

S11 N

Thus, the pdfs of the upper bound on x$% and the lower bound on p3Y, are

pr PP () = (N = 1)PY2(z — i )pu(z — ™)
pay () = (1 — [1 — P, (u%’ilﬂN_l) 5 (fc - ui’il)

+(N =D = PV el (2 - i)
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where 0(-) and wu(-) are the impulse and step functions. Thus, the lower bound on the

probability of stability is given by

Psw,p = <1 = [1 — b, (:U’JI\%/}C—I)}N_l) u </~LT — uﬁ’il)

U= P ()] = [ B ()]
if \,(H+H") > 0, and
Pswin = PX (il = i)
if \,(H+H") <0.

Numerical Results

(2.20)

(2.21)

For a numerical example, we consider a network of Rossler oscillators (with parameters

a; = 0.165, as = 0.2, and a3 = 10) coupled through all of their states. This set of parameters

results in a coherent chaotic oscillation, since a; < 0.21 [85]. Therefore, the Jacobian of the

oscillator can be computed as

F=11 0.165 0

T3 0 ry — 10

We also assume

V2 V2 V2

H=rvmea| O V3 V3
0 0 6
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where ¢ = trace(H), is the coupling strength.
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Figure 2.1: Probability of stability of Erdos-Rényi networks as a function of p.

With this setting we first consider an Erdos-Rényi network and calculate our results on the
probability of stability of the network for different values of N, p, and ¢. To this end, we
have considered N trajectories starting from initial point [s; s; 0] where s;’s are selected
uniformly from interval [0.95, 1.05] and all the corresponding eigenvalues are calculated over

average of 20 cycles of initiated trajectories.

Fig. 2.1 shows the probability of the stability of the network as a function of network
randomness, p, for different network size, N, and with coupling strength ¢ = 1. As it can
be seen, probabilities of (2.12) and (2.14) are close to that of (2.5). Moreover, we observe

that the approximated probabilities provided by the Wigner’s distribution of eigenvalues of
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the network are also reasonably close. As Fig. 2.1 shows for positive definite H 4+ H” in a
large network if the average degree, pN, is above some threshold, pp N ~ >\1(F+FT) /A (H+
H”), (in this example approximately 50) the network becomes stable. Note that in this
particular numerical example, due to positive definiteness of H + H”, only the transition

from asynchrony to synchrony is observed.

The behavior of the network in the sense of its stability versus network size for several values
of p is shown in Fig. 2.2. Once again we observe that the probability of stability suddenly

increases as p/N crosses the threshold above.
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Figure 2.3: Probability of stability of Erdos-Rényi networks as a function of c.
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Fig. 2.3 shows that the stability of the network grows as the network size and coupling factor
increase. Of course this is due to our choice of coupling dynamics which is positive definite
and by increasing coupling strength, it provides stronger negative feedback to stabilize the

network.

For small-world networks with Newman-Watts method, we start with a regular ring network
with coordination number £ = 20. In other words, each node is connected to its nearest

2k = 40 neighbors. Other parameters are kept the same as the Erdos-Rényi case.

Figs. 2.5, 2.4 and 2.6 depict the probability of stability as functions of randomness parameter,
p, network size, N, and coupling strength, ¢, respectively. We observe that the lower bound
on the probability of stability derived from (2.19) are close to the simulated results, as well
as (2.20). Also, similar to the Erdos-Rényi case, we can observe the sharp transition from
asynchrony to synchrony state as p, N or ¢ change. We can also see that as p/N, which is
directly related to the smallness of the network, passes a certain value (in our example 30)

network becomes stable.
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Figure 2.5: Probability of stability of small-world networks as a function of p.
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Conclusion

In conclusion, considering an alternative master stability condition, we have derived a suf-
ficient condition of stability which is a function of the eigenvalues of network structure and
symmetric parts of linearized local and coupling dynamics. Our condition relates the largest
eigenvalues of the symmetric parts of coupling and local dynamics to the stability of the
networks. For both Erdos-Rényi and Newman-Watts small-world networks we have calcu-
lated a lower bound on the probability of stability. We have also show that a threshold value
of randomness exists, where the system sharply becomes stable as p increases beyond this

threshold. The reason for this phenomenon is that below the certain threshold, all or some
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of the nodes cannot achieve sufficient information exchange. As a result, those nodes cannot
synchronize themselves with the rest of the network. Our approach and results can be ex-
tended to the case of randomly changing network topology, if the eigenvalues of instantaneous

networks satisfy our stability criterion stochastically.
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CHAPTER 3: PROBABILITY OF STABILITY OF
SYNCHRONIZATION IN NETWORK OF MISMATCHED
OSCILLATORS

Here, we investigate the synchronization of a network of mismatched oscillators with mis-
matched couplings. Our formulation also allows the consideration of uncertainties in network
link weights, thus generalizing [48] in addition to its main contributions. Since in presence
of mismatch there is no unique synchronization state in the network, we use the concept of
e-synchronization [47], where the steady states of the nodes in the network fall into an e-
neighborhood of a certain trajectory (synchronization manifold). We then use a generalized
master stability function to study the behavior of the network around the synchronization
state. The proposed generalized master stability function bounds the oscillator states to a
neighborhood of average synchronization trajectory as a function of Lyapunov exponents
of the dynamical network. These Lyapunov exponents, in turn, are related to eigenvalues
of the Laplacian matrix of the network. We then provide a probabilistic treatment of syn-
chronization behavior in terms of mismatch parameters for regular and random network
models. We calculate probability of stability of synchronization, and use it to investigate
phase transitions of the synchronization in the network as the network and node parameters
vary. Finally, we verify our analytical results by a numerical example for a network of van

der Pol oscillators [87] with mismatched oscillators and couplings.
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Notation and Main Variables

The set of real (column) n-vectors is denoted by R™ and the set of real m x n matrices is
denoted by R™*". We refer to the set of non-negative real numbers by R,. Matrices and
vectors are denoted by capital and lower-case bold letters, respectively. Identity matrix is
shown by I. The Euclidean (L2) vector norm is represented by ||-||. When applied to a matrix,
||| denotes the £ induced matrix norm, ||Al = y/Amax(ATA). Table 3.1 summarizes the

main variables used.

Table 3.1: Main variables

Variable Description

X; State vector of node ¢

v, Parameters vector of node i

0;; Parameter vector of coupling from node j to node ¢
f(xi,7;) Dynamics function of node ¢

h(x;,x;,0;) Coupling function from node j to node i

u; Input vector for node ¢

Fx Jacobian of vector f with respect to x

F~ Jacobian of vector f with respect to ~

Hx Jacobian of coupling vector h with respect to x
Hy Jacobian of coupling vector h with respect to y
Hyg Jacobian of coupling vector h with respect to

System Description

Consider a network of N oscillators, indexed by N'= {1 --- N}. Assume that the dynamics

of each isolated oscillator is governed by

X; = f(sz'Yi),
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where x; € R" and v, € P C R? are the state and parameter vectors of local dynamics of
node i, respectively. P denotes the set of possible parameter vectors, and f : R"*? — R"

describes the local dynamics of an isolated node.

The dynamics of coupled oscillators are given as

% = f(xi,v,) + Y aih(x;, x;, 0;)), (3.1)
ijeN

where 8;; € Q C R? is the parameter vector of coupling dynamics from node j to node ¢,
Q denotes the set of possible parameter values for couplings. The adjacency matrix of the
network is A = [a;;], where a;; € Ry is the weight of the link from node j to node ¢. There is
no connection if a;; = 0. Note that we allow the more general case of directed and wighted
networks. Moreover, h : R*™ — R" models the coupling from node j to node i. We assume
that h(x,y,#) is Hamiltonian. That is, we assume that Hx = —Hy, where Hx and Hy
denotes the Jacobians of h(x,y, @) with respect to x and y, respectively. This is a very
general assumption and encompasses the diffusive coupling model predominantly used in the

literature [33,48,51], where it is assumed that h(x;, X2, [0 62]) = h(x1,0;) — h(x2, 05).

Note that this generalized model also incorporates uncertainties in the adjacency matrix of
the network, A = [a;] + [da;;], considered in [48], by absorbing da;; into 6, i.c., ;; =

[03; (5aij]T.
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Invariant Synchronization Manifold

Let s be a weighted average of the trajectories of all oscillators
s = Z X, (3.2)
where } . s a; = 1. Define the deviation of the trajectory of oscillator i from s as
e =X; —s. (3.3)
Moreover, let L = [[;;] be the Laplacian matrix of the network [24],
L = diag([dy* - - d¥]) — A,

where di* = 37 A7 ai; is the in-degree of node i.

Lemma 1. s = ZieN a;X; 18 an tnvartant synchronization manifold of the network if

T

o = [og---ayn]|" is a null vector of L.

Proof. Taking derivative of (3.2) yields

ieN
= > aif(s+e, ¥+0v,)+ Y. ajoih(s+ej, s+ e, 0+60;), (3.4)
ieN ije N

where ¥ = ZieNO‘i7ia i = Y — s 6 = C%Zije/\/’aiaijgij, 00;; = 0 — 6, and

din = Y, A udy is the weighted average in-degree of the network. Linearization of (3.4)
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around (s, 7, @) results in

s = Z af(s, 7) + Fry Z @;0y; + Z aiosh(s, s, ) + Hx Z ajoi(e; — €;)
ieN ieN i,jeN i,jeN

+H9 Z al-joziéeji,
ijeN

where Hx and Hg are Jacobians of h with respect to its first and third variable, respectively.

Recalling that ), _ Ara; = 1, we have

s=1f(s, %) +h(s, s, 0) Y dra;
ieN
+HX Z aijai(ej — ei).
ijeN

For s to be an invariant manifold, the last term in the above equation must be zero. This is

achieved if «; are chosen to satisfy

Z aijai(ej — ei) = Z Z (ajiozj - aijozi) e; = 0. (35)

i,je N ieN LieN

Equation (3.5), in turn, will be satisfied if ZjeN(aijaj —a;jo;) =0 for all ¢ € N, which in

matrix form can be represented as
Al o = diag([d] - - dy))e,
where a = [ - - - ay], or

[AT — diag([d*---dy])] =0 = L"ev.
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That is, « is a null vector of L. O

Remark 1. We note that, by definition, L has zero row sum. Thus, it is singular. Con-
sequently, LT always has a null vector, .. This means that any network has at least one

wmvariant manifold.

Remark 2. If the the network is connected, the invariant synchronization manifold is unique.
This is due to the fact that for connected networks the nullity of L is one. Thus, o and,

therefore, s are unique.

Remark 3. In the special case where the network is undirected, L is symmetric. Thus, it

also has zero column-sum. Consequently, ov = %[1 -+ 1] is its null vector, and the invariant

manifold, s, is the simple average of the trajectories.

With «; chosen such that s is an invariant manifold, we have

s =f(s, ¥) + di, h(s, s, 0), (3.6)
s(0) = Z a;x;(0),
ieN

where s(0) and x(0) are initial states.

Generalized Master Stability Function

In this section we introduce a master stability function which generalizes those in [47] and [48]
by taking into account the parameter mismatch in the links and applies to directed and

weighted networks.

As it has been shown in previous section, every connected network has a unique invariant

manifold. Hence, we can define e-synchronization as
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Definition 6. A network of oscillators is e-synchronized if there exists € > 0 such that

limsup|le|| < e,
t—»00

where e = [e; ... ey]T.

This definition means that the error from the manifold is contained in a ball of radius €. We

note that our definition is different but closely related to that given in [50].

Substituting (3.1) and (3.2) in (3.3), and using Taylor series, the dynamics of the error with

respect to the synchronization manifold, e;, is given by

N N
& =Fxe; — ) lyHxe; + Fydy, + ) LiglyHgo0y; + (4 — din)h(s, s, 6), (3.7)

J=1 J=1

where 1y is the indicator function of X. Stacking (3.7) for all i yields the dynamics of the

deviation of node trajectories from s:

e=(I®Fx -L®Hx)ix+ (I®Fy) oy

+ (A®Hg) 660 + (d™ — din1}) @ h(s, s, 6), (3.8)

where

oy = [647 - ovu]",
60 = (667, - 061y 063, - 505y -+ Ofy -+ 604 N],
d" = [d"---dy]",

A = diag([a; - - - an]),
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and a; is the ith row of A.

Let L = PJP™' be the Jordan decomposition of L, where P = [p;;] is a similarity transform

and J is in Jordan form. Then, (3.8) can be rewritten as

e=Pol)(IeFx-JoHx) (P '@l e+ (I Fy)dy

+ (A®Hg) 60 + (d™ — din13) ® h(s, s, 6).

Using the similarity transform
n = (P_1 ® I) e,

where n = [pT .- -nL]T, we obtain

n=(10Fx—-J@Hx)n+ (P oI) (I Fy) sy
+(P7' 1) (A®Hg) i0
+ (P @1) ((d - dnl}) @ hs, s, 9))
— 10 Fx - J@Hx)n+ (P~ @ Fry) oy
+(P'A®Hy) 0
+(P71(d — din1})) ® (s, s, 0).

=(IoFx—-JoHx)n+v, (3.9)

where v = [vy -+ vy,

N
Foydy,; + Z a;sHgd0;,
k=1k#j

Vv = Z qij

jeN

+h(s, s, é)(din — Jin)] ,
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and ¢;; are the elements of Q = P~!. Tt is clear that stability of 17 and e are equivalent.

To study the stability of (3.9), let us first consider the simpler case where J consists of a

single Jordan block, i.e.

p 10 0 0

w1 0 0

00 u 0 0
J=JIn(p) =

00 0 0ol

00 0 0 pu

Lemma 2. For system
n=(1®Fx—-Jy(p) ©@Hx)n+v,
there exists ¢ > 0 such that

N\ Nt A
lim sup||n;|| < Z (X) lim sup||Fx — Hx||N™7 x lim sup||v;]|,
t—o00 =i t—00 t—o00

for alli, if A\ > 0, where A = MLE(Fx — uHx), and MLE(.) returns the mazimum Lyapunov

exponent of the argument.

