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ABSTRACT OF THE DISSERTATION

Synthesis of Linear Distributed Control and
Coupled Oscillators with Multiple Limit Cycles

by

Kewei Ren
Doctor of Philosophy in Aerospace Engineering
University of California, Los Angeles, 2021

Professor Tetsuya Iwasaki, Chair

This dissertation presents a synthesis scheme of distributed controller for continuous time,
finite dimensional, linear time-invariant systems. We show that under the assumption that
the interconnection of the control units is characterized by a strongly connected directed
graph, any centralized controller admits a distributed synthesis with an arbitrary accuracy.
This idea applies to a wide variety of control problems such as observer design, stabilizing
control, eigenstructure assignment, etc. We further specialize our theories for multi-agent
systems with local observability and propose a lower order distributed controller with internal
model to achieve eigenstructure assignment. Then by replacing the linear internal model by
a nonlinear oscillator network, we show the potential of nonlinear distributed control to
achieve pattern formation with the amplitude stabilized. Next, we consider the design of
nonlinear oscillator network with linear coupling to have a stable limit cycle with prescribed
oscillation profile. We give the sufficient conditions for the orbital stability of the limit cycle.
Moreover, we demonstrate that the embedding of multiple limit cycles into the oscillator

network is possible. Finally, we consider the design of nonlinear oscillator network with

ii



nonlinear coupling to overcome some limitations of the linearly coupled oscillators. Likewise,

conditions for the orbital stability of multiple limit cycles are provided.
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CHAPTER 1

Introduction

Our research originates from the study of the control of biological locomotion based on cen-
tral pattern generators (CPGs). In a nutshell, a CPG is a neuronal network capable of
producing periodic signals, which serve as the references for animal locomotion. A CPG
interacts with the animal body as well as the environment, adjusting its output accord-
ingly. It is observed that multiple locomotion gaits can be encoded into a CPG. Moreover,
the distributed structure of CPGs results in a distributed control strategy. In engineering
applications, CPGs are often modeled as coupled oscillators. Our objective is to provide
analytical control methods that have all the advantages CPGs possess. To that end, we
need to resolve the problem of distributed control for general plants. Also, we would like to
have a CPG model convenient for engineering applications. For these reasons, we review the

state of the art of several relevant research fields in the coming sections.

1.1 Distributed Control

Over the past few decades we have witnessed a significant growth in complex systems that
feature special spatial structures. These systems may comprise spatially distributed units
that interact with their neighbors through a communication network. Other scenarios in-
clude distributed placement of sensors and/or actuators. Typical examples are autonomous
underwater vehicles (AUVs), unmanned aerial vehicles (UAVs), mobile robot swarm, forma-
tion flight, constellation satellites, smart grid, automated highway systems, to name a few.

For these systems, we seek effective and efficient methods to achieve some desired dynamical



behavior by exploiting their special structure, including, for example, rendering the system
stable or embedding periodic motions into the system. Increasing demand in systems with
aforementioned features gives rise to the interest in novel control theories that utilize well

the distributed nature. We review some of the recent results here.

In [BPDO02], the control problems for systems that are described by PDEs are considered.
A key property of the systems dealt with in the paper is spatial invariance, which allows
designing quadratically optimal controllers for infinite dimensional systems by solving finite
dimensional problems for a family of parametrized systems over frequency. The resulting
controller admits a localized structure and hence can be implemented in a distributed man-
ner. [DDO3] tackles control problems for spatially discrete, interconnected systems that are
composed of identical building blocks. Specifically, two types of interconnection are consid-
ered: periodic interconnection and infinite interconnection. The controller in the paper is
assumed to have the same distributed architecture as the system. Then the well-posedness,
stability, performance are analyzed for the closed-loop system. The resulting conditions are
given in terms of linear matrix inequalities (LMIs). Following similar ideas and approaches,
[LCDO04] proposes a convex characterization of controller synthesis for systems of heteroge-
neous units interconnected over an arbitrary graph. Inspired by dissipativity theory, the
results are expressed as a set of coupled LMIs. Again, the controller is assumed to have
the same topology as the interconnected subsystems. The notion of “quadratic invariance”
introduced in [RLO5] indicates that, integrated with Youla parametrization, the constraints
on the controller structure can be preserved under feedback and the controller synthesis can
be solved via convex programming. This gives a very general framework of decentralized
controller synthesis. However, for strongly connected systems, it fails to provide a convex
characterization of localized controllers [ADL19]. The System Level Synthesis (SLS) ap-
proach [ADL19] formulates a novel parameterization of internally stabilizing controllers by
looking at the closed-loop responses of the system rather than the input/output map of the

controller itself. Moreover, SLS is able to constrain the closed-loop response to be in arbitrary



sets. And if the constraints admit a convex representation, the resulting system responses
will also admit a convex representation. Any constraints on the system response impose a
corresponding constraint on the structure of the controller. Specifically, the structural con-
straints on the system response carries over to the internal realization of the controller. The
distributed structure of the resulting controller is achieved by imposing locality constraints
on the system response. This method, however, requires selection of basis transfer functions,
which may not be trivial. The design of distributed Luenberger observer is considered in
[KSC16], where local observers process local measurements and communicate via a undi-
rected, connected graph. They altogether estimate the plant state under the assumption
of joint observability. The conditions on the controller gains are derived by an appropri-
ate Lyapunov function. [HTWI18] borrows some of the ideas of [KKSC16] and considers a
strongly connected directed graph instead. The resulting algorithmic procedure to compute
a distributed observer is based on solving LMIs. In addition to stabilizing control, there are
also works focusing on distributed output regulation of linear multi-agent systems, such as

[SH11, SRA16].

As we can see, there are plenty of results for distributed control of multi-agent systems.
Also, the control of spatially distributed plants with spatial invariance can be approached
in a distributed manner. For general plants not categorized wht special structure, [ADL19]
provides a flexible design framework with full parametrization, but the search space is infinite

dimensional. A finite dimensional approach for general plants is in demand.

1.2 Central Pattern Generators

An application that inevitably relates itself to distributed control is the control of coordi-
nated periodic motions. Periodic motions are prevalent in nature, e.g., heart beat, respira-
tion, circadian rhythm, animal locomotion, pendulum, waves, etc. Such motions are often

coordinated to have a common frequency with specific relative phase pattern for various



spatial parts. Control theories to achieve coordinated oscillations are of great significance
and have many potential applications. For example, development of assistive devices would
require such control methods to help human with rhythmic activities such as walking, masti-
cation, respiration, etc. Moreover, it may suggest new medical treatments for certain diseases
which are pathologically related to some known or unclear coordinated behaviors of neural
oscillations, e.g., Parkinson’s disease. Many industrial robots operate in coordinated peri-
odic motions, for which control mechanisms to make the production efficient and reliable
are desired. Cooperative tasks for multi-agent systems, such as autonomous underwater ve-
hicles (AUVs), unmanned aerial vehicles (UAVs), mobile robot swarm, formation flight, and

constellation of satellites, also involve feedback control to achieve coordination.

A representative example of rhythmic behaviors, animal locomotion, has been exten-
sively studied [FK99, BTS00, DFF00, Gri06, HFK06]. Periodic body movements during
locomotion are controlled by the Central Pattern Generators (CPGs). CPGs are neuronal
networks that can autonomously generate rhythmic coordinated patterns without receiv-
ing rhythmic inputs from sensory feedback or higher control center [Ijs08], and function to
produce adaptive rhythmic behaviors with sensory feedback [ICF14]. Neural CPG circuits
are found in both invertebrates and vertebrates, including lamprey [CW80], salamander
[DBD99], leech [JCF05, ZF107]. CPGs have several features useful for engineering applica-
tions. They are capable of producing coordinated oscillation patterns for many variables,
and the pattern can be changed by simply tuning several parameters, which greatly reduces
complexity /dimensionality of the problem. In fact, it is possible to embed multiple limit cy-
cle oscillations into a single CPG, which is an instrumental property for some behaviors such
as gait transition in animal locomotion. Moreover, the rhythmic patterns a CPG generates
are stable and robust due to the orbital stability property of the limit cycles. Since a CPG
is essentially a network of neurons interconnected with each other, it provides a framework
for feedback control with a distributed sensing and actuation. These features make the CPG

an excellent platform for control designs to achieve periodic, coordinated movements.



Some CPG models in biology [HGL92, TBL93] are based on the detailed dynamics of
neuronal cell membranes using the celebrated Hodgkin-Huxley electrical circuit [HH52]. To
simplify the Hodgkin-Huxley model and reduce computational burden, two-variable neu-
ron models have been proposed such as the FitzHugh-Nagumo, the Morris-Lecar, and the
Hindmarsh-Rose models [KS98]. Further simplifications are possible when the neuronal in-
teractions are not mediated by action potentials [ZF107], or the model variable represents the
frequency of neural spikes [Mat85]. Based on such simple models, some CPGs with particular
connectivity structure are modeled and their oscillation patterns are analyzed by simulations
[Mat85, Mat8&7]. In [Iwa08], CPGs with a general interconnection architecture are analyzed
by the multivariable harmonic balance (MHB), analytical insights are provided on how the
oscillation profile (frequency, amplitudes, phases) is specified by the eigenstructure of the

connectivity matrix.

Another perspective on CPG modeling is somewhat more abstract, based on the frame-
work of coupled nonlinear oscillators. The focus of this type of modeling is on how the cou-
pling topology determines the coordination pattern for populations of neurons [GS03]. Exten-
sively studied models include the phase coupled oscillators [Bl04a, CHR82, KEW91, SJK90],
which provide a powerful tool for analyses, but have not been found useful for designs. On
the other hand, networks of Andronov-Hopf oscillators (AHOs) [PS07] and their variations
[LI17] have been found useful for engineering design applications. For instance, an adaptive
frequency AHO is proposed [BI04b, RBIO6] to learn the frequency of a periodic input signal,
and is used to design a programmable CPG for bipedal locomotion [RI06]. The AHO has also
been used as a basic control unit with sensory feedback to achieve synchronization [SCS10]

and natural oscillations [Z117].

Despite the progress made in the past decades, there are still many shortcomings among
the existing CPG models. The theory on the relationship between the oscillation pattern
and neuronal connectivity is incomplete for the simple oscillators in [Mat85, Mat87] due to

the lack of generality in the network architecture. The MHB analysis in [IZ06] provides a



practically effective method for designing CPGs, but stability of the oscillation cannot be
guaranteed due to the approximate nature of the analysis. In [PS07], global convergence to
synchronized oscillations is proved for AHOs with diffusive coupling based on the contraction
theory, which is an interesting result. However, when one desires to embed multiple limit
cycles in a CPG for a variety of behaviors, convergence has to be local. Most of the CPG
models in the literature have a fixed temporal waveform, e.g., a sinusoid as in AHOs. A gen-
eral method for achieving an arbitrary temporal shape is developed in [R106] by superposing
outputs of multiple AHOs to form a Fourier series. While the idea is interesting and the
method is effective, this CPG model lacks a rigorous stability proof, and its complexity grows
with the number of Fourier terms. Thus, there is no single CPG model that encompasses

the issues of multiple limit cycles, temporal waveform, and rigorous stability proof.

1.3 Coupled Oscillators

To achieve periodic motions for a physical system, one could design a feedback regulator to
track an oscillatory command. The oscillatory command can be generated by an oscillator
since oscillators naturally embed periodic patterns. Also, it is desirable to be able to switch
to a different pattern when the environment or task changes. For example, a locomotive
robot switches between different gaits. Moreover, a distributed structure is preferred since in
some cases spatial constraints are present. Thus, a multi-pattern oscillator with distributed

structure is of great interest.

In the mathematical language, the problem is to design a dynamical system, x(t) =
f(x(t),t), x € R", f:R" xR —~ R", that has a periodic solution of desired properties.
For analyzing the periodic solutions of generic oscillatory systems, general methods include
Floquet theory, Poincaré maps, etc., can be exploited, and the existence as well as the
stability can be proved either numerically or analytically if possible. When f(x(t),t) exhibits

weak nonlinearity, the method of harmonic balance is helpful by approximating the system



to be a linear system [Iwa08]. This approach establishes the correspondence between the
structure of the coupled oscillator network and the resulting oscillation profile. However, the
stability is not guaranteed and the oscillation profile cannot be achieved accurately due to
the nature of harmonic approximation. These theories are mainly for ensuring the stability
of limit cycles. In order to implement a distributed architecture, we need additional ideas

such as a network structure, and the associated theories to cope with them.

The network of coupled subsystems is a good framework for distributed architecture. The
advances in the consensus/synchronization problems of multi-agent systems offer some great
instructions on the distributed structure using graph theory. In this framework, each agent
has its own dynamics, while receiving signals from neighboring agents. The communication
between agents is defined by a graph. Based on the dynamics of individual agents and the
connectivity across agents, various theories are developed for specific models. For example,
the agents can be homogeneous with identical dynamics [OMO04, Ren08, SS09]; also they can
be heterogeneous with dynamics differing from agent to agent [WSA11, KSS10]. The agents
can be oscillators [BRI06], which are able to produce periodic signals without the inputs from
other agents. Also, agents can be non-oscillatory, but may start to show rhythmic motion if
coupled properly with others [ZCM15]. The coupling between agents may be linear [SAJ13]
or nonlinear [PPSI8], and the coupling strength may be strong or weak. Moreover, the
topology may be structured or unstructured. Some of these properties can be exploited, as

will be explained in the paragraphs that follow.

When the agents are homogeneous, the method of master stability equation can be em-
ployed to ensure local stability [PC98, HTI14]. Master stability equation is developed as
a general method for the synchronization of homogeneous dynamical systems for which a
common function is used to form the coupling term with neighboring systems. It linearizes
the coupled system around the synchronization manifold, and shows the linearized dynam-
ics can be decoupled into separated linear systems of smaller dimension, each of which has

one parameter determined by the connectivity matrix. Therefore the stability of the syn-



chronization manifold boils down to the stability of these low dimensional linear systems.
This method is powerful for synchronization and also for coordination with a coordinate
transformation if the system exhibits flow invariance. The limitation, nonetheless, is that
the coupling between the variables of different oscillators is assumed to be uniform. This
limitation reduces the design freedom which is important when one explores the possibilities

for multiple limit cycles.

If the coupling is weak, the coupled oscillators can be reduced to phase-coupled os-
cillators. Approaches developed for phase-coupled oscillators can be utilized for synchro-
nization/coordination [Kur75, EK84, TK06, DB14]. While the framework of phase-coupled
oscillators is powerful for analysis of various models in many engineering and science fields,
there lacks a good paradigm for design given desired oscillation profiles. Another drawback
of this architecture is that the frequencies of the oscillators converge to a common value.

Thus it is not possible to have multiple limit cycles with various frequencies.

When the coupling is strong, the theory of contraction/semi-passivity can be adopted to
obtain conditions for global stability [PNO1, PSN02, L.S98, WS05, PS07]. This theory extends
Lyapunov theory to the case of convergence to a flow-invariant subspace. Unfortunately the
global stability to a limit cycle ensured by this approach eliminates the existence of extra

limit cycles.

Having capability of generating multiple patterns and transition between them is desired
in many applications such as the gait transition in robotics. There are several ways to
achieve multiple gaits. Most of the methods in the literature define the gait in terms of duty
ratio of the swing/stance phases of limbs and phase differences between limbs [SM11]. The
duration of swing and stance phases is controlled by the period of the oscillation of the same
oscillator network with different configuration or different oscillator networks. To define a
new gait, simply the duty ratio of stance/swing phases is modified and the timing of the onset
to the swing/stance phases for different limbs during a cycle is changed as well. However,

this approach involves a lot of heuristics and manual parameter tuning hence no stability



is guaranteed. Another strategy is to have multiple limit cycles embedded in one oscillator
network, using additional structure to impose the convergence to a specific limit cycle. For a
linear system with multiple oscillatory modes, a potential function can be designed to control
which mode it exhibits based on the ‘energy’ of that mode [[YA03]. But the design of the
potential function is case-by-case and heuristic. The stability is not proved either. Having
multiple limit cycles embedded in a single system may be advantageous for achieving adaptive
gait transition based on the environmental change in an autonomous manner. Switching the
parameter values for gait transition may create some stability problem and convergence may

not be guaranteed. But having multiple stable limit cycles would avoid this instability issue.

The review on existing methods indicates that we have to carefully pick the coupling
strength between oscillators to accommodate our needs. The coupling cannot be too strong
because the theory of contraction suggests it would result in global stability which disables
multiple limit cycles. The coupling cannot be too weak either since the study on phase

coupled oscillators suggests that the frequency of the oscillators will synchronize.

The problem of distributed structure for multiple patterns has not been addressed, al-
though the solution to distributed structure problem has been well established for a single
limit cycle case using graph Laplacian. But the idea does not apply to multiple limit cycle
case. The only eigenvalue at the origin along with the corresponding eigenvector essentially
specifies the synchronization condition. When there is an additional pattern to be achieved,
an extra eigenvalue at the origin with a different eigenvector is imposed. Then this will

violate the spanning tree structure which is the key to the stability of the synchronization.

1.4 Notations

We use the following notations. I, is defined as the integer set modulo n, I, := {1,2,... n}.
The imaginary unit is denoted by j := v/—1. R[], S]] denote the real and imaginary parts

of a complex number, respectively. Vectors are denoted by boldface, lowercase letters, while



uppercase letters are used for matrices. For a vector v € C", v; denotes the i'" entry. The
transpose and complex conjugate of x are denoted by v' and v, respectively, and define
v* := v'. col(-) means a vertical concatenation of the entries. The diagonal matrix with
entries v; is denoted by diag(vy, ..., v,) or diag(v). For a scalar  and vector y, the notation
z = x +y means that z; = x + y;. For vectors x and y, the notation z = x - y means
elementwise multiplication, i.e., z; = x;5;. 1 is the vector with all entries being 1. The
Kronecker product is denoted by ®. Functions sin, cos, exp, and absolute value | - | act on
the argument elementwise, e.g. |z| is a vector with entries |z;|. L = [¢;;] represents the matrix
L with ¢;; being the (4,7)™ entry. The Moore-Penrose inverse of a matrix X is denoted by
XT. eig(X) is the set of eigenvalues of X. For a transfer function P(s), |Pll,., [Pl
| P||,. areits Hy norm, H, norm, L., norm, respectively. For a matrix X, X <0, X 20,
X > 0, X = 0 indicate that X is negative definite, negative semidefinite, positive definite,
positive semidefinite, respectively. We also use the set R’ | to imply an n x n matrix in this

set is positive definite whenever convenient.
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CHAPTER 2

Distributed Synthesis of Linear Control for Stability

and Performance

2.1 Problem Formulation

2.1.1 Problem Statement

In this chapter, we discuss the problem of synthesizing a linear stabilizing control in a

distributed fashion. Given a generalized LTT plant,
= G(s) , (2.1)

where z is the performance output, y the measured output, w the exogenous input containing
disturbance, reference, etc, u the control input, and G(s) the transfer function. Oftentimes
the measured output of the plant is partitioned into several channels and so is the control

input,

y =col(y1,...,¥q), u=col(uy,...u,), (2.2)

where the local actuation u; and the local measurements y; are vectors or scalars and ¢ is
the number of channels. If the partition of input and output is ignored, a stabilizing output

feedback controller can be synthesized using various existing control methods,

u= K(s)y. (2.3)

11



Let the closed-loop system be denoted by z = H(s)w and assume that H(s) is stable.
Now we must take into consideration the constraints on the input and output structure and

thereby seek a distributed synthesis of the controller in the following form

u; yi
= KZ(S) s hz =T Z &'jVj, (24)

V; h; jEN;

where N; is the set of indices specifying the “neighbors” of the i*" control unit. Each control
unit only picks up local information from the plant, and generates local control input. The
communication between neighboring control units is reflected in the signals v;. The ¢*®
control unit receives from neighbors a weighted sum of v;. Also we make explicit the coupling
strength 7, which is a common parameter, for convenience. Let the closed-loop system of
this controller and the generalized plant G(s) be denoted by z = H,(s)w. Figure 2.1 shows
the schematics for closed-loop systems. We would naturally wonder if we are able to find
such a distributed controller that performs similarly to the controller (2.3) which is yielded
without any consideration of distributed structure. The formal statement of the problem is

given as follows.

Problem 1. Let G(s) in (2.1) and K(s) in (2.3) be given such that the closed-loop system
z = H(s)w is stable. Let the control input u and measured output y be partitioned as in
(2.2), and consider the sets N; with ¢ € I,. For a given scalar ¢ > 0, find a distributed
controller of the form (2.4) such that the resulting closed-loop system z = H, (s)w is stable

and satisfies || H — H,|_ <e. O

We assume that the sets of neighbors N; are given such that the corresponding network
graph, as we will define in a later section, is strongly connected. Under this assumption, the

problem turns out to be feasible for an arbitrary € > 0 as we show later.
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(a)

control units
u u? Ug1 uq
n Y2 Yo Yq
W Z

— plant —

z—=H,(s)w

(b)

Figure 2.1: Schematics for the closed-loop systems: (a) centralized control; (b) distributed control.
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2.1.2 Controller Architecture

As a special class of the distributed controller in (2.4), we consider the following state space

model,
x; = Aixi + qFy; + Gizi, i€ I,

zZ, =1 Z lij (X5 — X4), (2.5)

JEN;

u; = Kx;.
Let us define a matrix L by specifying its (i, j)™ entry as £;;. The above model is independent
of the diagonal entries /; but we choose them so that L1 = 0 for technical convenience. The
matrix L then represents a directed graph, which is defined in the subsequent section, that
specifies the distributed structure of the control units. The *" control unit has state %;,

takes in the input y;, communicates with neighboring subsystems through a network whose

topology is characterized by L and coupling strength by 7, and outputs u;.

Taking the Laplace transform for a control unit (2.5),
X; = qM;(s)Fyyi + Mi(s)Gizi, Mi(s) = (s — A;) .

Here with a slight abuse of notation we denote by the same letter both the signal in time
and s-domain. The structure of a control unit in s-domain can be illustrated by the block
diagram in Figure 2.2.
In the matrix form,

x = gM(s)Fy + M(s)Gz,

z = Lx, (2.6)

u = Kx,
where M(s), F, G, and K are block diagonal matrices with M;(s), F;, G;, and K; on the
diagonal, and

L:=L®I.

14



Yy

=

local control unit

>|| network ||

Figure 2.2: Block diagram of the local control unit.