Proof. The state space equation for the 1, can be written as

n; = (Fx — pHx)n; + (Fx — Hx)n; 4y + vi(t), (3.10)
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for i # N, and
Ny = (Fx — uHx)ny + v (t). (3.11)
The solution of (3.10) and (3.11) are
n,(t) = (¢, 0)m:(0) + / B(t, 7)vi(r)dr + / B(t,7)(Fx — Hy)n,,, ()dr.
0 0
for i # N and
M (t) = B(1, 0y, (0) + / B(t, 7)v(r)dr,
0

where ®(t,7) = Z(t)Z7'(7), and Z is the normal fundamental matrix of Fx — uHx [88].

Applying triangle inequality yields

lm: ()1 < 12 (, 0)[[{[n,(0) ]

+/0 |(Fx — Hx)n, 1 (1) + vi(7) || @ (¢, 7) || dT,

forie{1,..,N — 1}, and

[nn @I < |2, 0) 75 (0)]] + /OtHVN(T)HH‘I’(t’T)HdT,
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which, as t — oo, yields

lim supllay| < [17,(0)]| im sup|| @ (¢, )|
t—o00 t—o0
¢
—|—hmsupHlehmsup/ |®(t,7))||dT
t—o0

+ hm SupHFx — Hx]|| hm SUP||"71+1H

xllmsup/ |®(t,7)|dT, (3.12)
and

limsup||ny[| <[[nx(0)] lim sup|®(¢, 0)
t—o00 t—o00

+hmsup||vN||hmsup/ | ®(t, 7)|dT. (3.13)

t—o00

We know that there exists positive real ¢ such that [8§]
1®(t,7)I| < ge 7,
where A is the maximum Lyapunov exponent of Fx — uHx. If A > 0 this yields

lim sup||® (¢, 0)) | = 0.

t—o0
! 0
limsup/ 1Bt 7)) dr < 2.
t—o0 0 >\

Substituting in (3.12) and (3.13) yields,

: .. .
lim sup||n; || < 2\ limsup||Fx — Hx||[|n;44 + 2\ lim sup||vi,
t—o0 t—00 t—o0
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and

timsupllmy | < im suplfvi.
t—o0 t—o0

Solving the recursive inequalities we get

N g\ Vit 4
lim sup||n;|| < Z (X) lim sup||Fx + Hx ||V ™7 x limsup||v;].
t—o0 =i t—r00 t—o0

Now, let us assume that J consists of M Jordan blocks with eigenvalues p,, and sizes n,,, m €

{1,---, M}, where Z%Zlnm = N. Then N, = J

m

_1 Ny, Will be the index of the last row
of the mth Jordan block. Define J(7) to be the index of the Jordan block that contains the

ith row of J. In other words, J(i) = m, if N,,_1 <i < N,,.

Theorem 5. A network of oscillators is e-synchronized if A, = MLE(Fx — pu,,Hx) > 0 and

N—-1 nJ(5) ¢J ) nyy—k+1 2
PRy (Y (A—U’) lim supl||Fx — Hy |70~ nmsupuij) <& (3.14)
j=1 k=1 J () t—o0 t—o0

where ¢, satisfies
Ve, [ @t 7| < pe M,

and ®,,(t,7) is the state transition matriz of Fx — pu,Hx.
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Proof. We have

limsup|le||* = limsupn” (PT @ I)(P ® I)n

t—00 t—o00

< [P"P| limsup [|n|*
t—00

= ||P||21irtrisup 1. (3.15)

For any Laplacian matrix, we have uy; = 0. If the network is connected, we further have

ny = 1. Thus,

N N N
nN»:ZEE:Oﬁej:ZEE:CQ(Xj——S):: <§£:OﬁXj> —'S::O,
j=1 j=1 7=1

which together with (3.15) yields

N-1
limsuplle|* < [|P[2 > limsup ||| (3.16)
t—o00 i1 t—o00

Lemma 2 upper bounds the right hand side of (3.16) by the left hand side of (3.14). O

Corollary 1. A symmetric network of oscillators is e-synchronized if \; = MLE(Fx —

wiHx) >0 and

N-1 ¢' 2
<_J> lim sup||v; (£)||” < 2, (3.17)
) Aj t—00

<

where ¢; satisfies

vt T, @5t 7 < gje M,

and ®;(t,7) is the state transition matriz of Fx — p;Hx.

Proof. Since L is symmetric, it can be diagonalized by unitary matrix P = U = [u;;], where
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UYU =1I. Thus, each Jordan block will be of size 1. This means that M = N, n,, = 1, and
J (i) = ¢. Thus, (3.14) reduces to

NolgN?
Z <_J) lim sup||v;||* < .
2\,

=1 t—o0

[]

Remark 4. In proof of Corollary 1, since unitary transformation preserves Fuclidean norm,

(3.16) holds with equality. Thus, Corollary 1 is relatively less conservative than Theorem 5.

Probability of Stability

In the remaining of the paper, we make the following assumptions:

Assumption 1. The network is symmetric.

This implies that L is diagonalizable by a unitary matrix, U = [u;;].

Assumption 2. Mismatch parameters, 07y; and 00;;, are independent zero mean Gaussian
random vectors with covariance matrices, Xy = E[(v; —7)(v; — )] and Xg = E[(0;; —

0)(0;; — 0)T], respectively.

Under Assumption 2, v; are linear combination of independent Gaussian random variables.
Thus, they are jointly Gaussian. To calculate the probability of (3.17) being satisfied, we

need to find the probability density function of v = [v] ... vL]T.

Lemma 3. The covariance matriz of v is Ly = [X;;] where
N N
S = FySyFALi; + ) uguly > apHgSgHp.

=1 k=1
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Proof. The covariance of v is
v = B[(v-9)(v-9)"] = [Zy],
where v = h(s,s, 8) ® (D™ — di,I) and D™ = diag([d - - - di¢]). Thus, the ijth block of Zv

18

T

Zij = Z ulku;lE F757k + Z amngéemk F’Y&Yl + Z alanéenl

k,lEN mGN nGN
= Z ulku;lnyZLYFpTij Z uiku;lakmalnHOEOHg]lk:l]lm:n
kieN ke LmneN
=FySFiLi i+ > ugtlla,|"HgSgHy.
k,mEN

We now provide upper bounds on the probability of stable synchronization for unweighted

regular, Erdés-Rényi, and Newman-Watts networks.

Theorem 6. Under Assumptions 1 and 2, the probability of stable synchronization of an

unweighted K -reqular network of oscillators is lower bounded by

pizio= [T (32) |« S (D520 22). s

7 =0
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where P(-,-) is the reqularized gamma function,

o (6
CTR T Na)

=TI+,

J 2 12
(i) (i-1) Mj—k 1 A\
e 1— J
o =2 o)

and

o = limsup |[FyXyF4 + KHySgHg|'/?. (3.19)
t—o00

Proof. Since the network is unweighted and K-regular, we have d; = ij:l a? = K. Ac-

cording to Lemma 3 the blocks of the covariance matrix, 3y, are
N

% =FySyFALi; + KHg SgHp Y " uyu,.
=1

T T
= (nyEfyF,Y + KHOEOHO)L-:j. (3.20)
Hence, v; are uncorrelated. The mean value of v; can be computed as

N
Elv;] = Z ij <F7E[5"/j] + Z a;HgE[60;] + h(s, s, 6)(K — sz)) =0,
jeN k=1k#j

which follows noting that -, and §6;; have zero mean and d;,, = K. Since v; are jointly

Gaussian, uncorrelated, and have zero mean, they are independent.
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Now, let us define the whitened Gaussian random vectors
_1
z; = E” 2Vi-
Since Euclidean norm is sub-multiplicative, we have

1
Ivill < llz:] || =2

lim sup||vi| < limsup (|1 || 57
t—o00 t—o0

n

1
< lim sup||z;|| lim sup HEZQZ

t—00 t—o00

Y

1
= ||z;|| lim sup HE;

t—o0

The last equality is due to the fact that with the whitening of ||v;||, ||z;|| is no longer time
variable. In other words, ||z is a random variable (not a random process). Since ||z;||*
is the norm squared of a white Gaussian n-vector, it has a chi-squared distribution with n

degrees of freedom. Applying the result of Corollary 1,

N—-1
lell* = llmill”
i=1

N—-1 & 2

< ) lim supl|v;||?
—Z(A) nsuplvil
N—-1

<

¢ia)2 2
12|
i=1 ( Ai

where o is defined in (3.19).
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Now we have

Pr (limsup lle|| < 6) =
t—r00

i Sup el < e >

(1
<N2 ||Zz‘||2 < 52>

N-—1 o) 2
o3} -1 [T,
[1:1 () ] Sl [

7

where e
# (N-D)n | . 2
10 = (gm) p L
(y) =
2¢%0'2 I ((N;U" +,])
which using the results in [89] yields (6.23). O

Theorem 7. Under Assumptions 1 and 2, the limiting probability of stable synchronization
of an unweighted Erdds-Rényi (ER) network of oscillators, with parameter p, as N — 00, is

lower bounded by

PLE(EIA) = [NH( )
sta /\1 gbz

where o = limsup, ., [|[FyZyF5 + pNHgZgHp['? and X = [A1--- Ay ).

= (N—1n . A2
y Za (N-1) p ( 5 + 7, ¢%U2) 5 (3.21)

Jj=

Proof. The largest eigenvalue of the Laplacian matrix of any symmetric network is bounded

below by the maximum degree of the network. For large ER networks (N — o0), it is also

bounded above by Np + 1/ Np(1 — p) (see eq. (2.15)). Thus

dmax_ﬂmaXSNp—i_ \/Npl_
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Similarly, the smallest non-zero eigenvalue of ER network can be bounded as

dmin Z Hmin Z NP_ V Np(l _p>

According to Lemma 3, the diagonal blocks of covariance matrix of v are

N
T T 2
Sii = FySyFL + HgSgHg ) |ual*d,

=1

T T
=F434F5 + NpHgXgHy,
as N — oo, and the off diagonal entries are

N
% =HgSgHp Y " uyujd,
=1

N
=HySgHp Y uyuj(d — Np)

=1

< V/Np(1 —p)HgZgHp.

Therefore,

13Xl
lim =

0.

Consequently, as N — 0o, v; become independent. The remaining of the proof is similar to

that of Theorem 6 and is omitted in the interest of brevity.

To study the synchronization in small-world networks, we consider the Newman-Watts model

[6]. This model constructs a small-world network by starting from a K-regular ring network

substrate, then randomly adds new links with probability p.

Theorem 8. Under assumptions 1 and 2, the limiting probability of stable synchronization
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of an unweighted Newman-Watts small-world network of oscillators, with parameters p and

K, as N — o0, is lower bounded by

1 ; n o] B N—l . )\2 2
stab [H (/\1 gbZ) ] XZG§N 1)P(( . )n+j, ¢%22)7 (322)

A 7=0

where
o= hm n sup ||F7§]7F7 + (K + Np)HOEoHEHUQ.
Proof. The Laplacian matrix of a Newman-Watts small world network is
Lyw = Lring + Lgr,

where Lgi,s and Lggr are the laplacians of a K-regular ring and an Erdos-Rényi network
with parameter p. Using Weyl’s inequalities we can bound the minimum and maximum

eigenvalues of the small-world [24]

Ring
max{lumln Mumln} Mmm S dmlna

Ring ER NW
Hmax + Hmax > Hmax > dmaxa

where the eigenvalues of a K-regular ring is [24]

. K+2)i
Ring SIn ZI?\? cos %
pp =K =2

sin ﬁ

and subscripts min and max refer to smallest non-zero and maximum eigenvalue of L in
corresponding configurations, respectively. The remaining of the proof is similar to that of

Theorem 7 and is omitted in the interest of brevity. O]

68



Numerical Example

In this section we verify our analytical results using numerical examples. We consider the
van der Pol oscillator [87] which has the following dynamics
Ti2
f(Xia 72) =
—T1i — %‘(95121 — 1)z
We note that since the van der Pol oscillator has a limit cycle, as t — oo, s is a periodic
trajectory. Hence, the Jacobians are also periodic. We can, therefore, solve (3.6) analytically

using Fourier series [87].

We assume that the nodes are coupled through their first states by

h(Xj,Xi,eij) _ ]1( 1j 1) J2
0

Thus, the Jacobians of f(.)and h(.) around (s,7, @) are

0 1
FX - )
—1— 235185 (1 —s7)
0; 0
HX - )
0 0
0
F, = ,
(1 — s%)sy
01
Hy = ,
0 0
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where s = [s; sp]7. Fig. 3.1 depicts the maximum Lyapunov exponent of Fx — uHx as a

function of u, where p is the eigenvalue of Laplacian matrix of the network.

0

-0.5

MLE(W)

-1.5

_2.5 | | | | | | |

Figure 3.1: Maximum Lyapunov Exponent (MLE) as a function of eigenvalues of Laplacian

matrix of the network, .

Furthermore,

N % N
D jmt Wi D=1 @002

N
(1= s§)s2 3050 w307

It is clear that v; are independent of §6;;,. Also, covariance matrix of v; of a K-regular ring
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network for 4 = 1 can be calculated from (3.20) as

K202 0
Eii - He )
0 03((1 — 57)89)?
and
K202 0
sup X;; = e , (3.23)
0 9.9303

where sup((1 — s7)s9)? is determined by simulation to be 9.93 and the supremums are cal-

culated over one period of the limit cycle. Hence, o = max(v/ K6, 04,, 3.150,).