Subsequently, we obtain the mapping from y to u,

u = ¢K (I —nM(s)GL) " M(s)Fy. (2.7)

2.2 Approach

2.2.1 Review of Graph Theory

A natural and convenient tool to describe the interconnection between distributed con-
trol units is a graph. A graph G of ¢ interconnected vertices is defined as an ordered
pair of two sets, G = (V,€), where V = {wv;|i€l,} is the set of vertices and £ C
{eij = (vi,v;) | (vi,v;) €V x V,v; # v; } is the set of edges. An edge e;; belongs to £ only
when v; and v; are connected. To further examine the connection between edges, we define
a directed graph. A directed graph is defined as a graph in which edges have directions. An

edge e;; belongs to £ of a directed graph only when there is an edge pointing from v; to v; '

!This may not align with the conventional definition, but serves out purposes in the sequel.

15



A path from a vertex vy € V to another vertex vy € V is a sequence of vertices (v, ..., vx)
such that the edge (v;,v;41) € € for all 0 < i < k — 1. The graph G is said to be strongly
connected if for any two distinct vertices v;,v; € V, there is a path from v; to v; and a path
from v; to v;. We further associate each edge e;; with a weight a;;. And in this dissertation,
we restrict a;; to be positive. Define the Laplacian matrix L = [(;;] € R9*? of the graph G

as follows,
— Q5 i # J,

Z?:l aij Z = ]

We immediately see that L1 = 0.

fz‘j =

Lemma 1 ([OMO04, RBMO05, YCC09]). Consider a network with a directed graph specified by
Laplacian matriz L € R, Suppose the network is strongly connected with positive weights
(i.e., Lij < O for connected edges). Then there exists a vector v € RY such that "L = 0 and

r; > 0 for alli € I,. Moreover, we have
Q:=RL+ (RL)" =0, Q1=0, R:=diag(r),
with the dimension of the null space of Q) being one. O

Remark 1. As noted in [HTW18], RL is the Laplacian matrix of the balanced directed graph
obtained by adjusting the weights of the original graph. While the matrix () is the Laplacian
matrix of the undirected graph obtained by uniting the edges of a vertex pair in this balanced

directed graph. This undirected graph is called the mirror of the balanced graph [OMO04]. O
Define
J:=col(l,...,1I), (2.8)

and N is such that the columns form an orthonormal basis for the null space of JT. We have

NJ N -1 (2.9)

16



J and N will be used frequently in this dissertation for a coordinate transformation, so that

the average dynamics of the connected systems can be isolated.

Lemma 2. Suppose L is the Laplacian matriz of a strongly connected directed graph with
positive weights and L := L® I, where I is an n xn identity matriz. Letr be a positive vector
such that r"L = 0, and r; be the i*" entry of r. Given a positive definite matriz X € R" .
Define G; = ;X fori €1, and G to be the block diagonal matriz with G; on the diagonal.
Let J and N be defined as in (2.8) and (2.9). Then H := —NTGLN is Hurwitz. O

Proof. Since G; :==r; X and L := L ® I, we have
GL=(Re®X)(L®l)=(RL)® X,

where R := diag(r). This indicates that the eigenvalues of GL are \;u;, where \;,i € I,
are the eigenvalues of RL and pj,j € I, are the eigenvalues of X. Therefore —GL has the

eigenvalue decomposition

(=GL) [J N]z [J N] ! e H := —N'GLN.

The fact L1 = 0 implies that H is Hurwitz. [ |

2.2.2 Basic Idea for Distributed Synthesis

We are interested in the mapping from y to u of the distributed controller as in (2.7) where
each control unit in general is a dynamical system, i.e., M;(s) are transfer functions. It is,
however, a good practice to start off investigating the case where the mapping is static. As
such, we assume M;(s) = M; are constant matrices for all i € I,. The static mapping from

y to u then is characterized as

u; qK;M;F;, K;M,G,; Yy
= , Zj = 77 Z&]‘(Xj — Xi)- (210)
X qM; F; M,G; Z;

17



In matrix form
u=Kx, x=¢MFy+ MGz, z=nlx,

where M, F, G, and K are block diagonal matrices with M;, F;, G;, and K; on the diagonal,

and L := L ® I. Therefore the mapping from y to u is
u=¢K(I —nMGL)" MFy. (2.11)

We would like to examine the limiting case when 1 — oo. The following lemma provides a

useful result that comes handy later.

Lemma 3. Let a square matriz M be given and suppose it has a possibly repeated semisimple
eigenvalue at the origin. Let J and W be matrices whose columns and rows form bases for
the right and left null spaces of M, respectively (MJ = 0 and WM = 0), normalized such
that WJ = 1. Then

lim (I —nM)™" = JW.

n—00

O

Proof. From a standard linear algebra result, there exists a similarity transformation that

block diagonalizes M as

M|J N|-= I N =1

V 0 A V

with appropriate matrices J, N, W, and V, where A € R(»=™)*("=m) ig nonsingular. Then

—1

w
v

w

(I —nM)" = f—n[J N] y

o ¥

I 0 . w
0 I—nA V

= JW + NI —nA)'V — JW.

18



We show the convergence of the static mapping from y to u specified by (2.10) in the

following lemma.

Lemma 4 (static mapping). Let & := KVFE be given where V is nonsingular. Let L be
the Laplacian matriz of a strongly connected directed graph with positive weights. Let r be a

vector with positive entries such that v' L = 0, and r; be the i*™ entry of r. Partition K and

F such that
K =col(Ky,...,K,), F=row(Fy,...,F,).

Define G; = r; X with an arbitrary nonsingular X, and choose nonsingular matrices M; such

that

1< N
\II — - Mi_l .
Then the static mapping u = H,y specified by (2.10) is a distributed synthesis of V in the

sense that
nlggo H, = KVF.

Proof. The static mapping u = H,y is equivalent to (2.11). Note that
LJ=0, J'GL=0, J:=col(I,...,I).

Thus
(MGL)J (JTM7J)" =0, JTM™ (MGL) = 0.

Applying Lemma 3,

lim (I —yMGL)™" = J (JTM™ )" JTM™.

n—00
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Further,

lim u = lim ¢K (I — yMGL) " MFy = ¢KJ (JTM™J) " JTFy.

nN—00 n—00
Finally

lim u= KVFy

n—00

by noticing that
1
K=K, (JIM'))'==-0, J'F=F
q
[ |
Remark 2. Lemma 4 is the basis for the developments in the sequel. It shows how a commu-
nication network with a strong coupling strength approaches a central mapping. Conversely,
it gives guidelines as for how a given centralized mapping can be synthesized as a distributed
network mapping. As the theoretical convergence happens with sufficiently large coupling

strength, strong connectivity is crucial for the distributed synthesis. 0

2.3 Distributed Control Synthesis

2.3.1 Controller Approximation

This section shows that an arbitrary centralized controller K (s) admits a distributed syn-

thesis K,(s) with an arbitrary accuracy, i.e. |[K — K[|, can be arbitrarily small.

As the previous section suggests, the distributed synthesis of a static mapping comprises
of three parts. The first (K) and third components (F) correspond to the input and output
coefficient matrices of the individual control units, respectively. While the middle component
(¥) is determined in terms of the “average” of M;". This motivates us to study the average
dynamics of the control units. We present a coordinate transformation result in the following

lemma which gives insights to the distributed synthesis of an arbitrary centralized controller.
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Lemma 5 (coordinate transformation). Consider the distributed controller parametrized
by (2.5). Let J and N be defined as in (2.8) and (2.9). Define A = % T AL K =
col(Ky,...,K,), F:=row(Fy,...,F,). Let A, G, F, and K be block diagonal matrices with
A;, Gy, F;, and K; on the diagonal, and L :== L ® I, H := —NTGLN. Then the controller

has a state space realization

X1 A %JTAN F X1
x| = |NTAJ NTAN +nH NTF| [xy] - (2.12)
u K KN 0 y

Proof. The distributed controller (2.5) can be written in the matrix form

x = (A +nGL)X + ¢Fy,

u = Kx,

Consider the coordinate transformation

X2 NT

Note that x; = %JT& = % ;1:1 X; is the average state of the distributed control units. Then

X1 LITA+nGL)J LJT(A+nGL)N| |xy JT
= |1 ? + Fy.

Using the fact that
LJ=0, JJGL=0, J:=col(l,...,I),
and

1 _
~JTAJ=A, JF=F,
q
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we have

5(1 A lJTAN X1 F
= a + y. (2.13)
X2 NTAJ NTAN +nNTGLN| |x2 NTF

The control input can be expressed as
u:Kfc:K[J N]x: [K KN} X. (2.14)

Putting (2.13) and (2.14) together yields (2.12). [

The next lemma demonstrates how the input-output relationship evolves for a system

parametrized by a coupling strength like (2.12).

Lemma 6. Consider an LTI system parametrized by n € R:

£ A N B||¢
Cl=|M G+n J||¢]- (2.15)
Z C H D| |w

Denote the transfer function from w to z by R,(s) and define P(s) := C(sI — A)"B + D.

The following statements are true.

o If neither A nor H has eigenvalues on the imaginary axis, then lim |R, — P||, =0,
7—>00 e

where ||-||,_ is the Lo, norm.

o If A and H are Hurwitz, then lim [|R, — P||,; =0, where ||-||,,_ is the Hyx norm.
7—00 ad o

Proof. Taking the Laplace transform of (2.15),

¢C=T,(s)(M&+ Jw), T,(s):=(sI =0 —nH)™",

€ = 0(s)(NC + Bw), ®s) = (s] — A)™.
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Rearranging,

I —Ly(s)M | ¢ [T(s)]
—d(s)N I £ N d(s)B
Then
Rn(g) _ [H C:| I —Fn(s)M Fn<S)J n D
—P(s)N I ®(s)B

Using the matrix inversion formula,

—1

A B E —EBD™ o
— . E:=(A—BD™C)7,
C D ~D'CE D" +D'CEBD"

the transfer function can be written as
Ryls) = CO(s)B+ D+ A (s) = P(s) + Ay (s),
where A, (s) is defined as

A, (5) = (H + CB(s)N) E(s)Ty(s) (J + M®(s)B), E(s) = (I — T';(s)M®(s)N)™" .

Define w = %w. Then the L., norm of nl’;, is

1 -1
(jw[ . :}c)
7

We now prove the first statement given that H has no eigenvalues on the imaginary axis.

HUFUHLOO = sup
2

There exists 7y such that %U + JH has no eigenvalues on the imaginary axis for n > ng due
to continuity. Thus for each n > no, [[nI'y||,_ is well defined and finite. As n approaches

infinity, [[nI'y[|,_ is bounded and approaches the Lo, norm of (sI — )7 e,

Y oy, = (s =907
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which is finite. Therefore, lim ||T,[|, = lim % ||nT||, = 0. When ||I', ||, gets sufficiently
7—00 o 7—00 n e o
small as 7 — oo, det (I —I',(s)M®(s)N) # 0 due to the small gain theorem. Hence E(s) =
(I —T,(s)M®(s)N) " is well defined and ||, is finite. We finally have
1711_{20 12, — PHLOo = 1711_?()10 ||AT]HLOO
< lim |[H + CON|; 1Bl Tyl 17+ MOB
=0.
The proof for the second statement can be done in a similar manner. Note that [|A, ||,
becomes finite with large n. ||R,[|,_ is thereby finite for sufficiently large n. The rest of

the proof is done with the fact that there exists 1y such that %U + I becomes Hurwitz for

n > np given that H is Hurwitz. [ |

We build upon Lemmas 5 and 6 to show that a distributed control can approximate a

centralized control arbitrarily closely and state the result in the following theorem.

Theorem 1 (controller approximation). Consider the mapping from y to u specified by
(2.5) and denote it as R,(s). Suppose L is the Laplacian matriz of a strongly connected
directed graph with positive weights. Let v be a positive vector such that vV L = 0, and r; be
the it" entry of r. Define A = %iilAi, K = col(Ky,...,K,), F :=r1ow(Fy,..., F,), and
P(s):= K(sI — A)"'F. Then

Jlim [|R, — Pl =0

where |||, is the Ly, norm, if G; = r;X where X = X7 =0, and A has no eigenvalues on

the imaginary azis. Further, if A is Hurwitz, then
Jim [|By — Pl =0

where ||| is the Hoo norm. O
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Proof. The distributed controller (2.5) has a state space realization (2.12) due to Lemma 5,
where H := —NTGLN is Hurwitz by Lemma 2. Then the proof is completed by applying
Lemma 6. [

Theorem 1 shows that under certain conditions a distributed control can be made arbi-
trarily close to a centralized control by increasing the coupling strength. Moreover, it also

shows how one can synthesize a distributed controller given a centralized one.

Example 1. Let a centralized controller P(s) = K(sI — A)™ F be given with

10 0 0 0 0 100 2 00

-1 1 1 0 0 0 200100 Ky

1 -2 -1 -1 1 1 201001 Ky
A - s K = —

o 0 0 -1 0 0 000200 K

-8 1 -1 -1 =2 0 102000 K,y

4 -1 1 0O O -4 204000

F is given by F' = row(Fy, Fy, F3, Fy) with
Fi=K], i=1,234

We construct a distributed controller composed of 4 control units as in (2.5) with A; = A

and the connectivity of the control units is described by a graph with Laplacian

0o 1 -1 0
L =

-1 -1 2 0

-1 0 0 1

The left eigenvector of L associated with 0 is r' = [1 2 1 1} and G; are then chosen to
be G; = r;1. Denote by R,(s) the transfer function of the distributed controller. Figure 2.4
shows the spectral norm of P(s) and R, (s) with various 7. The difference between P(s) and

R, (s) gets diminished as 1 becomes larger. O
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spectral norm

- ()
R, (s) with n = 0.6
r R,(s) with n = 2 ]
100 3 R, (s) with n = 80 .
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frequency (rad/s)

Figure 2.3: Spectral norm of P(s) and R,,(s) with various 7).
2.3.2 Closed-Loop Performance

This section shows that the closed-loop performance of the central controller can be recovered
by the distributed synthesis with an arbitrary accuracy. Since the controller transfer function
can be exactly recovered in the limit n — oo, the closed-loop transfer function can also be
recovered exactly. However, for practical purposes, the limiting property is not enough since
the limit may be approached by a sequence of the unstable closed-loop systems. We will
show that for sufficiently large n > 0, the closed-loop system is internally stable, justifying

the approximate distributed synthesis with a finite value of 7.

Consider the generalized plant

X = Ax + 31W + BQU.,
z = C1x+ Dyyw + Disu, (2.16)
y = CQX + D21W.

Let a centralized controller be given by
x=Ax+ F Yy,

(2.17)
u= Kx.
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Theorem 2 (closed-loop approximation). Consider the generalized plant (2.16). Denote by
P(s) the transfer function from w to z of the closed-loop system formed by the plant and
the centralized controller (2.17). Likewise, denote by R, (s) the transfer function from w to
z of the closed-loop system formed by the plant and the distributed controller (2.5). Suppose
G; are determined according to Theorem 1 and the centralized controller (2.17) stabilizes the

generalized plant (2.16). Then
lim [|7; — Pl =0
where ||| is the Hoo norm. O

Proof. The closed-loop system formed by the generalized plant (2.16) and the centralized

controller (2.17) can be written as

X A BK | B X
x| =| FC, A |FDy | |x (2.18)
Z Cl D12K Dll w

Since the distributed controller (2.5) is equivalent to (2.12) through a coordinate transfor-

mation, the closed-loop system formed by the plant and the distributed controller can be

written as
<] [ a4 B, K B,KN B | [x]
5(1 FCQ A lJTAN FD21 X1
= : , (2.19)
7'62 NTFCQ NTAJCQ NTAN + 77:}( NTFD21 X9
i Z ] L CI D12K D12KN D11 | _W_
where H := —NTGLN is Hurwitz by Lemma 2. The proof is completed by applying
Lemma 6. [ |

Theorem 2 indicates that an optimal control with respect to an arbitrary optimality crite-
rion on the closed-loop transfer function can be approximately implemented in a distributed
manner with an arbitrarily close performance. We apply this result to LQG controllers as

an example in the subsequent section.
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2.4 Application to H, Optimal Control

2.4.1 Distributed Observer

In the framework of a generalized plant, the plant with a state observer can be formulated

as
X:AX+BW’ X AlB 0 X
Z =X — X, — |z|=| 1|0 —-I A
y = Cx + Dw, y ¢iD 0 X

and the state observer is given by
X = AX+ F(y — C%)

with A — F'C being Hurwitz. Motivated by Theorem 1, we consider a distributed observer

of the form
JEN;
Lemma 7. Consider the matriz
A N
A —
M O +nH
Suppose A and H are Hurwitz. Then A becomes Hurwitz with sufficiently large 7. 0

Proof. Since A and H are Hurwitz, there exist P, = P[ = 0 and P, = PJ = 0 such that
PA+ AP, <0, PBH+H' P, <0.
And there exists a factorization

—(PH+H'P) = EE"
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where E has the same dimension as H and is full rank. Define P := diag(P;, P,) and

®:=PA+A"P

PA+ ATP PN + M'P,
P2M+NTP1 PQU+6TP2+7](P25‘C+:}'CTP2)

PA+A"PL PN+M'P, 0 "
= —-n 0 ET|.
P2M+NTP1 P26+6TP2 FE -
0
Note that one option for the orthogonal complement of is [[ ()]. It follows from
E

Finsler’s lemma that there exists 7 > 0 such that ® < 0 if and only if

PA+ATP, PN+ MB| [1 §
1o _PA+ATP <0,

PM+ NP, PUO+0UTR 0
which is true by assumption. Finally, ® < 0 indicates A is Hurwitz. |
Theorem 3. Consider the plant

x = Ax, x € R",
(2.21)

y=0Cx, yeR",
where (C, A) is observable. Let the output y(t) € R™ be partitioned into vectors y;(t) € R™
so that'y = col(yi,...y,), and partition C = col(Cy,...,C,) accordingly. Let a distributed
observer be of the form (2.20) where the index set N; specifies the neighbors of the node i,

and the parameters are chosen as follows.

a) Let L be the Laplacian matriz of a strongly connected directed graph with positive
(a) gly g
weights, and (;; be the (i,7)™ entry of L. Let r be a positive vector such that r" L = 0.

(b) Let P = P" =0 and F be such that A — FC is Hurwitz, and define F; and G; by
Gi = TiP, F = I'OW(Fl, Ce ,Fq>.
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Then the state estimation ||x(t) — x;(t)|| — 0 as t — oo is achieved for all initial condition

x(0) and x(0) if n > 0 is sufficiently large. O
Proof. Define the local estimation error of the i observer as
e =X; — X,
and let e := col(ey, ..., e;). Then the error dynamics is given by
é = (A —qFC+nGL)e,
where F, C, and G are block diagonal matrices with F;, C};, and G; on the diagonal, and
A=I®A L=LxI.

A similarity transformation yields

LT A—-FC ;JT(A = qFC)N

| (A—=¢qFC+nGL) [J N} =
NT NT(A —¢FC)J NT(A —¢FC)N +nNTGLN

Since A — FC and NTGLN are Hurwitz by Lemma 2, it follows from Lemma 7 that A —

qFC + nGL becomes Hurwitz with sufficiently large 7. |

Remark 3. When F' is chosen to be the Kalman gain to make A — F'C' Hurwitz, Theorem 3

gives a distributed synthesis of the Kalman filter with an arbitrary accuracy. 0

2.4.2 LQG Control

We apply the general result Theorem 2 to the LQG control.

Corollary 1. Consider the generalized plant (2.16) with the partition

Yy = COl(yl, c. yg)7 C = COl(CQ}l, e C27q).
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Denote by P(s) the transfer function from w to z of the closed-loop system formed by the

plant and the centralized LQG controller

x = (A+ B, K — FCy)% + Fy,

u= Kx.

(2.22)

Likewise, denote by R, (s) the transfer function from w to z of the closed-loop system formed

by the plant and the distributed controller
);(i = (A+ BoK — qFCy )% + By + Gz, i €1,
zi =1 ) li(X — %),

JEN;

u; = KX,

where

K =:col(Ky,...,K,), F =:row(F,...,F,).

(2.23)

Suppose G; are determined according to Theorem 1. Then given an arbitrarily small ¢ > 0,

there exists n > 0 such that
||R17||H2 < Yopt T €,

where Yopt s the optimal Hy norm of P(s).

O

Proof. The result is obtained directly by applying Theorem 2 when the given centralized

controller is a LQG controller.

Example 2. We apply the theorem to a plant described by

x = Ax + Bu,

y = Cx,
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with

1 0 o 0 0 O 100 200

-1 1 1 0 0 0 200100 Ch

1 -2 -1 -1 1 1 201001 Cs
A — , C = =

0 0 0o -1 0 O 000200 Cs

-8 1 -1 -1 -2 0 102 000 Cy

4 —-05 05 0 0 -4 204000

B; are given by
B;=CJ, i=1,2,34.

The connectivity of the control units is described by a graph with Laplacian

0 1 -1 0
L=

-1 -1 2 0

-1 0 0 1

The left eigenvector of L associated with 0 is r' = [1 2 1 1] and G, are then chosen
to be G; = r;I. We first obtain the LQG controller with proper weighting matrices and
synthesize the distributed controller accordingly. Figure 2.4 shows the spectral norm of P(s)
and R, (s) with various 7. The difference between P(s) and R,(s) gets diminished as 7
becomes larger. Figure 2.5 shows the closed-loop eigenvalues on the complex plane with a
centralized LQG controller, as well as with a distributed controller with various 7. As can
be seen, the closed-loop eigenvalues with the distributed controller approach those with the

centralized controller as n gets larger. 0J

2.4.3 Reduction of Communication over Network

Without specifying the structure of G; in (2.5), the neighboring control units may have to

exchange information via all the state variables since G; in general is full rank. In this
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Figure 2.4: Spectral norm of P(s) and R,;(s) with various 7).

subsection, we consider the problem of reducing the rank of G; to diminish the coupling
between control units. First we have G; = r,X, X € R}, by Theorem 1. Then it is
equivalent to minimize the rank of X. To see how the rank reduction of X leads to reduction
of communication, we assume the rank of X is reduced to » < n. Then X can be factored

as
X=8T, SeR"™, TeR™.
By (2.5), we have
X; = A%; + qFy +1:5¢, i€l
where

G =Tz =n Z (& — &), & :=Tx.
JEN;

The communication between control units is taken care of by {; and &;, which have dimension

r<n.