Now, consider a 6-regular ring network of size N = 100, where v ~ A(1,0.01) and 6 ~
N([1 0]7,0.011). Fig. 3.2 depicts the synchronization manifold, s, and a sample trajectory,
x1, converging to s. Fig. 3.3 presents the analytical lower bound on the probability of stable
e-synchronization in the considered ring network, as a function of oy, and o, for e = 0.40. As
it can be seen, the probability of synchronization falls sharply as the variances of mismatches
increase. Moreover, we observe that the range of o, and oy, for which the network is stable
with high probability is rectangular. This is explained by noting that o is related to the
maximum of o, and oy,, as it can be seen in (3.23). Another observation from Fig. 3.3
is that even small mismatches leads to instability of the synchronization state even with a

relatively large tolerance of ¢ = 0.40.
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Average Trajectory
— Sample Trajectory

1
-3 -2 -1 0 1 2 3

Figure 3.2: Synchronization manifold, s, and a sample trajectory, x;, for a ring network of

van der Pol oscillators.

10" 10™

Figure 3.3: P8 in the ring network as a function of oy, and o, for € = 0.4.
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0 20 40 60 80 —lOO 120 140 160 180 200

Figure 3.4: Probability of stability as a function N, for the ring network.

We now proceed to compare a ring network, an Erdos-Rényi network and a Newman-Watts
(small-world) network. For a fair comparison, we choose the network parameters such that
all networks have the same number of nodes and the same average node degree. That
is, we consider a N = 100 node, 10-regular ring, an Erdos-Rényi network with N = 100
and randomness parameter p = 0.1, and a Newman-Watts network generated from a N =
100 node, 6-regular ring and link addition probability p = 0.4 x 100/94 = 0.4167. Fig.s
3.4 through 3.6 present the probability of stability versus network size, N, for these three
networks with £ = 0.4. As it can be seen for the Ring network (Fig. 3.4), as N increases, even
though the variance of the mismatch input is constant, o = 3.150, the e-synchronization of

the network deteriorates. This is because as the degree of the nodes are kept constant and
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network size increases, the algebraic connectivity of the network,

sin(km/2N) cos((k + 2)7/2N)
sin(7/N) ’

H?\ifni =k-=2

decreases. For large N, in our example, smaller algebraic connectivity means smaller MLE

(See Fig. 3.1), hence the probability of e-synchronization falls sharply.

Fig. 3.5 presents the probability of e-stability of the Erdos-Rényi network. It is interesting
to note that since the network is disconnected for smaller network sizes, the network is
not synchronized. As network size continues to grow, the network becomes connected and
synchronization behavior emerges. This behavior continues until the growth in the network
size, increases the variance of the mismatch input, v, to the extent that the network falls

out of e-stability.
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Figure 3.5: Probability of stability as a function N, for the Erdos-Réyni network.

—©— NW, Sim.
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Figure 3.6: Probability of stability as a function N, for the Newman-Watts network.
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Fig. 3.6 presents the probability of e-stability for the Newman-Watts network. It is interest-
ing to note the mechanisms at work as N increases: At first, when NV is small there are very
few added links given a small value of p. Thus, the network has not yet transitioned into
a small-world and its algebraic connectivity is still quite close to that of the ring topology.
Thus, as the size of the network increases its second smallest eigenvalue decreases. Since
the variance of mismatch, v, is constant (o, = 3.150.,), the probability of stability decreases.
As N continues to increase, by adding links in random, sufficient number of long range
connections are established and the small-world transition is achieved. Consequently, alge-
braic connectivity of the network starts to grow rapidly. Hence, ); increase and, therefore,
PEB improves. As N continues to increases /K + Npoy, overtakes 3.150., in the variance
of mismatch and its destructive effect surpasses the improvement caused by transition to

small-world. Consequently, we observe that P2 begins to drop.

Figs. 3.7 through 3.9 depict the probability of e-stability as a function of ¢ in the considered
Ring, Erdos-Réyni, and Newman-Watts networks for different N and d: (N = 100, d = 10),
(N = 200,d = 10), and (N = 200,d = 20), respectively. As it can be seen, the analytical
lower bound and the simulation result for the ring network are reasonably close. This is due
to the homogeneity of its node degrees, i.e. d; = K, which holds true for the other networks
as N approaches infinity. The other point directly observed from these figures is that the
rise in the probability of the stability is much sharper in the Erdos-Réyni and Newman-
Watts networks, this is because the spread of the spectrum, [fimin, fimax], for these networks
are smaller than that of ring topology. This, in fact, causes the Lyapunov exponents of
the traverse modes to be closer to each other and hence the networks become easily and
rapidly synchronized. Other interesting observation is that the results for the Erdos-Réyni
and Newman-Watts networks are similar. The reason can be sought in the effectiveness of

communication in both networks to each other. As it has been shown in [4], even though
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small-worlds are strongly locally connected (due to ring substrate), they have almost the
same average shortest path length of Erdés-Réyni networks. This results in almost the same
communication efficiency in small-worlds as Erdos-Réyni network. Hence, the synchroniz-

ability of both types of networks are similar.

1
0.9t
0.8f
0.7t
0.6f
o
0.5t
0_171
0.4f
0.3 —6— Ring, Sim.
- ©-Ring, LB, eq. (14)
0.2 —E—ER, Sim.
-B-ER, LB, eq. (17)
0.1 —o— NW, Sim.
L e -9 -NW, LB, eq. (18)
10° 100 10° 10t

Figure 3.7: P, as a function of € for the ring, NW and Erdos-Rényi networks: N =
100, d = 10.
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Figure 3.8: Py, as a function of € for the ring, NW and Erdos-Rényi networks: N

200, d = 10.
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Figure 3.9: Py, as a function of € for the ring, NW and Erdos-Rényi networks: N

200, d = 20.
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Conclusion

We had seen that mismatch in either couplings or the local dynamics does not allow perfect
synchronization. Rather, the network can only be synchronized to a neighborhood of the
synchronization manifold. Considering this relaxed notion of synchronization we have pro-
vided a generalized master stability function that takes the mismatches into account. We
then used this master stability function to derive lower bounds on the probability of syn-
chronization in regular, Erdos-Rényi, and Newman-Watts networks. We verified our results
using numerical examples involving networks of van der Pol oscillators. These examples

clearly shows the different phase transition behavior of the different network models.
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CHAPTER 4: PINNING CONTROL IN NETWORKS OF
DYNAMICAL SYSTEMS

Here, we highlight the effectivity of the pinning control schemes by employing the spectral
characteristics of the network. We derive sufficient stability conditions for pinning control
of linearly coupled oscillators based on Lyapunov direct method. The introduced stability
conditions relate the spectral characteristics of the network to the global stability of synchro-
nization. Based on the derived stability conditions, we introduce an algorithm that achieves

global stability of synchronization with a small number of pinning nodes.

Moreover, to the best of our knowledge, all existing studies consider unconstrained controllers
in pinning schemes. Since using very large gains in a controller is not practical, we assume

that the controller gains are bounded.

System Description

Consider N identical oscillators with phase space equation

X (to) = X50-
Now suppose that these oscillators are linearly coupled as

N
Xi = AXZ' -+ Bf(CXZ) -+ cH Zgji(Xj — Xi) —+ u;, (42)

J=1
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where x; € R" is the state of node i, A € R"*", B € R™"™ and C € R™*" are fixed matrices,
and f: R™ — R” is a nonlinear function. H € R™*" is the coupling matrix and ¢ > 0 is
the coupling coefficient. G = [g;;] € RV is the adjacency matrix of the network: g;; = 0
indicates that there is no link from node ¢ to node j and g;; > 0 indicates a connection from
node i to node j with weight g;;. We assume that there are no self-loops, i.e. g; = 0. We

also define the Laplacian matrix of the network, L £ [I;;], as [24]

N . .
A Zm:l gmz 1= ]

lz‘j —
—Yij i F]

Throughout the paper, we assume that the network is connected and there are no isolated
components. In the case of an undirected (bidirectional) network, L is symmetric and positive

semidefinite [24].

Let s be the solution of

§ = As + Bf(Cs), (4.3)

S(to) = Sp,

where sy € , and € is the set of all initial conditions x¢ such that, x(¢) € Q for all ¢ > ¢,.
We know that s is an invariant manifold of (4.1) [5]. This means that for some choice of
initial conditions, X (x; (o), -+ ,xn(to)) € OV, S = [s,---,s|T is the synchronous solution
of (6.1) [5]. Note that if (4.1) has only fixed points, then s would be the attracting fixed
point, and € would be the basin of attraction corresponding to that fixed point. The same

goes for limit cycles and chaotic attractors.

Now if we choose s as a reference signal, the error of trajectory for node ¢ from the invariant
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manifold can be defined as

We assume that controller input, u;, is chosen as linear feedback

Note that since, the pinning approach is decentralized, we only consider the self-feedback in

our control rule, and there is no feedback from other nodes in the network.

Suppose that we use | < N controllers to achieve synchronization throughout the network.
Let £ 2 {iy, ---, i;} be the set of pinning points. Then Vi € £ we have controller K; # 0
and, Vi ¢ £ we have K; = 0.

Assumption: There exists a positive semidefinite matrix M such that
e! [f(x;) — f(s)] < elMe;, Vx;,s€Q (4.6)

where 1 denotes the Hermitian transpose. Note that this condition is not very restrictive: If
all elements of the Jacobian of f(-) are bounded, there always exists a positive semidefinite
matrix M such that assumption (4.6) holds [19]. This condition is closely related to QUAD

condition as discussed in [90]. Unlike QUAD condition, here M is not necessarily diagonal.
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Analysis

The dynamics of the error terms, e;, can be found as follows. Starting from (5.4) and

substituting (6.1) and (5.3) we have

= Ae; + B[f(Cx;) — f(Cs)] + w; + Y _ gjicH(x; — x;)

j=1
N
= Ae; + BIf(Cx;) — f(Cs)] +w; — Y _ L;icHx;,
j=1
with the substitution of u; from (5.5) we get
N
j=1

Since > _;lj; = 0, we can add }_;l;Hs = 0, to the right hand side without violating the

equality

N N
éi = Ael- + B[f(CXZ) — f(CS)] + Kiei —+ Z ljiCHS — Z ljiCHXj

j=1 j=1

= Ae; + B[f(Cx;) — f(Cs)] + Ke; — Y _ L;icHe;. (4.7)

J

Theorem: If assumption (4.6) holds, synchronization in the network of identical oscillators

is asymptotically stable if K; satisfy the following set of linear matrix inequalities (LMI)

A — \cH +B"C"MCB + > |g;;’K; < 0, (4.8)
jel
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for all i € N = {1,--- N}, where ); is the ith eigenvalue of the Laplacian matrix L, and

Q = [¢;;] is a unitary matrix associated with Schur decomposition of L. That is L = Q'AQ

and \; are the diagonal entries of A. Moreover, A is diagonal if L has IV distinct eigenvalues.

Otherwise it is upper triangular.

Proof. Consider the Lyapunov function

1 1
iy T E Th.
v = —28 e = —2 ‘ eiez.

where e = [el" .. el ]T. Thus, we can write (5.7) as

f(Cx;) — f(Cs)

ée=(Iy®Ae+ (I®B) : —c¢(L®H)e + diag([Ky, - - -

f(Cxy) — f(Cs)

The derivative of the Lyapunov function can be calculated as

v =elé= Z e;réz-.

ieN
Substituting (4.9) in (4.10) the derivative of Lyapunov function is

b =e' (I® A —cL®H +diag([Ky, -, Ky])) e
f(Cx,) — (Cs)
+e'(I®B)

f(Cxy) — £(Cs)

, Ky])e. (4.9)

(4.10)

defining n £ (Q®1I)e, or n, = Zj <N ¢ij€j, and using the Kronecker product properties, we
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have v = 1/2n'n, and

1=n"{I® A —cA®H+ diag qujKj
| jel

<n'{I®A-cA®H+diag | | Y @K,

n+n'(QeI)(I®B)

f(Cx;) — f(Cs)

f(Cxy) — £(Cs)

n+n'(I® (BMCT'CB))n

| jel
=n'{I®A-cA®H+diag | | Y ¢K;| | +1 (B'C"MCB) ;n
el ]
=S "l [A-NcH+ Y £K; +B'CTMCB | ,,
ieN jel
Thus, having
A-NcH+ )Y ¢K;+B"C"MCB < 0
jel
for all 1 € NV guarantees that v < 0, which mean that the synchronization is stable. O]

Corollary: If assumption (4.6) holds, the set of controllers u; = K;e; = —ck;He; for i € £

globally asymptotically stabilizes the synchronization in the network, if k; satisfy

A —c(\i+ > layl’k;)H+B"C"™MCB < 0,

jel

for all i € N.

(4.11)

This corollary is more effective when H is positive definite. Hereafter, we limit ourselves to

the case of positive definite H, as assumed in [17] [19] [49].

Remark 1: It is clear from (4.11) that the dynamics of the oscillators can be stabilized
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around the synchronization manifold by utilizing one controller with a very large control
gain, as long as there exists a Schur decomposition such that Q has at least one nonzero

column.

While the synchronization can be stabilized with a single controller, it is also clear from
(4.11) requires a large controller gain. However, in most real world applications having a
controller with a large gain is not desirable. To address this issue we seek to stabilize the

network with small number of controllers, |£|, under the constraint

IKi|| <p VieL (4.12)

Following the corollary, we form the following function

U(p) = Re{Amax (A + B"CT"MCB — ucH)}, (4.13)

where Re{-} returns the real part of the argument. Since the coupling matrix is assumed
to be positive definite, U(u) is a strictly decreasing function of p. Thus, there exist p* such

that p > p* satisfies W(u) < 0; or

©* = minimize p

subject to W(u) < 0.

In other words, if the network has a larger algebraic connectivity [31] than p*, it will achieve
stability. Thus, if LMI’s in (4.8) or (4.11) are not all satisfied, it will be due to the smaller

eigenvalues.

Remark 2: 1t has been shown that for unweighted-undirected networks, if A\; and d; are
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sorted in descending order, \; majorize d; [31], i.e.

Also we know that trace(L) = Y.~ d; = SN, ;. Therefore,

1=

Hence, lower degrees are more closely linked to the smaller eigenvalues compared to higher
degrees. This suggests that lower degree nodes are more susceptible to instability than the
higher degree nodes. Thus, pinning the lower degrees is more effective than pinning other

nodes. This also has been shown in [19].

Pinning Algorithm

It is clear from (4.11) that larger controller gains help stability. Therefore, when a node is
assigned to be a pinning point, one would like to maximize its feedback gain, as allowed by

the constraint. Thus, we set

P

ki -
c|[H]|

g,

where a; = 1 indicates that ¢ is a pinning point (i € £) and a; = 0 means i ¢ L. Hence, the

stability conditions can be written as

* p
O N (4.14)
R
je

for all i € \.
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Thus, the problem of finding minimum number of pinning controllers is reduced to

minimize 4 a;
i (4.15)

: . N ,
subject to  p* — A < k30 a;lqi;|? Vi € N.
Here N contains all 7 € N for which the condition in (4.14) is not satisfied.

This is a standard binary linear program, which is known to be NP-hard in general. In
the following we propose a suboptimal heuristic algorithm to assign pinning points. Our
algorithm is based on the observation that the constraints with smaller eigenvalues requires
more effective gain, Zjvzl |gij|*k:, to be satisfied. Thus, we start with condition with the
smallest eigenvalue and proceed to satisfy the conditions until we reach the condition with

largest eigenvalue that is not yet satisfied. The following outlines the algorithm:

L. Sort \; Vi € N such that 0=\, <Ay <--- < Ay .
2. Set v:=0, and L := (.
3. N, =0
e Done
else go to 4.
4. Add j* to £ where j* = argmaxg¢, |q;,;|*.

5. If (4.14) is satisfied for i,

o v:=v+1.
e Set NV, to include ¢ for which (4.14) is not satisfied.

e Go to 3.
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else, go to 4.

This algorithm provides the suboptimal solution in polynomial time.

Numerical Example

In this section we study a numerical example using the well-known Lorenz chaotic attractor

[19]. Consider the state space equation of Lorenz attractor

iil'l = —35£C1 + 3533'2
jﬂ'g = —733'1 + 28.3(32 — X173 (416)

Ltg = T1T9 — 3$3.

We can write these equations in the form (6.1) with B = C = I, f([x; 29 x3]7) = [0 —

7173 T179)7, and
=35 35 0
A=1 -7 28 0
0 0 -3

Now, we find M in (4.6) as

ezT[f(Xi) - f(S)] = €i3($i19€i2 - 3182) - €i2(90z‘1$z‘3 - 8133)

= e;3(51€52 + Tines1) — €ia(S1€i3 + Tiz€i1)

= —Ti3€i1€42 + T;2€41€;3, (4.17)

Since x; € ) is bounded, absolute value of its mth component |z; ,,,| can be bounded by M,,.

In this example, we can find these bounds numerically to be |z; 1| < My = 23, |z;2| < My =
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32, |xis] < M3 = 61. Using the Cauchy-Schwartz inequality, 2¢;e; < e? + e?, we have

1 1
e [f(x;) — f(s)] < 5(6?1 + 3| @3] + 5(631 + €33)|zin]

My, M+, M,

< 9 ez’l"‘TGiz"‘ 9 €i3- (4.18)
Thus,
Ms 0 0 30.5 0 0
1
M=c| 0 M+M; 0 |=| 0 465 0
0 0 My 0 0 16.0
satisfies (4.6).
We assume the coupling matrix
100
1
H:§ 02 0. (4.19)
0 01

We have chosen H such that ||H|| = 1 so that the coupling strength is only determined by

coupling coefficient c.
Threshold value of (4.13), scaled by coupling coefficient, is found to be u*c = 68.17.

For the simulation purposes, here we adopt the Newman’s method to construct a scale-free
network [25]. This method, in contrast to the well known random rewiring approach of
Watts and Strogatz [4], only adds links randomly between vertices of a regular network
with a small probability, p. The regular network considered here is a ring network with

coordination number m.
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Figure 4.1: Percentage of required pinning points (§ = [/N) versus coupling strength, ¢, for
different values of controller gain constraint, p, in a scale- free network (N = 300, m = 10

and p = 0.005), using our proposed method.

The ratio of required number of controllers to the network size, § = [/N, versus coupling
strength, ¢, for different constraint values, p, is given in Fig. 4.1. It is clear that the per-
formance of the proposed scheme strongly depends on the value of constraint on controllers’
gain. More importantly, it can be seen that our approach can stabilize the network for even

for very small coupling strengths. In contrast, other schemes such as [19] and [69], cannot
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stabilize the synchronization for small coupling coefficients. Also in Fig. 4.1, we see a step-
like descending of required ratio of controllers as coupling strength increases. The reason
for this behavior is that when c¢ increases, the unstable modes become stable one by one
and they no longer contribute to the constraint in (4.15). Due to high clustering coefficient
in scale-free networks, eigenvalues appear as bundles close to each other (Fig. 4.2). Con-
sequently, when ¢ crosses each bundle, § decreases quickly. Then, it remains flat until it

reaches another bundle of eigenvalues.

Frequency

35

Figure 4.2: Histogram of eigenvalues of Laplacian matrix of a scale-free network (N = 300,

m = 10 and p = 0.005), for one realization.
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Figure 4.3: Percentage of required pinning points (§ = [/N) versus coupling strength, c,
proposed method for different values of controller gains, p, in a scale-free network (N = 300,

m = 10 and p = 0.005).

Fig. 4.3 shows the percentage of required pinning controllers for stabilization of synchro-
nization versus constraint p with low degree assignment approach of [19] and our proposed
scheme, with different coupling strengths. The simulations are performed for both methods
under the same constraint on the controller gains. As it can be seen, our method guaran-
tees stability with a smaller number of pinning controllers than the lower-degree assignment
proposed in [19]. Tt is worth noting that when the coupling matrix is positive definite, it
has been shown in [19] that lower degree assignment requires fewer nodes to be pinned in

comparison to random and higher degree assignments studied in [69].

It is clear that as the constraint on the controller gains is loosened, our scheme uses fewer

controllers to stabilize the synchronization throughout the network. In the extreme, if the
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constraint is sufficiently relaxed, our approach coincides with that of [17] where the stabi-

lization is accomplished using a single pinning controller.

Another issue of the interest is the total power consumed by the controllers. Fig. 4.4 shows
the normalized total required power, [p?, as a function of the constraint, p, for different
coupling strengths, ¢. We can see that using multiple controllers results in lower total
required power compared to single controller pinning method. The overlapped part of the
plots corresponding to the proposed method is due to requiring the pinning of all the nodes
to achieve stabilization in lower gains. Also, it is clear that our algorithm outperforms the

approach in [19] in the sense of required total power to stabilize the network.

Total Power (dB)

— — — Single controlle, c=5
— — — Multiple controllers, proposed, c=5
— — — Multiple controllers, [15], c=5
—©— Single controller, c=15
—©&— Multiple controllers, proposed, c=15
—©— Multiple controllers, [15], c=15

T ;

20

Figure 4.4: Total required power consumed by controllers in a scale-free network for different

coupling strengths.
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Conclusion

We introduced a pinning algorithm based on spectrum of the network, and assuming con-
strained controller gains. The proposed algorithm identifies the spectral modes where the
network is susceptible to instability. With a numerical example we have shown how the
required ratio of pinning changes in terms of structure of scale-free networks. We have
also shown that our scheme outperforms the existing controller-assignments such as random,
higher-degree or lower-degree assignments, in the sense of using fewer controllers under the
same conditions. We have argued that if the constraint on the controller gains is relaxed
sufficiently, our algorithm can pin the network by a single controller. Also we demonstrated

that our method is more efficient than the existing methods in terms of total power.

95



CHAPTER 5: PINNING CONTROL IN FAST SWITCHING
NETWORKS

Motivated by increasing interest in stabilization of switching networks, here, we employ the
pinning control approach to stabilize a switching network of oscillators. We find the smallest
ratio of pinned nodes required to guarantee stability of synchronization. We then relate the

maximum allowable feedback gain to minimum pinning ratio.

Notations and System Description

Notation

The set of real n-vectors is denoted by R™ and the set of real m x n matrices is denoted by
R™ ™ Matrices and vectors are denoted by capital and lower-case bold letters, respectively.

Identity matrix of size m is denoted by I,, and all one matrix of size m x n by 1,,xn.

Table I summarizes the variables used frequently in the paper.
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Table 5.1: Frequently used variables

Variable Description

X; State vector of node 1

u; Input vector of node ¢

S Reference signal

e; Error of trajectory from reference signal for node i

F Jacobian matrix of local dynamics

H Coupling matrix between two nodes in the dynamic
network

c Coupling strength in dynamics network

N Network size

A =[a;;] Adjacency matrix of the network

L =[l;;] Laplacian matrix of the network

System Description
Consider N diffusively coupled identical oscillators
N
Xi = f(XZ) -+ CZ aij(t)H(xj — Xl') + u;, (51)
j=1
Xi(to) = Xio,

where x; € R" is the state of node ¢, f: R* — R" is a nonlinear function describing the

dynamics of the oscillators, H is the coupling matrix, and ¢ > 0 is the coupling strength.
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A = [a;;(t)] is the binary adjacency matrix of the network: a;;(t) = 0 indicates that there is
no coupling from node i to node j and a;;(t) = 1 indicates a connection from node i to node
7. We assume that the network is undirected, i.e. A is symmetric. Moreover, we assume
that there are no self-loops, i.e. a;;(t) = 0 for all . Furthermore, we assume that with period
Ty, a;j(t) takes a new binary value, independent of its previous values and of other links. In
other words, the graph is constant over time intervals of length T, and when a switching
occurs, the new graph is an Erdos-Rényi graph, independent of all past graphs, with edge
probability p.Moreover, it is assumed that a;;(¢) takes the value 1 with probability p and 0

with probability of 1 — p. The Laplacian matrix of the network, L(t) £ [l;;(2)], is defined as

N . .
N Z’m:l ) (t) 1= j

| (5.2)
—a;j(t) i #j

Lij(t)

Let s be the solution of

s = f(s), (5.3)

S(t()) = Sop,

where sg € Q, and 2 is the set of all initial states xq such that, x(¢t) € Q for all ¢t > t,.
In [5] it is shown that s is an invariant manifold of (6.1). This means that for some choice of
initial conditions, (x10, -+ ,%xn0) € QV, (s,---,s) is the synchronous solution of (6.1) [5].
Note that if (5.3) only has fixed points, then s will be an attracting fixed point, and € will
be the basin of attraction corresponding to that fixed point. The same goes for limit cycles

and chaotic attractors.

Now, if we choose s as a reference signal, the error of trajectory of node ¢ from the invariant
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manifold can be defined as

We assume that the control input, u;, is chosen as linear feedback
u; = —(;kHe;, (5.5)

where k is the feedback gain and (; is a binary variable, where (; = 1 indicates that node
1 is pinned. Note that since the pinning approach is decentralized, we only consider the

self-feedback in our control rule, and there is no feedback from other nodes in the network.

Analysis

The dynamics of the error terms, e;, can be found as follows. Starting from (5.4) and

substituting (6.1) and (5.3) we have

& =% —§
N

j=1

N
= Fei +u; — Z ljiCHXj.

j=1
With the substitution of u; from (5.5) we get
N

éi = Fei — k‘QHeZ — Z ljiCHXj.

J=1
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Since >l = 0, we can add ). l;Hs = 0, to the right hand side without violating the

equality

N N
éi = Fei — k:CZHez + Z ljiCHS — Z ljiCHXj

j=1 j=1
J
Now, stacking e; yields
é::@N®En-@dmgg---ga+cL@]®}Qe, (5.7)

where e = [e] el ---el]7. If we define matrix M(¢) = [m;;(t)] by

Lij(t) i# j&l <i,j <N
gty = 4 HEFGRle 1= , (5.8)
J
0 i=N+1
—(ik/c j=N+1&1 <i<N

then (5.7) can be written as

y=(Iny:1®F —cM(t) ® H)y, (5.9)

where y = [eT sT|T.

To study the stability of the system (5.9) with the fast switching condition [43,52,57], we

will use the following theorem:
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Theorem 1 [52]: Consider the dynamical system

é = (I X F(t) + L X H)e, e(to) = €, Vt 2 t()

where

and E[-] is the expected value operator. Assuming that

1. F(t) is bounded and continuous in R, and
2. switching of L(¢) is ergodic, and

3. system (5.10) is uniformly asymptotically stable,

then there exists T; > 0 such that for all 0 < T < Ty, the stochastic system

z=1xF@t)+L(t/T,) ®H)z, z(ty) =2z, Vt>tg

is uniformly asymptotically stable almost surely.

(5.10)

Based on this theorem, there exists a dwelling time T}; such that if Ty < Ty, then the stability

of the system (5.9) can be investigated by considering the expected value of M(¢), denoted

by M, and we can carry out the stability analysis by using master stability function as in [5].

To use the results in Theorem 1, first we calculate the expected value of the Laplacian matrix
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of the system in (5.9)

_ ) o
N-D+Ea -1 - -1 -kG
S VR TOR -1 56
M=p : : : : . (5.11)
k k
—1 —1 (N— 1) + ECN _c_pCN
I 0 0 0 0

Now we proceed to calculate the eigenvalues of M to determine the stability of the network
by the available results from static networks. The following Lemma provides the eigenvalues

of M.