We show the rank minimization of X can be achieve through an example of Hy optimal

control where X is treated as decision variables. Consider the closed-loop system with a
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centralized controller (2.18), and the closed-loop system with a distributed controller (2.19).
Assume Dj; = 0 and that the optimal Hs norm of (2.18) is 7,. It is equivalent to say that,

for an arbitrary v > 7., there exists Py = PJ = 0 such that

PyAy + A—([)_PO + CE]FCO <0, tI‘(BOpoBo) < ’}/2, (224)
where
A BQK Bl
AO = _ 5 BO = 5 C10 = [Cl D12K:| .
Frc, A F Dy

Given v larger than -,, we will provide a convex characterization of X that yields a dis-

tributed controller such that the closed-loop system (2.19) has the Hy norm less than . Let

B,KN .
P = , U= [NTF02 NTAJC,|, E:=NTAN,
%JTAN
[ B 2.25
Bi=|""|, By:=NTFDy, (2:25)
By

C:= [C’o C’H] , Cg = DpKN,
and H(X) = nH be a matrix-valued function of matrix X,
H(X):=-nNTGLN, G := blkdiag(G;), G;:=rX. (2.26)

We formulate an LMI (also known as SDP) problem to express the Hy norm constraint. To

this end, a proper LMI is derived in the following theorem.

Theorem 4. Consider the closed-loop system (2.18) with a centralized LQG controller and
its optimal Hy cost y.. Let v > 7, be given. Assume (2.24) holds. Let ®, ¥, B, C', H(X) be
defined as in (2.25) and (2.26). Define
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Then there exist X. and € > 0 such that the following LMIs which are linear in X, and ¢
hold,

PA.+AIP+C"C <0, tr(B"P.B) <+ X.=0. (2.27)

With this X, the distributed controller in (2.5) yields the closed-loop system with Hy norm

less than ~. O

Proof. A direct calculation gives

PAA+AIP+C'C

PQ 0 AD d A-(I)- €\IJT P() 0 C’E)r

= + + [Co CH]
0 I| |eV H.(X.)+eFE o HE(XE)T +eET 0 I CII

PyAg + AJ P + CTCy Py® + U + CJCy
PTP +eV+CLCy (Ho(X.)+ Ho(X.)") +e(E+E") 4+ CLCx
We notice that PyAg + A} P + CJCy < 0 by assumption. And

GL=(ReX)(L®l)=(RL)® X, R:=diag(ry,...,ry).
Further, defining N such that N = N ® I,
H.(X.) + Ho(X.)' = (H(X) + H(X)T)
= —neN" (GL+ (GL)") N
= —neNT ((RL+ (RL)") ® X) N
— =y (N (RL + (RL)) N) @ X..
This indicates that the eigenvalues of H.(X.)+ H.(X.)" are —nA;u;, where \;,i € I, are the
eigenvalues of N7 (RL + (RL)T) N and 1, j € I, are the eigenvalues of X.. It follows from

Lemmas 1 and 2 that N7 (RL + (RL)T) N = 0. Therefore H.(X.)+ H.(X.)" < 0. Applying
Lemma 7, we have PA, + AT P + CTC < 0 for sufficiently large n. Also

P 0 By
0 elI| |By

BTP.B — [BOT BL} — BT PyBy + cBY, By,
— tr (B'P.B) = tr (B) PyBy) + ctr (ByBuy) .
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Thus tr (BTPB) < ~? if ¢ is sufficiently small. |

We adopt a log-det heuristic for positive semidefinite matrices [FHBO1] to iteratively
reduce the rank,

Xi41 = arg min tr(W, X),
XeC

Wy = (Xy +61) 7,

where 0 > 0 is a small constant for regularization and C is the feasible set determined by the
LMI constraints (2.27) along with other applicable constraints. In each iteration a convex
problem is formulated and hence can be efficiently solved. X is expected to converge to a

rank deficient positive semidefinite matrix.

Example 3. Consider the generalized plant (2.16). We first generate random matrices
A € RS By € R%2 (Cy € R?*®. Then we generate weighting matrices @ € R%® and
R e Rixf randomly, and set

Q? 0

Blz[Bg 0}, C) = , D11 =0, Dip= K D21:[0 [}-

0 Rz
An LQG controller is obtained of the form (2.17). The corresponding closed-loop system
has Hy norm || Peentralized|| 1, = 22.0881. We then synthesize a distributed controller having
two control units given the partition By = row(Bsg 1, Ba2) and Cy = col(Cy 1, Cy2). Let the

associated graph Laplacian be

L=
-1 1

For all the control units we choose A; = A. Through the above log-det heuristic we get the
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singular values of X

[2.70717]
0.02681
o(X) =10° x 0
0
0

and the corresponding Hy norm || Paiseributed|| 7, = 22.3467. The difference is computed as
|| Paistributed|| Hy || Peentratized | 1, = 0.2586. It is seen that the rank of X is reduced while the

controller performance is preserved. [l
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CHAPTER 3

Distributed Synthesis of Linear Control for

Eigenstructure Assignment

The previous chapter shows how a linear stabilizing controller can be recovered through a
distributed synthesis. This chapter focuses on a special class of control problem in which a

subset of eigenvectors and eigenvalues are assigned to the closed-loop system.

3.1 General Synthesis

3.1.1 Problem Formulation

We start by defining a convenient notation for linear systems. P is a state space system and

P is the associated matrix:

. . A|B X X A B
y=Pu, P= <= =P , P:= ,
C\|D y y C D

where (x,u,y) are the state, input, and output of ]5, respectively.

The model of plant we consider for eigenstructure assignment problems is described by

x = Ax + Biw + B»u,
7z = Clx + D11W + Dlgll,

(3.1)
Yy = CQX + D21W,

p =Cyx+ Dpu,
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where x(t) € R™ is the state, u(t) € R™ the control input, w(t) € R™ the exogenous
input containing disturbance, reference, etc, y(t) € R™ the measured output, z(t) € R

the performance output, p(t) € R" the pattern output for examining the steady state.

The objective of eigenstructure assignment is to embed prescribed eigenvalues and eigen-
vectors to the closed-loop system, while placing the unassigned eigenvalues in the open left
half plane. We now formally define the set of controllers that achieve the design objective

as follows.

Definition 1. Consider the plant (3.1), target eigenstructure (II, A) € R™*" x R™" and
controller u = K y. Let the closed-loop system with w(¢) = 0 be described by x = Ax and
p = Hex with x = col(x,x.) where x. is the controller state. The controller is said to be

admissible if the following conditions hold.
IT=H,X, AuX=XA, eig(Ay)\eig(A) e C_ (3.2)
for some full column rank X. The set of admissible controllers is denoted by A. 0

The first two equalities in (3.2) basically mean that the output p(¢) of the plant (3.1)
converges to IleMp, for some vector pg, starting with an arbitrary initial state x(0) when
w(t) = 0. Since (II, A) specifies the steady state behavior of p(¢), any eigenvalues of A in the
open left half plane would not have any influence, and for this reason, we make the following

assumption.

Assumption 1. All the eigenvalues of A have nonnegative real parts. U

Depending on the choice of (II, A), the steady state behavior can be any combination

of sinusoidal oscillations and constants. For example, the sinusoidal oscillation sinwt can

0 w 0
be specified by Ilefpy with 11 = [1 0}, A= , Po = . The eigenstructure

—w 0 1
assignment formalism captures control design problems for autonomous pattern formation

and output regulation to reject disturbances and/or track command signals.
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In addition to the admissibility, we search for controllers of distributed architecture like

in the previous chapter. The formal problem statement is given below.

Problem 2. Consider the plant (3.1) and let the control input u and measured output y

be partitioned as

y =col(y1,...,¥q), u=col(uy,...u,),

where u; and y; are vectors or scalars and ¢ is the number of channels. Given the target
eigenstructure (I, A) € R™*" x R™" and assume Assumption 1 holds. Find a distributed

controller of the form (2.4) that is admissible as defined in Definition 1. O

3.1.2 Distributed Control Synthesis

The results in last chapter indicate that a distributed linear stabilizing controller can be
synthesized from a centralized linear stabilizing controller. Therefore we first review the
general theoretical result that solves the eigenstructure assignment problem without the

requirement on the controller architecture.

Lemma 8 ([WI17, Theorem 3|). Consider the plant (3.1) and target dynamics (I, A), where
Assumption 1 holds and (Co, A) is detectable. The set of admissible controllers A in Defini-
tion 1 is nonempty if and only if there exists (X, U) such that the following regqulator equation
is satisfied

AX + BU =XA, lI=C,X+ D,U, (3.3)

and (A, 32) is stabilizable, where By := [BQ _X]. Such a controller is parametrized by

u U o
1= £+ O(y — C2X¢) (3.4)
£ A

for some © that stabilizes the augmented plant (A, By, Cy) and for some (X,U) satisfying
(3.3). For this controller, the unforced (w = 0) closed-loop trajectory satisfies
x(t) = XeMpo, u(t) = Uetpy, 2(t) = ZeMpo, p(t) — et py,
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for some py € R" depending on the initial state, where
7 = ClX -+ D12U.

O

We then derive a distributed controller by direct application of the results in Section 2.3

to the controller synthesis in Lemma 8. Suppose O in (3.4) is parametrized by

(3.5)
The controller (3.4) is equivalent to
€ = A+ Cpz + Dyp(y — C2X§), £ A—DpCoX Cp| Dy | |€
z = Agz + By(y — (2X§), — |z|=| -BC.X A, | B, | |z|  (36)
u = U€—|—Oq1Z+Dq1(y—CQX€>, u U_DqICQX qu Dql y

Assume the output is partitioned as

Yy = COl(yl, e yq), CQ = COl(CgJ, ceey 027(1).

We subsequently construct a distributed controller composed of ¢ control units. We reuse the
notations &, z and u to denote the state and output of the distributed controller. Consider

the following partitions

Bq - |:Bq71 c. Bq,q] ) qu - C01<Cq1,17 R qu,q)a
Dp=|Dpy ... Dp,|. — U=colUs.... 1)
and assume Dg, = 0. The connectivity of the control units is described by a strongly

connected directed graph with Laplacian matrix L. Let r be a positive vector such that
r'L = 0, and r; be the i*" entry of r. We construct the control units as follows.
x; = Ix; + Gi(y: — Cxi) — i P Z ij(x; — %), % := col(&;, ),
JEN; (37)

u;, = Kix;,
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where

and P = PT ~ 0.

Moreover, we show that the distributed control with a finite coupling strength 7 satisfies
the eigenstructure condition in addition to the stability requirement. The following theorem

formally proves our claim.

Theorem 5. Consider the plant (3.1). Suppose the regulator equation (3.3) is satisfied, and
© defined in (3.5) stabilizes the augmented plant (A, By, Co) with By = [BQ —X] Then
the distributed controller (3.7) is admissible as defined in Definition 1 for sufficiently large
7. 0

Proof. Let the closed-loop system be denoted by
r=Ax, z=Hy. (3.8)

A can be expressed as

A BoK
GC, F— GCy—nPL

A:

where G, Cy, K, P are block diagonal matrices with G;, C;, X;, ;P on the diagonal, respec-
tively, and F:= T ® F, L:= L®I. Let J and N be defined as in (2.8) and (2.9). It then

follows from direct calculation that

X
AV=VA, HV=R, V:= ,
Ji

where J; is formed by the first r columns of J, rendering V full column rank. Apply a
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similarity transformation on A,

A BsU ByCp
4 I 0 B DpCy A —DgpCyX  Cp
0|J N B,CY —B,Cy X A
* * *
where * denotes some matrix and H := —NTPLN. Define

A+ ByD,Cy ByC,

B,Cs A,
Then,
(x 1 0 0] [x
-7 0 0 0 I
A -
0 0 I 0 0
_O 00 I_ _0
Since

o O O 0~

o ~ O O

BQ = |:BQ _X] bl
Cq = COl(qu, ng),
Dq = COl(Dql, DqQ).