Lemma 4. Eigenvalues of matriz M are

Avi1 =0
1 k EN?  dpmk
Av == pN+——\/<pN+—) _ o
2 c c c
)\N—1="'=)\m+1=pN
1 k k k
)\m:—<pN+—+\/(pN+—)2—4pm—>
2 c c c
k
)\mflz"':)\ = +pN7

1 —
C

where m is the number of pinning nodes.
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Proof. We can write M as

k’/Im + Km _1me—m 1/plm><1
M =D —1;Z,;><N,m mIy_pm + Ky_pm 0 )
0 0
where k' = k/cp+ N —m and
(n—1) -1 -1
—1 n—1 —1
Kn - ( ) )
-1 -1 - (n—=1)

- - nxn

is the Laplacian of a complete network of size n. The characteristic polynomial of matrix
K, is [24]

R, (A) =AA—n)""t. (5.12)

Now we calculate the characteristic polynomial of M =M /p:

ong(N) = (M1 — M/p|

\ (A =KL, — Ky, Linx N—m
= X
1%><N7m <)‘ - m>IN—m - KN—m
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Using Schur formula for block matrices, we have

Sap (V) = A X (A = BT = Ko X [N = m) Ty — Ky

_lzan—m[(A - klﬂm - Km]_l]-me—m‘
m
=)\ X QZSKM()\ — k,) X (/\ — m)IN_m — KN—m — —/\ — k’lN_mXN_m

where the last equality is due to

lmxn(/\In - Kn>_11n><m - glme-

Since (A — pm)Iy_,, — Ky_,, is invertible we have

m

peel

A— m)IN—m - KN—m]_llN—me—m .

oap(N) =AX o (A= F) X |Iyom —

Since 1,,xm = lmxi1lixm, using Sylvester’s determinant theorem the second term can be

written as

N —m

m N-—m

11><N—m[(/\_m)IN—m_KN—m]_l]-N—mxl = (1 - mm) ¢KN_m(/\—m)~

Substituting the characteristic polynomial of Laplacian of a complete network of size m in

(5.12), the characteristic polynomial for M can be obtained as

mk

o) = A= £ ==Yt (32— B+ ).

Now if we apply the results of Lemma 1 to the type 1 and 2 MSF, we reach the following
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results:

Theorem 2: Network is stabilizable by m pinning controllers with gain k if

1. the network has type 2 MSF, and

1
a; < c\y = 5 (cpN +k— \/(cpN+ k:)2 — 4cpmk> ,
2. the network has type 3 MSF, and the controller gain and the number of pinning

controllers satisfy

1
a; < Ay = 3 (cpN +k— \/(cpN + k:)2 — 4cpmk)
and,
C/\1 = k+CpN S Q9.

Proof : Follows directly from Lemma 1 and the MSF being negative.

Let us define pinning ratio as p = m/N and average coupling strength as ¢ = ¢p.

Remark 5. Based on Theorem 2, regardless of whether the MSF is of type 1 or 2, we must

have cAy > a1 which using Lemma 1 yields

. ai(eN + k) —a%'
- ck

In other words, given k, the smallest number pinning controllers that can stabilize the network
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18

— [al(d\/’ +k) — aq |
ck

and the smallest ratio of pinning nodes is

- L Ja(eN+k)—aj
Prmin = ck '

Remark 6. If for systems with type 2 MSF, the control gain, k, can be chosen to be suffi-
ciently large, the smallest number of pinning controllers and the smallest ratio of controllers

can only be improved to

and

=
Pmin = N ¢ :

Remark 7. For systems with type 8 MSF, the second condition is A\; < ag/c which using

Lemma 1 yields
E<ay—¢N = kpax

Thus, the smallest number of pinning controllers and the smallest ratio of controllers can be

improved to

2
m* . Q10 —
h— tay — 2N |’
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and the smallest ratio of pinning nodes is

L1 Qo — a?
Pmin = N | 20 — 2N |

It 1s interesting to note that pl;, 1s lower bounded by the dynamical parameters of the system,

namely ay and o

Prmin = N Oé% ~

. 1 {4]\[(0410@ - a%)_‘ by

(0%)] '
which can be achieved if ¢ = ay /2N and k = ay /2.

Corollary 2. A system with type 3 MSF can be stabilized by pinning technique if and only
of

042—|062—2061| <e< 052+|062—2061’.
2N -~ 2N

Proof: Follows directly from the combination of the two inequalities of Theorem 2 part 2.

Numerical Example

In this section we study a numerical example using the well-known Rossler chaotic attractor

[43]. Consider the state space equation of Réssler attractor

jjl =1 — T2
jfg =x + 01’2 (513)

T3 = B+ x3(21 — 7).

where § = 0.2,  =0.2, and 7 = 7.
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We assume the coupling matrix

100
H=|{00 0
000

With the choice of oscillator parameters in (5.13), the system has a type 3 MSF and we have
a1 = 0.2 and ay = 4.8.

0.9

0.8

0.7

0.6~

pmin
o
(4]
T

Figure 5.1: Pinning ratio p and controller gain k£ as a function p for different network sizes.
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Fig. 5.1 shows the ratio of the pinning nodes and maximum controller gain k required to
reach the stable convergence to the reference signal, s, versus p, for several network sizes, N.
Here we have assumed that the coupling strength is ¢ = 0.01. The switching parameter p
controls the average degree of the nodes, p/N. As it is illustrated, network can be stabilized
if 20 < pN < 460 which is a direct result of corollary 1. Also, we observe that as p
increases the pinning ratio drops until it reaches a minimum of p,, ~ 0.16 (dashed line) at
p* = ay/(2¢N) = 240/N. It is very interesting that the minimum pinning ratio is almost
independent of the network size. As p exceeds p*, the pinning ratio increases until reaches
1. After that network becomes unstable since average coupling, ¢ reaches as. Hence the
magnitude of controller gain becomes too small to stabilize the network, k < as —cpN. This
constraint on controller gain is the reason for increase in pinning ratio in larger networks as

p grows, since as smaller controller gain is available for controllers, it should be compensated

by the increase in the number of employed controllers, hence m increases.

Fig. 5.2 illustrates the the ratio of the pinning nodes and controller gain k required to reach
the stability of synchronization versus network size N, for different values of p. As it can
be observed, for 20 < pN < 460 network can be stabilized and outside this interval, the
evolution of the network to s is improbable. Also as N grows the same linear decline in the

maximum employable controller gain is observed which is predicted by the Theorem 2.

Conclusion

We have analyzed the effectiveness of pinning control under the assumption of fast switching.
Bounds on average coupling strength where this strategy can be utilized to achieve stable
synchronization are given. We have also calculated the minimum ratio of pinning nodes to

achieve the stability based on the type of the master stability function describing the network.
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Figure 5.2: Pinning ratio p and controller gain k£ as a function N for some values of p.

We have demonstrated that if a system has type 3 master stability function then the controller
gain is bounded. We have also shown that if the constraint on the gain controller is satisfied,
in case of type 3 master stability function, the ratio of pinning controllers is almost inversely

related to controller gain.
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CHAPTER 6: STABILIZING A RANDOM DYNAMICAL
NETWORK WITH RANDOM FEEDBACK NETWORK

Although there have been many efforts in the study of the distributed control [73,75], the

impact of topological characteristics of the network on its stability is largely under-studied.

Here, we aim to address some aspects of this problem for large networks. Since considering
large networks with non-identical dynamics renders the analysis intractable, here we consider
all plants, couplings and controllers to be identical. Moreover, to gain insight into the
behavior of large networks without being limited to one particular topology, we take our
results further by assuming random networks. To do this we utilize the results in [91], derived
for an arbitrary dynamics network, and adapt it to the case where all nodes and coupling
dynamics are identical. Then, assuming a random network model, for both dynamics and
communications networks, we analyze the probability that the stability condition is satisfied.

We then use these results to study asymptotic behavior of large random networks.

Notations and System Description

Notations

The set of real n-vectors is denoted by R™ and the set of real m x n matrices is denoted by
R™ ™ Matrices and vectors are denoted by capital and lower-case bold letters, respectively.
The Euclidean (£,) vector norm is represented by ||-||. When applied to a matrix ||-|| denotes
the £, induced matrix norm, ||A]| = Apax(ATA). Also, we denote a graph corresponding to

a network with G, and vector d denotes the corresponding degree sequence of the graph.
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Table 6.1: Frequently used variables

Variable

Description

State vector of node 1

Input vector of node @

Plant dynamics matrix

m| > £ | 2

Coupling matrix between two nodes in the dynamic
network

Plant input matrix

Local feedback gain

Inter-plant feedback gain

Coupling strength in dynamics network

Plant network size

Dynamics network graph

Adjacency matrix of Gp

Degree sequence of Gp

Communications (control) network graph

Adjacency matrix of Go

Degree sequence of Go

Randomness parameter of dynamics network

Conditional randomness parameter of communications
network

Table I summarizes the variables used frequently in the rest of this chapter.

System Description

We consider a dynamics network, consisting of N identical linear time-invariant plants de-

scribed by

Xi(t) = Ax(t) + Buy(t) + ¢ > g;iHx; (1), (6.1)

j=1

X (0) = X0
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where x; € R" is the state of the ¢th node, u; € R™ is the input signal of ith node, and
A c RV B e R"™" and H € R™" are the node dynamics, input, and coupling matrices,
respectively. ¢ is the coupling strength and G = [g;;] € RV*¥ is the binary adjacency matrix

associated with the dynamics network (graph) Gp with no self loops, i.e. g; = 0.

We assume that the isolated nodes are asymptotically stabilizable with local state feedback
u; = Kx;. That is, there exist K, and positive definite matrices P,Q € R"*" that satisfy

the Lyapunov equation
(A +BK)"P +P(A +BK) = -Q. (6.2)

Furthermore, we assume that the communications network provides the control input vector

for node %
N

j=1

where K is the local feedback gain, L is feedback gain from other subsystems, and F = [f;;]
is the binary adjacency matrix corresponding to the communications network, Go. Again,

we assume that there are no self loops, i.e. f; = 0.

Network Stability Condition

In this section, we provide a stability condition for a networked system using Lyapunov

direct method for directed networks.

The network is asymptotically stable if there exists a Lyapunov function, V'(+), of the network

state vectors, which has negative derivative with respect to time.
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Following (6.2), we know that Vi.qe(x;) = x! Px; is a Lyapunov function for the isolated
nodes. Therefore, one reasonable choice of the Lyapunov function candidate for the whole

network is
N N
Vixy, - xn) = ) Vaee(xi) = Y X/ Px;. (6.4)
=1

=1

Theorem 9. Network (6.1) with controller (6.3) is asymptotically stable if

N N
ox |[P(/;iBL + g;: H)||?
¢ Z 5 + Zgz‘j(Sij < Amin(Q) (6.5)
7j=1 7j=1
for all i, where d;; are arbitrary positive reals.
Proof. Follows directly from Theorem 1 in [91]. O

Inspecting (6.5), we observe that if we include feedbacks from subsystems which are not
connected in the dynamics network (f;; = 1 and g;; = 0), we add unnecessary positive terms
to the left side of the stability conditions, which makes the conditions harder to satisfy.

Therefore, the communications network should be a subset of the dynamics network, i.e.

gngDorfijZOifgij:().

To gain the largest convergence rate for each node, we choose Q to be the identity matrix of
consistent size [59]. From (6.5), it is clear that the norm of the closed loop gain from other
nodes, ||P(BL + H)||, should be chosen to be as small as possible. Ideally, if L exists such
that ||P(BL + H)|| = 0 (known as matching condition [73]), the stability conditions in (6.5)
are satisfied with §;; < 1/N and f;; = ¢;; or Go = Gp. However, It is desirable to use a G¢

that is smaller than Gp, if possible. Furthermore, in general, the matching condition may
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not be satisfied. In this case one would want to choose L that minimizes the norm or

L* = argmLin ||IP(BL + H)||.

(6.6)

The norm of the closed loop gain will then be ||P(BL*+H)||. We note that the optimization

problem in (6.6) reduces to a standard semidefinite program (SDP), which can be readily

solved (see [91] and Ch.4 in [92]).

Theorem 10. Let §;; =, if fi; =0 and 6;; = d. if fij = 1, then the network in (6.1) with

controller (6.3) is stable if
a

J

where

St B, + 1+ Goe < 1,

] (6.7)

N N
%me(zlm—E:%M>=3mQ@fW&%

J=1 Jj=1

N N
_ __ _jout out
Bi = E Gij — E gijfij = dD,i - dC,ia
j=1 j=1

N
Vi =2 Y giikin = Epad,
j=1

N
G = Zgijfij = déiff,
j=1

and dfy; and df%; are the in-degrees of node i in Gp and Ge, respectively. Similarly, djy

and dg¥ are the out-degrees of node i in Gp and Ge, respectively. And py = ||[PH|]> and

p2 = ||P(H + BLY)[|*.

Proof. We can write

5,‘]‘ = (1

— fij)00 + [ijoc

(6.8)
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and

1 1—fi; fi
11ty fy 6.
5y 0, 4. (6.9)

Also, considering the fact that Go C Gp, the stability conditions in (6.5) can be expressed

as

N
gjifji

c plzé—ﬂ+c 2:: +;5wgw <1 (6.10)

Hence, substituting (6.8) and (6.9) in (6.10), yields (6.7). O

Corollary 3. If we choose 6, = c\/p1 and 6. = c\/p2, the network (6.1) with controller (6.3)

1s stable if

dp > do > ny/prdp, = 7. (6.11)

where dp; = diﬁ,i +dy%, dei = dg '+ de, and

1= (6.12)
Proof. Substituting the values of §, and ¢, in (6.7),
V(A + ) — (Vo1 — /) (A + @) < -
[

Corollary 4. If the matching condition, ||P(H + BL*)|| = 0, is satisfied, (6.11) reduces to

1
c/pr

dp; > dc; > dp; — (6.13)
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Stability of a Dynamics Network with Random Communications Network

The constraints on d¢; derived above guarantee the stability of the network. However, except
for the trivial cases (e.g. if the two bounds in (6.11) force d¢; = dp ), given the network Gp
it is not easy to find a small G& such that these conditions are satisfied. In fact, finding the

smallest G reduces to a linear integer program, which in general is NP-hard.

In the following, to get further insight into the problem, we assume that the communications
network, G¢, is a random sub-graph of the dynamics network, Gp. In other words, we assume
that with probability ¢, there is a connection from node 7 to node j if in the dynamics network

there is such a link. That is,

1 with probability ¢ if g;; =1
0 otherwise

Note that, here, we make no assumption about the topology of the dynamics Network.

With a random sub-graph as the communications network, the question of interest is: Given

Gp and q, what is the probability that the network is stable?

Degree distribution of random subgraph G¢

Since the in-degree and out-degree of each node are summations of independent Bernoulli

random variables with success probability ¢, their distributions are binomial. That is

Z’L,i ~ B( ig,iaQ)a d%?’ff ~ B(doDu,i:(Z)
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Since d¢¥; and dg* are independent random variables and have the same success probability,

their sum also has a binomial distribution. That is

dei ~ B(dp,, q).

(6.15)

If pN is large enough, we can approximate the distribution of d¢; with a Gaussian distribu-

tion with mean [93]
i = qdp.;.

Lemma 5. Covariance of dc; in (6.15) is

Proof. We know that

N
dei =Y (figin+ fui)ghi-
k=1

118

q(1 —q)dp, =]

q(1 —q)(gij +g5i) i# ] |

(6.16)

(6.17)

(6.18)



From definition of covariance, we have

or; = Eldeyde] — ¢*dpadp
= (faugin + frigs) (Fungn + i) — ¢*dpadp
ol
= Zgikgjl(Q(l — Q) limj it + ¢
ol
+ Zgikglj(Q(l — @) Liziljmk + %)
ol

+> grign(a(1 = @) Limi L=, + ¢°)
ol

+> gigin(g(1 = Q) lizilim + ¢°) — ¢*dp.dp
k.l
where 1, is the indicator function of x. Thus,

07 = q(1 — Q) LisydDs + Pd dfy  + > (gingis + grigin) (@(L — @) 1j=pLlizt + ¢°)
k,l

+q(1 — q)Liz; anz + q2diDn,z‘ iB,j - quD,idD,j

or
2 _ 1— )1 dn 2dout'dout'_+_ 2dou‘g in Qdin 'dout' Zdin' in 2d dn
07,] q( q)Lli=j D,Z—i_q D,i*'D,j q D,i*"D,j +q D,;i%D,j +q D,i¥D,j q apiap,;
= q(1 = q)(gij + 95i) + a(1 — @) Lizjdp,.
Thus, if ¢ # J

or = q(1 = q)(9i + 1),
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and if i = j

o5 =q(1—q)dp,.

It is clear from (6.17) that if dp; > 2 > ¢;;+g;i, dc,; can be approximated to be independent,

and hence, jointly Gaussian. That is
dc ~ N(gdp, ¢(1 — g)diag(dp)), (6.19)

T
where d¢ = doq -+ dC7N:| anddpz[dal - dpy

Probability of Stability

The probability that the stability condition associated with node ¢ is satisfied can be ap-

proximated as

P (de; > ¢:) = Q ( i;,’“) , (6.20)
where
¢i = nv/prdp; — g (6.21)
and

2

1 oo 2
Q) = o= / e dy. (6.22)

Since the degrees are almost independent, the probability of stability with random commu-
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nications network can be approximated as

PstabNHNlQ ((bl Z)
o;

U] - 1
_ 1162( T_qJ_ \/ql—qC\/dDz>

dps — 1 — qdp,
—1¥,0 (Wﬁ Di— e 4 D’). (6.23)

q(1 —q)dp,

Erdos-Rényi Dynamics Network

So far we have assumed that the dynamics network is arbitrary and the communications
network is random. Now, let us assume that the dynamics network is also a directed Erdos-

Rényi random network [23] with randomness parameter p. Then, for large N, we can assume

that dp,; ~ 2pN [23]. Thus, (6.23) becomes

_n _
2pq(1 — q)N

If in (6.11), we use the approximations dp; ~ 2pN and d¢; ~ qdp; = 2pgN, which are valid
for large NN, the stability condition for a random network with a random communications

network reduces to

7
> _ . 6.25
q > 1nv/p1 2epN (6.25)

We can now use this result to study asymptotic network stability trends.

We can see that as the network size, N, increases and c is kept constant, the last term
on the right hand side of (6.25) decreases. Since 1n,/p; > 1, a random network tends to

become unstable if the ratio of number of links in the communications network to that
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of the dynamics network, ¢, is kept fixed. To sustain the stability of the network as the
network size grows under the aforementioned condition, either the coupling strength, ¢, or
the randomness parameter of the dynamics network, p, must decrease, at least as 1/N. This
means that a larger dynamics network must either be more weakly (¢ = O(1/N)), or more
sparsely (p = O(1/N)), connected, if it is to be stable. Either way, to keep the overall
network stable with a fixed ¢, the overall effect of all other nodes on a particular node, must
not be allowed to increase. In the case of fixed network size, to have a stable network as
p increases, coupling strength must decrease at least as 1/p. This is intuitively justifiable
since the mean and variance of dynamics at each node have linear and quadratic relations

with both coupling strength and randomness parameter, respectively.

For reasonably large pN, due to multiplication of large number of terms in (6.24), the
probability of stability has a sharp roll-off as a function of q. To quantify where these sharp

transitions take place, we can look at

From (6.24), we can calculate ¢, as

2n(2cy/p1ipN — 1) + 22 z ) 1 2n2(2¢y/p1pN — 1)2
.= - an (20/pipN — =) —
¢ 2¢(2pN + 22) 2(2pN + z2) S prp c 2pN

(6.26)

where z = Q7! (2*%) .
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Numerical Results

In this section, we verify the validity of our results with a numerical example. Here, we

consider a dynamics network with

01
A= ,
20
and
0
B -
1
4
These nodes are assumed to be coupled by
H= ! %
10

By setting the desired poles of isolated nodes at —1, —2, and using the method proposed

in [91], we can calculate the local feedback gain as

K| 2],

The solution of problem (6.6) is

=4 0],
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and the solution of the Lyapunov equation is

Consequently, we have p; = 0.841 and py = 0.1.

1

—éim. (1i)
- — - Theo. (22)

0.9

0.8

Figure 6.1: Probability of stability versus randomness parameter ¢, in the ring configuration
of different coordination numbers, k, for dynamics network and N = 100, and coupling

strength of ¢ = 0.05.

Fig. 6.1 shows the probability of the stability as a function of conditional randomness

parameter of the communications network, q. Here the dynamics network is assumed to
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have a ring configuration with coordination number £k, i.e., every vertex is connected to 2k
of its closest vertices in the ring. As it can be seen the approximations are reasonable. More
interestingly, they are closer to simulations for larger coordination numbers. The reason
for this phenomenon is that the average number of links in the communications network is
2kq, and for higher k£ the Gaussian approximation for the node degrees is more accurate.
Also, Fig. 6.1 shows that as number of links in the dynamics network increases, so does
the average number of links in the communications network required to stabilize the overall

network. This is also predicted by (6.23).

1 T -
— Sim. (11) ,7
— Theo. (22)| 7 _
0.9 _ _ _ Theo. (23) / c=0.05+
N=200
0.8 1
0.7} -
0.6 1
=
» 0.5 |
o

0.4 B
0.3 .

c=0.02

N=100

0.2 1
L / _

0.1 ,

/

/
O |
(0} 1

Figure 6.2: Probability of stability as a function of randomness parameter ¢ of the commu-

nications network for different network size, N and coupling strength, c.
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- - - Theo. (23), g=0.5

10° 10" 10° 10°

Figure 6.3: Probability of stability versus network size, N, in Erdos-Rényi network for

different values of ¢ and gq.

The probability of stability for large Erdos-Rényi dynamics network with randomness pa-
rameter of p = 0.25 is shown in Fig. 6.2. As it can be observed, the approximations in (6.23)

and (6.24) are reasonable in comparison to the simulation results.

Fig. 6.3 depicts the probability of stability as a function of network size N for different
values of ¢ and ¢. We see that for weaker couplings and higher randomness values for the

communications network, the overall network tends to be stabilized for larger network sizes.
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Figure 6.4: Probability of stability versus coupling strength, ¢, in Erdés-Rényi dynamics

network for different ¢ and network size N = 100.

This behavior can be predicted from (6.25), which can be rewritten as

N

Ui
< Sty —a)° (6.27)

Thus, weaker couplings or richer connected communications network makes the network

more stable.

Fig. 6.4 shows the probability of stability as a function of coupling strength, ¢, in an Erdos-

Rényi dynamics network for different randomness values of communications network, q. As
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it can be seen, a larger ¢ results in stabilization of the stronger connected networks.

Conclusion

We have presented a network stability condition for an arbitrary dynamics network with
identical plants, controllers and couplings. Using this condition, we have derived approximate
probability of stability, assuming that the communications network is a random sub-network
of the dynamics network. We have further studied our network stability condition and
probability of stability for the case where the dynamics network is an Erdos-Rényi network.
Using these result, we have studied the asymptotic trends in stability of the network, when
network parameters take extreme values. A numerical example shows that our analytical

results have reasonable accuracy.
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CHAPTER 7: SWITCHING CONTROL OF LINEAR
TIME-VARYING NETWORKED SYSTEMS WITH SPARSE
OBSERVER-CONTROLLER NETWORKS

In this chapter, a set of stability conditions for linear time-varying networked control systems
with arbitrary topologies using a piecewise quadratic switching stabilization approach with
multiple quadratic Lyapunov functions is provided. This set of stability conditions is used to
provide a novel iterative low-complexity algorithm that must be updated and optimized in
discrete time for the design of a sparse observer-controller network, for a given plant network
with an arbitrary topology. The distributed observers is employed by utilizing the output of
other subsystems to improve the stability of each observer. To avoid unbounded growth of

controller and observer gains,the bounds on the norms of the gains are imposed.

Introduction

Networked control systems (NCS) have been the subject of much interest due to the fact that
they have a wide range of applications, including electric power networks, transportation net-
works, factory automation, tele-operations and sensor and actuator networks, and the fact
that they pose interesting unsolved problems in control theory. A centralized architecture is
traditionally employed to control spatially distributed systems in which the components were
connected via dedicated hard-wired links carrying the information from the sensors to a cen-
tral location, where control signals were computed and sent to the actuators. However, the
centralized architecture is not scalable. Moreover, it does not meet many new requirements

such as modularity, resiliency, integrated diagnostics, and efficient maintenance. Distributed
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or decentralized networked control systems meet these requirements through reduction in
the required communications and distribution of the computational power across the sys-
tem. Consequently, these approaches can be scalable. More recently, the distributed and
decentralized architectures have been made feasible due to relative maturity in communica-

tion and computing technologies, enabling their convergence with control.

In general, a NCS consists of a number of subsystems, each comprised of a plant and a
controller; coupled together in some network topology. The interaction of plants with one
another forms the plant network. Measurements and control signals are communicated using
the control network, a.k.a. information, communications, or feedback network (Fig. 7.1).
This generalization covers the full range of architectures from decentralized, when the con-
trol network has no links, to centralized, when the control network is complete (i.e. all
information is available to all controllers). For each architecture both the dynamics of each
subsystem and the topology of plant network, play important roles in the stability of the

entire interconnected system.

A key aspect in designing a particular NCS is the amount of information exchange. Typically,
the all-to-all information exchange required for a centralized architecture is not feasible due
to cost and complexity of the required communication. On the other end of the spectrum,
ideally, one would have a decentralized controller [94] [95] [96]. It can be shown that even
if each subsystem is asymptotically stable in isolation, the entire interconnected system
may be unstable. Therefore, a decentralized architecture is usually inadequate to satisfy
the performance requirements or even to stabilize the plant network. Thus, often the best
solution is a distributed architecture, where some information is exchanged with neighbors

97)- [101].
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Control
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Local Control
Loop

Figure 7.1: A Networked Control System (NCS)

The networked control literature can be classified into two main groups. The first group as
illustrated in [102]- [76] studies different factors, including bandwidth, packet dropout and
disorder, data quantization, time-varying sampling intervals, and time delays, all of which
are imposed by imperfections and limitations of communication channels and can degrade
the system performance or even destabilize the system. The second group, which this paper
also falls into, considers the topological network effects, and investigates how the topology of
the plant network affects the entire interconnected system stability and other performance

metrics.

The problem of imposing a priori constraints on the controller has been arisen in previ-
ous articles on decentralized and distributed control of a general linear time-invariant (LTT)
system. These constraints often are called the information constraints, and specify what in-
formation is available to which controller and manifests itself as sparsity or delay constraints.
In [110]- [113], the authors have shown the convexification problem of finding optimal con-

troller in order to minimize a norm of the closed loop map under a structural condition,
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namely quadratic invariance, which is an algebraic condition relating the plant and the con-
straint set. The works in [114, 115] have shown similar results, conditioned on the plant
network being a partially ordered set (poset) which is based on poset information structure
(acyclic information flow) among subsystems. This constraint is closely related to quadratic
invariance, however, it can lead to more computationally efficient solutions and is applicable

to a more general class of problems.

While these results are elegant and important, they impose restrictions on the topology of
the plant network of LTI systems. The key question in the design of control network for
NCSs with arbitrary plant network topologies is one of topological information requirements
and can be framed as the question: Which subsystems should be given the input and output
information of a particular subsystem, in order for the local controllers to be able to satisfy
a global control objective? This is a critical question in the design of massively distributed

control systems, such as the Smart Grid [116]- [119].

In this paper, we extend our LTI NCS results [120] by considering a linear time-varying
(LTV) NCS with an arbitrary topology and provide a methodology to design an iterative
sparse observer and controller network which updates in discrete time. As in our previous
work [120] here we also assume that the communication links do not have any bandwidth

limitation, data loss or induced network delays.

We first use multiple quadratic Lyapunov functions to develop a set of stability conditions
that guarantee global asymptotic stability using the piecewise quadratic switching stabi-
lization method [121]- [124]. We then use these stability conditions to design an iterative
sparse observer-controller network for a given plant network with an arbitrary topology. We
take a broader look at the topological information requirements by taking into account the

distributed state estimation problem, which is generally neglected in existing work.
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Notation and Problem Definition

Notation

The set of real (column) n-vectors is denoted by R™ and the set of real m x n matrices
is denoted by R™*". We use R, and Z, to denote the sets of non-negative real and non-
negative integers respectively. Matrices and vectors are denoted by capital and lower-case
bold letters, respectively. Generalized matrix inequality, <, is defined by the positive definite
cone between symmetric matrices. The Euclidean (l3) vector norm and the induced [y matrix
norm are represented by ||- || and the Frobenius matrix norm is denoted by ||| r. By Amin(*),
Amax(+) and omax(-) we denote the smallest and largest eigenvalue and the largest singular
value of the argument, respectively. The Schur (Hadamard) product is represented by o and
the m x n unit matrix consisting of all ones is denoted by 1™*". We let N' = {1,..., N}
and N; = N — {i}. The indicator function of x is represented by 1, and column-stacking

operator is denoted by vec(-).