0_ _A * % * |
0 *
0 O Q *
[_ i ¥ % M+775H_

stabilizes the augmented plant (A,ég, Cy) with By = [Bz _X}, Q is Hurwitz. Also, H

Lemma 7 that eig(A) \ eig(A) C C_ if n is sufficiently large.

Example 4. We apply Theorem 5 to a flipper locomotor [[wal2] whose equations of motion

are given by

JO + DO + vA® = Bu,

mo + d(8)v +0"A0 =0,
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where 0(t) € R® are the tail joint angles, v(t) € R is the velocity of the center of mass. J,
D, A, B are constant matrices of appropriate size, and m is the total mass of the flipper.

d(0) is a linear function of 6. Define the relative joint angles
¢:=B'6.
Assuming constant velocity v(t) = vy, we obtain a LTI system in terms of ¢,
Jog + Do + voMop = u, Jo:=EJE", D,:=EDE" Ay:=FEAE", E:=B".

Then the state space realization yields
x = Ax + Bu, y = Cx,

0 I 0
X = d) A= . B = , C::[[ 0}.
¢ —Jo (voho) —Jy" Do Jo'

Let the permutation matrix be defined by

P = [el €3 €5 €7 €y € ey € €g e10]

where e, € R0 is the i*" column of the 10 x 10 identity matrix. Define the new state vector

X = Px = 001(X17X67X2,X7,X3>X87X4,X97X57X10) = COI(CM e >C5)> Cr = C01(¢k> ¢k)-
In the new coordinates,

X = Ax + Bu, y = Cx,
(3.10)
A:=PAP", B:=PB, C:=CP".
The target optimal gait is given by ¢(t) = S[pe*!] where ¢ € C? is a given phasor
defining the relative phases/amplitudes of the state ¢ in steady state, and w is the frequency

of the oscillations in steady state. The values are given to be

[ 494 j10.2
11.7 — j21.0
—26.8 — j16.0| , w=21.4rad/s.

-
I

—25.1 + j28.9
| 24.7+j35.4 |
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In real form

11.3sin(21.4¢)
24.1sin(21.4t — 125.1°)
@(t) = |31.2sin(21.4t — 146.5°)
38.3 sin(21.4t + 66.7°)
| 43.1sin(21.4¢ +9.2°) |

Consequently, the phasor of the target gait in terms of the state vector is

The state trajectory corresponding to this gait can be expressed in the real form as

x(t) = Xe¥np X = [gmk] g[g]], Q= oo , = ! : (3.11)
—w 0 1

We then solve the regulator equation (3.3) for U and synthesize a controller in the form of
(3.4) by applying Lemma 8. Given the centralized controller, we are about to construct a

distributed controller composed of 5 control units. Assume B and € are partitioned as
B =: rOW(Bl7BQ, 83734,35), B, € R v ¢ Is,
C = 001(61, 62, 63, (‘34, 65), C; € RI*10 Vi € 1.

The control units are connected through a nearest neighbor coupling with the graph Lapla-

cian
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The distributed controller is constructed by application of Theorem 5. We simulate the
closed-loop system with the linearized plant (3.10) and generate randomly the initial condi-
tions. ¢;(t),1 € I5 are illustrated in Figure 3.1. The frequency and relative phases/amplitudes

are exactly the same as specified by the target optimal gait.

100

50

¢i(t) [deg]

50 - i

_100 1 1 1 1 1 1 1 1 1

Figure 3.1: Pattern formation via a distributed controller.

The centralized controller we start with has the dimension of 10, which is of the same
order as the linearized plant (3.10). By construction, each control unit specified by (3.7)
has the dimension of the sum of the centralized plant and 2. Hence the total order of
the distributed controller sums up to 60. The high order of the controller may introduce
complexity in implementation. We will show that the order reduction is possible when the

plant has special structures such as multi-agent systems.

Though we have achieved the desired frequency and relative phase/amplitude of the
target optimal gait, it is impossible to stabilize the absolute amplitude within the linear
control framework. This is shown by another simulation with different initial conditions as
in Figure 3.2. We will show in Section 3.2.2 that the stabilization of amplitude is made

possible with a nonlinear controller. O
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Figure 3.2: Pattern formation via a distributed controller with different initial conditions.

3.2 Synthesis for Multi-Agent Systems

3.2.1 Autonomous Pattern Formation

In this section, we consider the eigenstructure assignment problem when the plant (3.1) is a

multi-agent system,
x; = Aix; + By, i €1,
yi = Co.%,
where we assume w = 0. This is equivalent to say A, By, Cy are block diagonal,
Ay By Ca
A= , By = , Cy= . (3.12)
Ay By, Cayg

Theorem 5 gives a solution to the distributed control problem for multi-agent systems.
However, each control unit has the state dimension equal to the dimension of A plus o.
Since O is supposed to stabilize the augmented plant which has a dimension of the sum
of the dimensions of all agents, the dimension of O is often about the same as the entire
plant. This may exhibit difficulty in implementation due to the controller’s large complex-
ity. Nonetheless, the complexity may be reduced by exploiting the fact that the plant is a

collection of multiple agents without direct interactions. We will show that the complexity
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reduction is possible under the assumption that each agent is detectable utilizing observers.
To this end, we first give an observer-based centralized control solution to the eigenstructure

problem, which is a special case of Lemma 8.

Lemma 9. Consider the plant (3.1) and target dynamics (II, A). Assume Assumption 1 holds
and (Cy, A) is detectable. The set of admissible controllers A in Definition 1 is nonempty
if and only if there exists (X,U) such that the regulator equation (3.3) holds and (A, By) is

stabilizable, where BQ = [Bz _X] Then an observer-based controller K € A is given by

X = AX + Bou+ F(Cy% — y),
£ = A+ E(Cx —y), (3.13)
u=(U—-KX)&+Kx,

for some E, F, and K such that A + BsK and A + FCy are Hurwitz. 0
Proof. Define e := x — x, € :=x — X§. We have

é=%—x
= Ax + Bou — (AXx + Bou + F(Cox — y))

= (A + FCy)e, (y = Cyx)

£=A¢+ E(Cyx —y) = A€ — ECse,

e=x—X¢
— A&+ XE) + By(UE + Ké) — XAE + (XE — F)Che

(u= (U —KX)¢+ Kk = U€ + Ké)

= (A+ BK)é + (XFE — F)Cse. (AX + BeU = XA)
Thus the closed-loop system is given by

X = Ach
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where x = col(&, &, e) and

A 0 —FEC,
Acf =10 A‘FBQK (XE—F)CQ
0 0 A+ FC,y
Clearly
1 I

and eig(Ay) \ eig(A) € C_ since A+ ByK and A + FCy are Hurwitz, rendering the observer-
based controller (3.13) admissible. [

Consider applying Lemma 9 and Theorem 5 to a multi-agent system with the state space
matrices (3.12). Each control unit would have an observer of the entire plant. However,
if (Cy;, A;) is observable, then the observer dynamics of the entire controller in (3.13) do
not need to be repeated in each control unit, and this leads to the order reduction of the

controller.

For multi-agent systems, K, F in Lemma 9 can be made block diagonal,

such that A; + By, K; and A; + F;Cy; are Hurwitz for all ¢ € I,. We also make the partition
E =row(Ey,....E,), U=col(Uy,...,U,), X = col(X;,...,X,). The distributed controller
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is proposed to be

;Ci = A;X; + Bou; + Fi(Cox; — yi), 1€,

& =N + Ei(Coixi — yi) + Gizy,

(3.14)
Z; =1 Z i (&5 — &),
JEN;
w; = (U; — K X;)§ + KX,
where L := [(;;] is the Laplacian matrix associated with the graph that depicts the intercon-

nection of the control units, G; are design parameters to be defined later, N; is the set of the

neighbors of i*® control unit, and 1 > 0 is the coupling strength. Each control unit has an

observer over the local agent only, and the interaction across control units is done through

&,1 € I,. We prove that the proposed distributed controller (3.14) is indeed admissible in

the theorem that follows.

Theorem 6. Suppose L is the Laplacian matriz of a strongly connected directed graph with

positive weights. Let v be a positive vector such that r'L = 0, and r; be the i™ entry of

r. The distributed controller (3.14) is admissible with sufficiently large n if the centralized

controller (3.13) is admissible and G; = ;P where P = PT = 0.

Proof. The distributed controller (3.14) in matrix form is expressed as

x = col(xy,
p'e A+ BoK+FCy By(U—KX) —F| |x
. £ = COl(éb
£ = EC, A —E| [§]>
u := col(uy,
u K U — KX 0 y
y = col(y,
where
E, Uy X
E - 5 u = R X =
By Uy Xy



Let J and N be defined as in (2.8) and (2.9) and define the coordinate transformation

7 _ %JT €<:>€=[J N] ®
¢ NT [0

Then the controller in the new coordinate is expressed as,

x| [A+BK+FC, Bo(U—KX)  Ba(U—KX) F

X
: EC: A LJTAN —F
= : q S NERT
o) NTEC, NTAJ NTAN +nNTGLN —NTE| |¢
| u | I K U—- KX (U —KX)N 0 | |v]
where
Gy
G:= , L=L®I, N:=I®A.
Gm

The closed-loop system composed of the multi-agent system and the centralized controller

(3.13) is
X A BsK By(U —KX)| |x
x| = | =FC, A+ BK+FC, By(U-KX)| |%x (3.17)
¢l |-EG EC, A ¢

While the closed-loop system composed of the multi-agent system and the distributed con-

troller in the new coordinate (3.16) is

<] [ a4 B,K Bo(U—KX) By(U—KX)N | [x]
X | TG A+ BK+FCy By(U - KX) By (U — KX) X (3.18)
@ —EC, EC, A LITAN o
6| | -NTEC NTEC, NTAJ  NTAN +3yN'GLN | |¢]
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We first show that the eigenstructure is satisfied,

[ A BoK B(U—KX) By(U—KX)N | [x] [x]
“FC, A+ BKEFC, Bo(U—KX)  By(U—KX) x| _ x|, 519
_EC, EC, A LITAN I A
—NTEC,  NTEG, NTAJ  NTAN+4gNTGLN| [0 |o0]
Then we examine the eigenvalues. Define e := x — X, we have
%] [A+BK B(U-KX) By(U—KX)N  —FC, | [x]
0 A LTAN —EC
= [ S (3.20)
® 0 0 NTAN £ gNTGLN —NTEG,| |¢
e | o 0 0 A+FC | |e]

Therefore the stability of the closed-loop system is determined by A + BoK, A + FC5, which
are Hurwitz by assumption, and NTAN + nNTGLN, which is Hurwitz for sufficiently large
n by Lemma 2. This completes the proof. |

Remark 4. Theorem 6 implies that by exploiting the structure of a multi-agent system
and the local observability, a pattern formation can be achieved by a distributed controller
based on local observers. Subsequently each control unit for a local agent has a dimension
of a local observer plus that of the pattern generator whose dynamics is captured by A.
This greatly reduces the controller complexity compared to the general distributed control

synthesis presented in Theorem 5. 0

3.2.2 Potential for Extension to Nonlinear Control

The controller that achieves eigenstructure assignment given in (3.4) can be illustrated by

the block diagram in Figure 3.3, where

A B
Qi(s) = | ———1,
Cy | Dyt

Cyp2 | Dy2




and the pattern generator is a linear internal model with the transfer function

P(s) = (sI — A)™.