In the following subsection, we address the problem statement by employing the same

methodology similar to that of [120].

Problem Definition

Consider a network of N coupled LTV subsystems, each consisting of a plant and a controller.

The state of the ith plant, x;(t) € R™, is governed by

%i(1) = Ai()xi(t) + Bi(t)w(t) + > Hy(t)x;(t)
JEN;
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where u;(t) € R™ and y;(t) € R™ are input and output of the ith subsystem, and A,(t),
B;(t), C;(t) and H;;(t) are known matrices. We assume that subsystem (7.1) is both com-
pletely controllable and completely observable for all . We consider an arbitrary directed
network without self-loops. That is, H;;(t) = 0, and H;;(t) and H;;(¢) are not necessarily

equal. We look for a distributed stabilizing observer-based controller of the form

%i(t) = Ai(t)%:(t) + Bi(t)wi(t) + > Hy(0)%;(t) + Mi(8)(Ci(t)%i(t) — yilt))
JEN;

+ ) 045t (Ci(t)%;(t) — y;(t),

JEN;
w(t) = Ki(O)X:(t) + Y Ly ()%;(t), (7.2)
JEN;

where x;(t) is the estimate of x;(t), K;(t) and L;;(¢) are local and coupling controller gains,
and M;(t) and O;;(t) are local and coupling observer gains, respectively. Note that to
estimate x;(¢), we not only use output of subsystem i, but also outputs of (potentially)
all other subsystems. This is dual to the concept of distributed control. Our objective is
to find distributed observer-based control law (7.2), using feedback from (potentially) all
other subsystems to stabilize the plant network with a sparse control network. That is,
we aim to find K;(t), M, (), L;;(t) and O;;(t), such that the entire interconnected system is
globally asymptotically stable and that the number of links in the control network (number

of non-zero coupling gains L;;(¢) and O;;(t)) is minimized. We also impose constraints

1K (O < ki, (7.3a)
IMG ()] < ps, (7.3b)
1L D < e (7.3c)
104 < wiy, (7.3d)
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to avoid undesirably large gains.

Defining x(t) = vec(x;(t)), u(t) = vec(w;(t)), y(t) = vec(y;(t)), (7.1) reduces to

y(t) = Ct)x(1), (7.4)
where A(t) = diag(A;(t)), B(t) = diag(B;(t)), C(t) = diag(C;(¢)) and H(t) = [H;;(t)].

Moreover, (7.2) yields

x(t) = A(OX(t) + B(t)u(t) + HO)X(t) + M()(CO)x(t) — y (1) + O()(C()%(t) — y (1)),

u(t) = K(t)x(t) + L(t)x(1), (7.5)

where K(t) = diag(K;(t)), M(t) = diag(M,(¢)), L(t) = [L;;(¢)], with L;;(¢) = 0 and O(t) =

Defining error e(t) = x(t) — x(t) reduces (7.4) and (7.5) to

x(t) = [A(t) + H(t) + B(t)(K(t) + L(2))] x(¢) + B(¢)(K(t) + L(¢) )e(t), (7.6)

e(t) = [A() + H(t) + (M(t) + O(1))C(t)] e(t)- (7.7)

This is an LTV networked linear cascade dynamical system with the equilibrium point

(x,e) = (0,0).

Assumption 3. Matrices A(t), B(t), C(t) and H(t) are continuously differentiable and have
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bounded derivatives:

IA@) < a, B <0, [CO| < e [IHE] < A (7.8)

Under Assumption 3, for all ¢,# € R, we have [125]

IA®) =A@ < alt — '], [[B(t) = B#)]| < blt =],

IC(#) = CE)| < clt = ¢, [H(E) — H#)[| < At —#]. (7.9)

Piecewise Quadratic Switching Stabilization

As the nature of problem is time-varying, and analytical design approaches are intractable
(due to the generality of the network topology), one needs to take a numerical design ap-
proach. Thus, the design must be updated and optimized at discrete times. Consider the
discrete series 0 = tg < t; < --+ < t < ---. If a sample-and-hold control approach over

intervals [ty, tx41) is used, system (7.6) and (7.7) will become

x(t) = [A(t) +H(t) + B(t)(Kg + L) x(¢) + B(t)(Ky, + Ly)e(t), (7.10)

e(t) = [A(t) + H(t) + (M), + 0,)C(t)] e(t), (7.11)

for ¢t € [tk,tk+1).

Assumption 4. For every k € Z., there exists constant Ty, > 0 such that

T = tey1r — tr > Toin. (7.12)

136



Later, in Corollary 5 we will find a lower bound for T,,;,.

Theorem 1. The equilibrium point, x = 0, of the system

x(t) = [A(t) + H(t) + B(t)(Ky + L) x(1), (7.13)

is globally asymptotically stable, if for every k € Zy and t € [ty,tg11), there exist Ky, L,

Py, B; > 0, and ¢; > 0 such that

2B 0P+ [A(t) + H(t) + B(t)(Ky + L)]" Px

+Pr[A(t) + H(t) + B(t) (K, + Lg)] <0 (7.14a)
P, —€>0 (7.14D)
Pk—l - Pk i 0 (7140)

are satisfied for all k > 1 and (7.14a), (7.14b) are satisfied for k = 0, where Py, = diag(Py.,),
B = diag (5;1™*™), and € = diag(e;1,,).
Proof. Consider multiple quadratic Lyapunov functions [124] Vi.(x(t)) = xT (t)Px(t), t €
[tk,ter1), and let V(x(t)) = Vi(x(t)) when t € [tg,try1). Since Pp > 0, to show that

x(t) — 0, it suffices to show that V(x(t)) — 0. Condition (7.14a) yields
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Vi(x(8)) = x"(¢) [A() + H(2) + B(t) (K, + Ly)]" Prx(t)
+xT ()P [A(t) + H(t) + B(t) (K + Ly)] x(t)
< —2x7(t)B o Pipx(t)

= _QZ/B’L Pk’zxz )

ieN

< _2627( szxz

ieN

= —26Vi(x(t)), (7.15)

for t € [tg, tps1), where B = min; 8;. This means that V(x(t)) = Vi(x(t)) is negative definite
over t € [tg,tr41). Moreover, since x(t) is continuous, condition (7.14c¢) implies that V(x(t))
is decreasing over all t. Thus, since V' (x(t)) is positive definite, if we show that its samples,
V(x(tx)) = Vi(x(t)), converge to zero we have V(x(t)) — 0 as well. Since the sequence
Vi (x(tx)) is monotonically decreasing and positive definite, it converges to some value v > 0.

To show that v = 0, first we note that due to the comparison lemma [125], (7.15) yields

Vi(x(1)) < Vie(x(tx)e 2P %)t € [ty trog). (7.16)
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Now, we can write

O=v—w
= lm Vi (x(tes1)) — lim Vi(x(tx))
k—o00 k—o00

= Jim [Vir (x(ta0) = Ve(x(to )] + Tim [Ve(x(ti,)) = Vi(x(t))]

k—o0
= lim (X" (trs1) (Prar — Pr) x(tryr)] + Jim [Vk(x(tk)) (e’w(tgﬂ’t’@) - 1)}
¢ i it - )
< — (1 — e ?PTmm) klim Vie(x(t1))
—00
< — (1 ) Jim [y (P ()]

< —¢ (1 N e—Q/BTmin) khm ||X(tk)||2
—00

IN

0, (7.17)

where € = min,; ¢; > 0. This implies that

€ (1 — e_%Tmi“) lim ||x(¢)||* = 0. (7.18)
k—o00

which requires that limg . x(tx) — 0, and limg_,o, Vi(x(tx)) — 0. In other words, the

system (7.13) is globally asymptotically stable. O

Theorem 2. The equilibrium point of the system in (7.6) and (7.7), (x,e) = (0,0), is

globally asymptotically stable, if for every k € Z, and t € [ty,tpr1), there exist Ki, Ly, Py,
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My, Oy, f’k, B; >0, and ¢; > 0 such that

2B 0Py, + [A(t) + H(t) + B(t)(Ky + L)]" Px
YPL[A() + H(t) + B(t)(Ky + L) <0 (7.19a)

28 0 Py, + [A(t) + H(t) + (M 4+ O,)C(t)]" Py

+P[A(t) + H(t) + (M) + O,)C(t)] < 0 (7.19b)
P,—€>0 (7.19¢)

P,—€e>0 (7.19d)

Pi1—Py>=0 (7.19¢)

P, ,—-P,=0 (7.19f)

are satisfied for all k > 1 and (7.19a) to (7.19d) are satisfied for k = 0, where Py =
diag(Py,), Py = diag(Py,), B = diag(8;177™), and € = diag(e;1,,).
Proof. By Theorem 1, conditions (7.19a), (7.19¢) and (7.19¢) imply that the unforced sys-
tem (7.10) is globally asymptotically stable and, consequently, (7.10) is input-to-state sta-
ble. Similarly, (7.19b), (7.19d) and (7.19f) guarantee global asymptotical stability of (7.11).
Hence the equilibrium point of cascaded dynamical system (7.10) and (7.11), (x,e) = (0,0),

is globally asymptotically stable [125]. ]

We note that conditions (7.19a) and (7.19b) are the requirement that the energy in the
system is decreasing in every interval while conditions (7.19¢) and (7.19d) guarantee posi-
tive definiteness of multiple quadratic Lyapunov functions. Conditions (7.19e) and (7.19f)
are necessary to guarantee multiple quadratic Lyapunov functions form a non-increasing

sequence when entering the next interval.
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Theorem 2 provides a set of stability conditions based on which the controllers and observers
can be designed. However, these conditions are not convex. This is important since a solution
must be found iteratively at each t,. The following theorem provides a set of convex, albeit

more conservative, stability conditions. It also incorporates bounds (7.3).

Theorem 3. System (7.1) with controller (7.2) is globally asymptotically stable, and bounds

(7.3) are satisfied, if the following convex constraints have a feasible point, such that

Fy +F{ +11, =<0 (7.20a)

Fr+F 441,=<0 (7.20D)

€' =7Z,~0 (7.20c)

P,—€e=0 (7.20d)

Zi—Zyp 1 =0 (7.20e)

P,,—P,>=0 (7.20f)

Kidmin(Zri) — Omaz(Wii) > 0 (7.20g)

LijAmin(Zi;) — omaz(Yiii) >0 (7.20h)
1idmin(Pri) — Omaz(Wi) > 0 (7.20i)

WiiAmin(Pri) — omaz(Yiii) >0 (7.205)

are satisfied for all i,j € N, v > 0, k > 1 and (7.20a)-(7.20d) and (7.20g)-(7.20j) are

satisfied for k = 0, where

Fk = (Ak —+ Hk)Zk + Bk(Wk =+ Yk) —+ ﬁ o Zk,

Fi = Pr(Ay + Hy) + (Wi, + Y,)Ci + Bo Py,

Zk = diag(Zk,i), f’k = diag(f’]m‘), Wk = diag(Wm), Wk = dz’ag(ww), Yk = [Yk,ij] and
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Yy = [Yiy with Yy = Yi. = 0.
v

. *  P* * X7 * *
Furthermore, if Zk,iapk,z‘vwk,wwk,iaY kg

Fii is a solution of (7.20), the controller and

observer gains are

K*i:W*iZ* ‘—1’ L*i':Y*i'Z* ‘—17
k, ) k, k:iz k,ij Ak, 7 kA,g (721>
MZZ = PZJIWZ,Z-, 02,1-]- = Pz,i_lYZ,iﬁ
for all t € [ty, txr1) and the next switching time is tx.1 = ty + Ty where
1 ~Amaz(Fp + FT ~Amaz(Fr, + FT
T}, = = min mas(F + ) : maoFe + Fy) (7.22)
2 (a+ M) Ze| +b[[Wk + Yl (a + h)||Ps|| + | Wi + Y4

Proof. We will show that the conditions of Theorem 2, namely (7.19a)-(7.19f), are satisfied
if (7.20a)-(7.20f) hold. Defining new variables Z; = P,;l, W, = KkPgl, and Y, = LkPgl,

reveals that (7.19a), (7.19c) and (7.19¢) are equivalent to

2B 0 Zy, + [(A(t) + H(t))Zi + B(t) (Wi, + Yy)]"

+[(A@t) +H(1)Zy + B(t)(Wy, +Y,)] <0, (7.23a)
€' =7y -0, (7.23b)
Zk — Zk,1 > 0, (723C)

Clearly, (7.23b) and (7.23c) are (7.20c) and (7.20e). To show that (7.23a) yields (7.20a), we

first note that

(A(t) + H(1))Zy =(Ax + Hy)Zy + (AA(t) + AH())Zy,
=(Ax + Hi)Zi + [[(AA() + AH(1))Zy || I,
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where AA(t) = A(t) — Ax and AH(t) = H(t) — Hy, and the last inequality is due to

Assumption 3. Similarly, we can show that
B(t) (Wi +Y}) <Bp(Wy 4+ Yy) + Tib|| Wy, + Y || L. (7.25)
Thus, the left hand side of (7.23a) can be upper bounded by
Fi. +F{ + 2T [(a + h)||Z]| + b|Wy + Y |]L,.. (7.26)

In other words, if (7.26) is negative semidefinite, (7.19a) holds. Upper bound (7.26) is

negative semidefinite, if there exist v > 0 such that
Fi +F} +91, <0, (7.27)

which is (7.20a) and

_)\maX(Fk + Ff)

1
T. < = ,
"= 9 (a+ h)||Zk| + bW + Y|

(7.28)

which is guaranteed by (7.22). A similar argument, omitted for brevity, shows that (7.19b),
(7.19d) and (7.19f) are satisfied if (7.20b), (7.20d), (7.20f) and (7.22) hold.