S—[ pattern ](—[QQ(S) 0.(5)

generator

)
&Y y

Figure 3.3: Block diagram of the control system for eigenstructure assignment problems.

Y
A

When the plant is a multi-agent system, we apply Theorem 6 to synthesize a distributed
controller of the form (3.14). Hence the pattern generator in the block diagram becomes
a distributed network of control units. Unfortunately, within the linear framework the
oscillation is not structurally stable and lacks convergence of the oscillation amplitude to
prescribed values. A stable limit cycle may be achieved by replacing the linear internal
model (A dynamics) by a nonlinear oscillator. We demonstrate the potential extension to

nonlinear control by the following example.

Example 5. We consider the flipper locomotor (3.9) in Example 4. In the solution we
present in Example 4, each control unit has a copy of A dynamics as a pattern generator.
Now we seek to replace it by a nonlinear oscillator. Note that the target optimal gait is given
by ¢(t) = %[gﬁejwt] where ¢ € C5 is a given phasor and w is the frequency. To correctly
generate the reference signals for the state variable, we need 5 oscillators that have the
target oscillation ¢(t) as the limit cycle. To this end, we first introduce the Andronov-Hopf

oscillator (AHO) parametrized by

e P P Py (3.21)

—w a(§)

o4



where &€ € R? is the oscillator state, w is the frequency of the periodic signal & converges to,
Yy

1> 0is a design parameter. It is known that

£(t) sin wt
%
cos wt

with orbital stability'. We continue to consider a network of coupled AHOs described by

: o(&) w - .
& = & + Z%’(fi —U;§;), i€l (3.22)
—w  o(&) j=1
to achieve the target oscillation
sin(wt + 5;) .
hz(t) = ) B@ = A(bl?
cos(wt + f3;)

where U;; is chosen by

cos f; sin 3;
Bij = 616-;, 61 = ﬁ

— sin f; cos [3;
The coupling A := [§;;] should be chosen such that A1 = 0 for the target to be a solution,
and —A € H, for orbital stability” [PNO1, PSN02, PS07, LI17]. These conditions, together

with the nearest neighbor coupling requirement, can be met by choosing

0 —6; 0 0 0
—dy 202 —dy O 0
A=|0 -6 253 -6 0|, 6>0.
0 0 —04 204 —04
| 0 0 0 —65 05
We choose §; = 1 for all .

Figure 3.4 shows one simulation example of the AHO network. The top figure illustrates
the first entry of &; for i € I5, while the state of the 5™ oscillator is shown in the bottom

figure. We see that in addition to the pattern, the amplitude is stabilized as well.

!The definition of orbital stability is introduced in Definition 2 in a later chapter.

2The definition of H, is presented in Definition 3 in a later chapter.
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55.1 (t) and 552 (t)
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Consider a decentralized output regulator of the form

u=UE+Qy — CXE), € =p(¢),

to achieve convergence to the optimal gait defined in (3.11), where €= (&) is the network
oscillator constructed by (3.22), @) is a constant matrix. The controller structure is decen-
tralized in the sense that u; depends only on y; and &;. This requires U, X, @ to be block
diagonal. (3.11) defines X, and we solve the regulator equation (3.3) for U. Then X and U

are partitioned as
X =:col(Xy,...,X5), U=:col(Uy,...,Us).

Note that
cos 3;  sin f; 0
h(t) = He®™n, H =col(Hy,...,Hs), H;:= A A =0;, n:=
—sinf; cosf; 1

The matrix pair (X, U) can be chosen as
X = diag(Xy,...,X;5), U=diag(Uy,...,Us), X;:=X;H,", W; =UH,"
The gain @ needs to stabilize the plant (A, B,C). With @Q = —kI with stiffness k, the
closed-loop for this pair is
Jod + Do + (voho + kI)p = 0,
which is stable for sufficiently large k > 0. We choose k = 5 x 1074

We simulate the closed-loop system with the nonlinear oscillator network as the pattern
generator and treat the velocity of the center of mass as a variable instead of assuming a
constant rate. The top figure in Figure 3.5 shows that with a nonlinear controller, the plant
state ¢;(t),Vi € I5 converges to the target pattern of a prescribed amplitude. The bottom
indicates the velocity achieves the desired value which is set to be —0.15 m/s with a tolerable

undulation.
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Example 5 shows that by replacing the linear internal model in the controller with a
nonlinear oscillator network, not only is the desired eigenstructure assigned, but also the
amplitude of the target oscillation is stabilized. This motivates us to investigate the design
of coupled nonlinear oscillators that has the target oscillation as its stable limit cycle. In
addition, we may want to have a pattern formation controller for the flipper locomotor
that is able to switch gaits for different situations. Therefore, though coupled AHO design
is already possible by the existing results, it would be beneficial to be able to design a
distributed network oscillator with multiple limit cycles. The following chapters are focused

on the design of such network oscillators.
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CHAPTER 4

Network of Linearly Coupled Oscillators

4.1 Problem Formulation

In Section 3.2.2; we have shown the potential of pattern formation control with AHO network
as the reference generator. We would like to investigate a more general oscillator model that
preserves all the merits the AHO network exhibits and in addition admits multiple limit

cycles with stability.

4.1.1 Problem Statement

We consider the design of a nonlinear oscillator such that multiple periodic solutions are
embedded in the state space as locally stable limit cycles, where the desired period, ampli-
tudes, phases, and temporal shapes are prescribed for each solution. In particular, consider

a nonlinear dynamical system
x =f(x), y="hx), x()eR", y(t)eR" (4.1)

assume that a target oscillation n(¢) € R" has frequency w € R, phase ¢ € R", and temporal
shape as well as amplitude characterized by a 2m-periodic function s; : R +— R, 7 € I,,,. Then

the target oscillation can be described by
mi(t) = si(wt + ¢;), @ € L. (4.2)

For example, s,(0;) := «a;sin6; for i € I, makes 7;(t) sinusoidal with amplitude «a;. The

phase variable ¢; can be absorbed into the shape function s;, but we keep this redundant
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description for design flexibility.

The problem is to find functions f and b so that system (4.1) has a periodic solution
x = £ that yields y = 1, and convergence to the periodic orbit is locally guaranteed. The
convergence property follows the notion of orbital stability defined in [HC94] and is precisely

characterized as follows.

Definition 2 (orbital stabilty). Let x(t) = &(t) € R™ be a periodic solution to the au-

tonomous system (4.1). The orbit of £(t) in state space is represented by a closed curve
O ={&t)eR":t>0}.

Define the distance between the state x and the orbit O to be
dist(x, Q) := (i)Iel(gHX — oll.

Then £ is said to be orbitally stable if for any ¢ > 0, there exists a 0 > 0 such that if
dist(x(0),0) < 9, dist(x(t),0) < ¢ for all £ > 0. £ is said to be asymptotically orbitally
stable if £ is orbitally stable and there exists a § > 0 such that if dist(x(0),0) < 6,

lim dist(x(t), Q) = 0.

t—o00

€ is said to be exponentially orbitally stable if £ is asymptotically orbitally stable and
there exist § > 0,¢ > 0,0 > 0 such that if dist(x(0), Q) < 0,

dist(x(t),0) < ce™"", Vt > 0.
O

Throughout this dissertation, we will use the term orbital stability to implicitly refer

to the notion of exponential orbital stability for conciseness.

With the definition of orbital stability, we now formally state the problem.
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Problem 3 (multiple limit cycle design). Consider a nonlinear dynamical system given by
(4.1). Let m periodic functions n*(t) € R", k € L, be prescribed as in (4.2). Find functions
f(-) and b(-) such that the system has m periodic solutions x(¢) = &*(t) as its orbitally stable
limit cycles that yield y(t) = n*(¢) for all k € I,,. O

The single limit cycle design problem is a special case when of Problem 3 when there is
only one such periodic solution of interest. Or conversely, Problem 3 is an extension of single
limit cycle design problem. Without loss of generality, we describe our methods in terms of

the single limit cycle design problem in the subsection that follows.

4.1.2 Approach

Our approach can be outlined as follows. First, note that any piecewise continuous temporal
profile s; in (4.2) can be approximated by a finite Fourier series

y4
si(0;) = Y Rleue’], c; €C, i€l (4.3)

1=0
with arbitrary accuracy by taking a sufficiently large number of terms ¢. This motivates us
to consider a nonlinear oscillator with complex state variables of dimension n, same as that

of the target oscillation n,

z = f(z), =z(t)eC", (4.4)
having an orbitally stable limit cycle z = ¢ with

G(t)=eWtHed el (4.5)

The desired oscillation 7;(¢) in (4.2) can then be approximately generated as the real part
(or equivalently, the imaginary part) of a polynomial of (;(t) with coefficients ¢;. We now

relate system (4.4) to (4.1) by defining z =: x + jy with x,y € R". Then we have n := 2n,
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and

‘
h = col(hy,...,byn), Z?Rclz T + Jyi) ]
=1

The complex system (4.4) having an orbitally stable limit cycle z = ¢ is equivalent to the

above real system having an orbitally stable limit cycle x = & € R?" with

cos(wt + ) .
£(1) = , ¢ ERY,
sin(wt + )

which yields y(t) = n(t) approximately, with the error being the higher order terms in the
Fourier series beyond frequency fw. Therefore, the original problem is reduced to embedding

an orbitally stable limit cycle z(t) = {(¢) defined in (4.5) into the complex oscillator (4.4).

We are going to exploit the technique of Floquet theory to address Problem 3. The idea

is presented in the following lemma [HC94].

Lemma 10. Consider the dynamical system z = f(z), z(t) € C™ with a periodic solution
z(t) = ¢(t) € C". ¢ is orbitally stable if and only if the Floquet multipliers of the linearized

system

a=Alt)a, A=)

lie strictly inside the unit circle on the complex plane except for one at 1. 0

As such, the orbital stability is determined the values of the Floquet multipliers of the

linearized system around the target limit cycle.
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4.2 Single Oscillator

4.2.1 Complex Oscillator with Orbital Stability

Let us start with the simplest case where z(t) in (4.4) and (4.5) is a scalar variable, i.e.,
n = 1. In this case, the phase ¢; in (4.5) is irrelevant and can be set to zero without loss
of generality since the orbits of /%) and e/“* are the same for any ;. We thus consider

the design of 2 = f(z) with z(¢) € C such that z = ¢/*! is an orbitally stable limit cycle.

The idea is simple. Note that the linear oscillator 2 = jwz has solutions z = ~e/*
parametrized by arbitrary amplitude v € R. To stabilize the amplitude at v = 1, we may

add a nonlinear mechanism as follows:
= (1— |2z + jwsz, (4.6)

where z is attracted toward the origin when |z| > 1 and repelled away when |z| < 1, thus
achieving |z(t)] — 1. This is in fact the complex form of the Andronov-Hopf oscillator

(AHO)

o 1—a2?— a3 —w T
= Y
T w 1—a2?— 23| |z

where 7 and z, are real variables and (4.6) is obtained by defining z := 1 + jxo. It can
readily be shown [Kha96] that every nontrivial solution of (4.6) globally converges to the

orbit of z = ef“t.