For (7.3a) we note that we can upper bound the norm of K; as

1Kl = IWiiZp ;|
< Wil Z, 1]
= Umax(wk,i)/\max(zlzll)
Umax(wki>

= 7.29
)‘min<zk,z‘) ( )
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Thus, forcing (7.3a) will be forced if

UmaX(Wk,i)

1Kl <
Amin(zk,i)

S Ky, (730)

or equivalently s;Apin(Zk,i) — omax(Wik,;) > 0, which is (7.20g). Similarly, (7.3b)-(7.3d) are
forced if (7.20h)-(7.20j) hold.

Finally, we note that the original variables can then be found from P = Z,;l, K, = WkZ,zl

and Lk = YkZ,;l ]

Corollary 5. If the conditions of Theorem 3 hold, a lower bound for Ty, in Assumption 2

18

) 1 . €y 1 vy
Toin =minTj, > —min , ——= 7.31
D {a—i-h—i—b(fi—I—L) HPOHa+h+c(u+w)} (7:31)

where ¢ = min;e; > 0, v > 0 are the margins in inequalities (7.20a) and (7.20b) and
K= ien vVmin{mg, nitei, o = 30, o /min{mg, ngteg, o= 30 v/min{ng, vt and
W= Zz‘,je/\/ vmin{n;, r; bw;.
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Proof. Equation (7.20a) gives us Amax(Fr, + FL) < —v. From (7.28), we have

Amax(Fk‘i‘Fz)
(a+ )| Zkll + b Wi + Yy
AmaX(Fk“f‘F{)
(a+ h)||Zg|| + 0| KiZy + LipZy||
1 v
>
2||Zy|| @ + h+ b|| Ky, + Ly
> 1 il
T 2a+ h+b||Ky + Li||F
1 ey
> =
2a+h+b(|Kllr + || Lilr)
1o
T 2a+h+b(k+1)

T= —

1
2
1
2

(7.32)

The last four inequalities are satisfied because for any D € R™*" the Frobenius and Euclid-

ian norms satisfy ||D| < [|D||r < y/min{m,n}||D].

Similarly, we have

1 Amax(Fy, + FY)
2 (a+ )| Pell + Wy + Y|
1 /\max(]?‘k +F{)
2 (a+ )Pyl + c|PrMy + POy
Y
2Py| @+ h+ My + O]
1 gl
2Pyl @+ h + c[My, + Okl

1 g
- . 7.33
2| Pofl @+ h+ec(p+w) (7.33)

T, = —

v
—_

Y

v
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Sparse Control Network Design

To design a sparse control network, we seek a set of Ly ;; and Oy ;; that guarantee stability,
with a small number links. Note that if link 45 is used it can carry both Ly ,;;%;(t) and
Oy;¥;(t). Thus, the use of a link from node ¢ to node j at time k can be encoded in binary
variables ay;; € {0,1}. Then we can write Ly ;; = arijLiy ;; and Oy 5 = y,;0% 45, where

*
Lk,ij

and Of ,; are the optimal link gains, when the link is used. In aggregate, these can be
written as Ly = ay, o L and Oy = &y, 0 O, where ay, = [y ;;,1™7™] and &y, = [oy,;;17 %7 ]

with Qi = 0.

Now, with the stability conditions provided in (7.20) in hand, our objective is to design
a control network with minimum number of links that satisfies stability conditions (7.20).
Minimizing the number of communication links is equivalent to minimizing the number of
agi; = 1, or in other words, minimizing the sum of ay;; subject to constraints in (7.20).

Our problem can therefore be formulated as the following convex mixed-binary program:

minimize Z Qi (7.34a)
i,jeEN

subject to (7.20) (7.34b)
ag; € {0,1} (7.34¢)

where Yk = Ok O Xk and Yk = (A)tk 9] Xk

The complexity of solving problem (7.34) is important, since it has to be solved in each
iteration. In general a mixed-binary program is NP-hard. In the worst case, one has to solve
O@2N 2) convex problems, carrying an exhaustive search on the binary variables. While a

variety of exact methods for convex mixed-binary programs are available [126], their com-
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putational complexity is prohibitive for large networks, specially since the calculation is
to be repeated periodically. Here, we propose a simple suboptimal relaxation-thresholding

approach which should be carried out in each iteration:

1. Set k + 0 and ty < O.

2. Find a feasible point for (7.34) excluding (7.20e) and (7.20f) to find the initial conditions
Z() and ].50.

3. Initialize v ;; < 1 for all 4,5 € N,i # j.

4. Find a feasible point for (7.34) to yield zk7i,wk7i,Xk,ij,kai,\ka,i and X,“j If a feasible
solution is found, oz,t i € Qiij- Otherwise go to step 7, unless the problem is infeasible
at the first iteration, in which case there is no solution and the design procedure is

terminated.

5. Solve (7.34) with (7.34c) relaxed to ay,;; € [0,1] to obtain solution oz,(f’gj satisfying

(7.20a) and (7.20b) and Z;m',W;m-,ij,lsk’i,wk,i,f(k,ij are those found in step 4.

6. If all a,(:gj = 0, set O‘Z:,ij < 0 and go to step 7. Otherwise, set oy ;; corresponding to

(r)

the smallest non-zero « ;; to zero and return to step 4.

T

7. Return i

8. Calculate the next switching time T} from (7.22).

Note that with the above design procedure, in the worst case, one has to solve O(N?) convex

problems in each iteration, since it can be solved by using a linear search in a sorted set

(r)
{ak,ij}'
To further simplify the procedure we can substitute steps 6 and 7 above with
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6. Solve

(r)

maxirlnize Th = Q1
m, ’

(7.35)
subject to  agi; =1, -, (7.20a) and (7.20Db).
k,ij =

7. Return O‘L,ij =1 ) __,, where 77 is the solution of (7.35).

*
o ii>Th

We note that the maximum number of convex problems that should be solved in (7.35) in
each iteration is only O(log V), since it can be solved by a binary search on 75 in a sorted

set {al({rgj}. Of course, this reduction in complexity is at the price of a more conservative

solution.

Numerical Example

Consider the system shown in Fig. 7.2, where three inverted pendulums are mounted on

coupled carts. Linearizing equations of motions yield [127]

0 1 o 0o | (00 o 0 |
Ar) = Metmg o 2O cthld H( 0 0 = —uld |
0 0 0 1 00 O 0
Bi(t) = [0 - 0 ﬁr,ci(z&): PUol : (7.36)
' ' 0010

for (i,7) = (1,2),(2,1),(2,3),(3,2), where k;(t) = ZjEM ki;(t) and b;(t) = ZjeM bi;(t).
Here ¢;, b;;j(t) = bj(t), and k;;(t) = kj;i(t) are friction, damper and spring coefficients,

respectively, and we have assumed the moment of inertia of the pendulums to be zero.
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Figure 7.2: Network of three coupled inverted pendulums

Since the subsystems are controllable and observable, we can use the optimization problem
(7.34) to design distributed observers and controllers that stabilize the entire network with
small number of links in the control network. As design criteria, we assume bounds on the
norm of local gains are kK, = ko = 280, k3 = 480 and p; = 40 and bounds on the norms of
coupling gains are ¢;; = 20 and w;; = 10 and the numerical system parameters are M; = 5,
My=3 Ms=7,m=1¢9g=10,1=1, k;;(t) =1+ 0.5cos(t), b;;(t) =1+ 0.5sin(t), ¢; = 4,
co = 2 and c3 = 1. All subsystem matrices are continuously differentiable uniformly bounded
with a = 0.48, h = 0.34 and b = ¢ = 0. Hence, Assumption 1 is satisfied. We set v = 0.2,

BG; = 0.01 and ¢; = 0.05 for all 7.

The simulation results are presented in Fig. 7.3(a) to Fig. 7.4(d) for ¢t = [0, 107] seconds
where to solve (7.34), we used our proposed simple suboptimal relaxation-thresholding ap-
proach with linear search. To show that how this performs well (near optimal), we compare
the number of required links with the optimal exhaustive search on binary variables. Fig.
7.3(a) to 7.3(d) depict ||Py,|| and ||Py;| as a function of ¢,. We can see that, as expected
they converge as t;, — co. The convergence of ||Py ;|| happens after only one time slot, while
I[P takes 5 time slots to converge. Fig. 7.3(e) and Fig. 7.3(f), depict ||Ky|| and |[My.|,
which are the local controller and observer gains, respectively. Similarly, Fig. 7.4(a), and

Fig. 7.4(b) depict ||Ly;| and ||Oy,;||, which are the coupling controller and observer gains,
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respectively. We observe that whenever a link is not necessary, (i.e., a;;; = 0), the link gain
is set to zero. Otherwise, it is assigned the optimal values Ly ;. and Oy ;;. We can see that

all local and coupling gains are limited as enforced in (7.3).

In Fig. 7.4(c), we plot number of required links in communications network versus ¢, for the
two cases: (i) proposed simple suboptimal relaxation-thresholding approach and (ii) optimal
exhaustive search on binary variables. The suboptimal approach performs very well and as
we expected, the optimal search gives better result at the price of more complexity. Fig.
7.4(d) presents the updating times, T} versus t;. We see that the fewer number of links
indicates the shorter updating time 7 and whenever there is a change in the number of

required links, there also is a step change in the updating time T}.

Concluding Remarks

We have provided an iterative design approach for distributed observer-based controllers that
stabilize a given linear time-varying networked control system with an arbitrary directed
topology. To measure states of each subsystem, we use the outputs of other subsystems
to improve stability of observer dynamics; this approach is the dual of the distributed con-
troller network. Our design approach is based on a set of stability conditions obtained using
the piecewise quadratic switching stabilization method with multiple quadratic Lyapunov
functions, which must be updated and optimized in discrete time and provides a sparse
observer-controller network that guarantees global asymptotic stability. Due to the assump-
tions made here to maintain tractability, the design has some degree of conservatism. Thus,
although the results provide us with significant insight into the problem of designing a sparse
observer-controller network, a gap still remains. Further quantification or reduction of this

gap will be quite valuable.
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We added a free variable to the stability inequalities to avoid spending the entire margin
in the stability criteria during the search for a sparse observer-controller network. Optimal
distribution of this margin among the inequalities to make the network robust without signif-
icantly growing the size of the observer-controller network is, however, unknown. Therefore,
further investigation of the tradeoff between the stability margin and the sparsity of the

observer-controller network will be interesting.

We believe that the results presented in this chapter provide a foundation for further progress

toward understanding these interesting and important problems.
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CHAPTER 8: CONCLUSION

The contribution of this dissertation comes in three major categories. First, the stabil-
ity of synchronization in complex network of dynamical systems has been analyzed. Using
Lyapunov direct method, sufficient conditions on the stability of the synchronization state
for wide range of identical dynamical systems have been derived. With these conditions
which came in the form of master stability condition, the impact of topological effect of
the network, i.e., the connections, have been separated from the characteristic behavior of
the isolated dynamics of the node, i.e., local dynamics. This enabled the separate study of
the connection network and individual dynamics. This analysis unlike most of literatures
that have used negativeness of Lyapunov exponents as stability criteria as only necessary
condition for stability, produced sufficient global stability. With the very simple and quite
effective framework provided by this approach, a thorough analytical treatment of stability
in in networks of practical interests, namely, random networks and small-worlds, has been
given. The previous works were only based on extensive simulations. In a nutshell, chapter
2 addressed the following series of questions: I) What are the conditions under which the
network is guaranteed to have stable synchronous state? II) What are the conditions that
connection network should have to be synchronizable? II1) In large complex networks of prac-
tical interests, i.e., random networks and small worlds, what would be the required statistical

characteristics of the substrate network to achieve the stable synchronization state?

Next in this category, in chapter 3, the study addressed the following questions: I) What would
be the sufficient conditions under which the network s error from nominal synchronization
state would be bounded and stable? II) What would be the upper bound of that error from
the nominal synchronization state? By removing the condition of absolute similarity of the

individual nodes, the bounded stability of the error from nominal synchronization trajectory
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in presence of mismatches has been analyzed. That is, it has been assumed that although the
nodes are similar but they are not identical. The extensive analytical treatment for random

networks and small-worlds has been conducted and novel results have been derived.

The next progress made by this study has been to address the problems in decentralized
control under more realistic condition on the controller gains. Questions such as I) Feasi-
bility: What is the minimum number of decentralized controllers to stabilize a network? II)
Achievability: which nodes should have controllers to achieve that minimum number of con-
trollers to have a stable synchronous state? These questions have been addressed in chapter
4. Although the problem of feasibility happened to be NP-Hard with respect to networks
size, a heuristic algorithm has been devised which under most circumstances approach the

optimum solution and has a complexity of network size order.

Chapter 5 has addressed the following questions in fast switching networks:1) what is the
conditions of stability for the network under the fast switching networks? II) what is the
minimum number of controllers to pin a network of fast switching oscillators? The answer
to the first question was proven to be simple: the conditions of stability is the same as
previous part of the study if applied to the time/ensemble average of the switching network.
The second question has been addressed with a tractable solution and the framework set

proved to be useful in the study of the communication networks with fast moving nodes.

Third front of contributions addressed the following questions in distributed control of the
networks in linear systems: [) what is the minimal order of communications network to
achieve stability in heterogeneous network of linear time varying systems with partially ob-
servable nodes? 11) how these results scale for the large networks? These questions have been
addressed in chapter 6 and 7, respectively. By posing the problem as a convex problem, a

tractable solution have found for the distributed control networks. The scalability problem
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due to complexity of the general question has been addressed to linear time-invariant systems
as the network size grows unboundedly. The latter results gave insight to structural effect

of the networks and set a lower bound on the performance of the cyber network-design.
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