We extend this idea to achieve multiple limit cycles with local stability. Consider the

general nonlinear oscillator of the form
s= o)z A0 EC, ¢:Ry oG, (4.7)

where the real and imaginary parts of ¢ are continuously differentiable. The AHO is a special

case with

o(r) = p(y* —r?) + jw, (4.8)
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where w,y € R, are prescribed frequency and amplitude, and p € R, is a parameter to
adjust the convergence rate. The following result gives a condition for the general system to

have z = ve/“! as an orbitally stable limit cycle.

Theorem 7. Consider the complex nonlinear system (4.7). Let w,v € Ry be given and

suppose
¢(7) = jw,  R@'(M)] <0. (4.9)
Then z(t) = yel*t is an orbitally stable limit cycle. O

Proof. With the coordinate transformation z = re’’, the system can be described by

It can readily be verified that r(t) = ~ and 6(t) = wt is a solution since ¢(y) = jw.

Linearizing the system around the solution, we have

pl _ [PRI(] 0
v 3[¢'(v)] 0

By the supposition, the eigenvalues of the coefficient matrix are negative and zero. Hence

pl pi=r—7
I =0 —wt.

one of the Floquet multipliers is at 1 and the other is inside the unit circle, and we conclude

the orbital stability of z = ye/**. |

The orbital stability in Theorem 7 is local, and convergence to the orbit is guaranteed
only when the initial state is sufficiently close to the orbit. If desired, convergence can be

made global as in the AHO with the additional property:

(r=7)R[e(r)] <0, Vr#7. (4.10)
In particular, consider the Lyapunov function

V(r)=3(r—)*>0,

V(r) = (r=)Re(r)]r <0,

where the inequalities hold for all 7 > 0 not equal to 7. Hence, r(t) converges to v with

arbitrary r(0) > 0, and every nontrivial trajectory converges to the orbit of z = ye/“t.

65



4.2.2 Examples
Example 6. Consider the system in (4.7) with

¢(r) = jor/y+v =,

Clearly, the function satisfies condition (4.9) with R[¢/(7)] = —1 and hence z = ¢! is an
orbitally stable limit cycle. In fact, condition (4.10) is also satisfied and thus convergence
to the orbit is global except for z(0) = 0. The presence of the factor r/+v in the imaginary
part of ¢(r) is unimportant for these stability properties, but is added here just for illus-
trative purposes. This factor makes the oscillation frequency low /high when the amplitude
is small/large. Any periodic signal of an arbitrary temporal shape can be generated as an

output y that depends polynomially on z using the shape function in (4.3). For example,
y(t) = sin(wt) 4+ 5cos(2wt) — 3sin(3wt), w =5,

is given by
y=R[—jz+522+3j2°], 2=~ y=1.

The system is simulated with the initial condition z(0) = /10, and the result is shown
in Figure 4.1. The real and imaginary parts of z(t) converge to sinusoids, and output y

converges to the nonsinusoidal signal of the specified shape.

O

With local stability, it is possible to embed multiple limit cycles (y(t) = yze/** with
k € 1,,, into oscillator (4.7) by choosing ¢ such that

¢(7k) = JWk; §R[¢,(7k)] <0, Vkel,,

where m is the number of limit cycles to be embedded. In this case, the function R[p(r)]

passes through zero multiple times at r = v, with negative slopes. By continuity, the function
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time [s]

Figure 4.1: Complex oscillator with arbitrary temporal shape.

has to pass through zero with positive slopes at some values r = g € (Vk, Vk+1), assuming
that 7 are ordered as 0 < 71 < ... < 7y,. Then the system (4.7) has periodic solutions
z = e’ with wy, 1= J[p(o)]. Each solution z = gpe/®*! is an unstable limit cycle and
forms the boundary between the domains of attraction for stable limit cycles z = 7,e/rt
and z = Y4 e/vEt,
Example 7. Consider the system in (4.7) with

¢(r) = ¢n(r) + joi(r),

¢r(r) = alr —m)(r — o) (r — 72),

¢i(r) = (r = m)(w2 —wi) /(72 = ) +w,

where a < 0 and 0 < 7, < 91 < 7. Choosing

71:17 72:37 01:27

wp =27, wy =T, a= —bh,
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the function ¢(r) is plotted in Figure 4.2 (top). Since ¢, (r) intersects the horizontal axis
three times, the system embeds three limit cycles z = r,e® () with 7, being the intercepts
Y1, Y2, or 01. Each solution is orbitally stable when the slope at the intersection ¢'.(r,) is
negative. Hence, the system has two stable limit cycles z = v;e/“i*, i = 1,2 and one unstable
limit cycle z = p;/®" with @ := ¢;(01) = 37/2. The system is simulated with two initial
conditions z(0) = 2 4+ 1079, and the result is shown in Figure 4.2 (middle, bottom). If 2(0)
is slightly inside/outside the unstable limit cycle orbit z = p;e/®| then the trajectories
(blue/red) stay near the orbit for a while but eventually diverge away and converge to the
stable limit cycle orbits of smaller/larger radius. The unstable orbit forms the boundary

between the domains of attraction for the two stable orbits.
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Figure 4.2: Complex oscillator with 3 limit cycles.
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4.3 Oscillator Network

4.3.1 Single Limit Cycle

We now consider the problem of designing a nonlinear system (4.4) so that the periodic
solution z = ¢ in (4.5) is an orbitally stable limit cycle of the system. The problem is
slightly modified by allowing for specification of the amplitude v € R to set the target
oscillation as (;(t) := ye/@*%). We will achieve the design by an interconnected network
formed by n complex oscillators from the previous section. In this network, each oscillator
is an agent. Without any communication between the agents, an individual oscillator would
converge to an oscillation of the prescribed common frequency and magnitude, but the phase
relationship is undetermined. We aim to achieve a coordination between agents by properly
designing the structure of the network. Moreover, we study the case where the coupling
between agents is linear. Thus, the connectivity of the network and the nonlinearity of the

dynamics of an oscillator are of interest. Specifically, the problem is formulated as follows.

Problem 4. Suppose a network of n coupled nonlinear oscillators (4.7) is given by
z = ®(|z|)z + Mz, zeC", MeC™m,

O(|z]) := diag(é(|z1), -, ¢(|zal), @Ry = C,

(4.11)

-
with z = [21 Zn] . We look for the conditions on M, which is a matrix specifying
the coupling of individual subsystems 2; = ¢(|z;])z; with ¢ € I,,, and ¢ so that the state

trajectories of system (4.11) locally converge to the periodic solution

C(t) == el € Cn, o)
yeR,, weR,, ¢eckR” .

with orbital stability. OJ

The following result reduces the design problem to an eigenvalue problem through lin-

earization.
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Lemma 11. Consider the nonlinear system (4.11) and a target oscillation described in (4.12).
Without coupling (M = 0), each subsystem z; = ¢(|zi|)zi has a solution z; = ; if and only if
¢ satisfies ¢(y) = jw. Under this condition, system (4.11) has a solution z = ¢ if and only
if M satisfies Me?? = 0. In this case, the solution is orbitally stable if and only if the real

matrix

kI + MT —MZ‘ K+ J7 = ! 5
TI+M; M, M, + jM; = V* MW,

has eigenvalues in the open left half plane except for one at the origin, where ¥ := diag(e’#).

O

Proof. Tt can be verified through direct substitutions that z = ¢ is a solution of the dif-
ferential equations if and only if the stated conditions are satisfied. To prove the orbital
stability condition, we linearize the system (4.11) around its target limit cycle {(¢). Define

the perturbation variable p := z — ¢ and note the approximations

21 = V/(pi + G)* (0 + )
> /2 + 2R[G i) =y + RGP/,
oz = (607) + & ORGP/ ) (G + D)
= jw(G +pi) + & (VGRIG D/ -

Then the linearized system is given by

p = (jwl +M)p +(¢'(7)/7) ¢ R[C- p]. (4.14)

Therefore, ¢ is an orbitally stable limit cycle if and only if the linearized system (4.14) has
one Floquet multiplier at 1 with the rest having magnitude less than 1. Further consider the

coordinate transformation p <+ q defined by p = ¢ -q. Then the system can be expressed as

= (U*"M)q +v¢'(7)R[q].
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Defining the real state variables p,19 € R"™ by q = p + j9, the system is described by

S| [k -
Pl _ Pl (4.15)
E R S S VAR VAR I

Since the linear periodic system (4.14) and the linear time-invariant system (4.15) are related
by a Lyapunov transformation, they share the same set of Floquet multipliers, which are

given by e*? for i € I,,, where T := 27 /w and ); are the eigenvalues of M. [ |

Remark 5. Condition Me¥ = 0 in Lemma 11 means that the coupling is diffusive and vanishes
on the target orbit. In particular, for the special case of synchronization, we have ¢ = 0 and

M1 = 0. Since the row sum is zero for M, each oscillator dynamics can be written as
n
Z; = ¢(’21|)ZZ + Zmij(zj — Zi), 1€ ]Im,
j=1

where m;; is the (i, )™ entry of M. Clearly, the coupling term is zero when synchronized

(25 = z). O

Based on Lemma 11, the stability analysis boils down to the eigenvalue assignment of

M.

Lemma 12. Let real matrices M,, M; € R™™ and real scalars k, 7 € R be given and consider

/€I+Mr —Mz
M = s M() = Mr —f—jMZ
T+ M, M,

Let the eigenvalues of My be denoted by \; with i € 1, and suppose A\, = 0 and Myl = 0.
Then, with |k+j7| sufficiently small, the eigenvalues of M are at 0, k, and in the neighborhood
of \i and X\; fori €L, 4. O

Proof. Let H € R™ ™1 be such that 1TH = 0 and H'H = I, and define an invertible

matrix

T kl —71 H 0 R2nx2
= € R¥<2m,

1 k1 0 H
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Then, noting that the bottom row blocks of T~! are given by diag(H", H"), it can be shown
that

MT = TA, (4.16)

holds where

K —T U
kI 0
A: 0 0 V ) E: )
71 0
0 0 W+F

W, —-W; W, := H' M, H,
W .= ,

w, W, W, := H"M;H.
Since A is block triangular, we see that the eigenvalues of M are k, 0, and those of W + E.
Since the eigenvalues of W + E depend continuously on (k,7), and E vanishes when k =
7 = 0, the result follows if we show that the eigenvalues of W coincide with \; and \; for
i € I,,_1. Denote the matrix M with kK = 7 = 0 by M. Letting x = 7 = 0 in (4.16) shows
that M has two eigenvalues at 0 and shares the other 2(n — 1) eigenvalues with W. By

Lemma 19 in the appendix, the eigenvalues of My are \; and ); for ¢ € I,. This completes

the proof. [ |

Combining the previous two lemmas, we immediately have the following result.

Theorem 8. Consider system (4.11) with target oscillation (4.12). Suppose the following
holds.

(i) Mei? =0, and the eigenvalues of M are in the open left half plane except for one at

the origin.
(i7) ¢(v) = jw, R[P'(7)] <0, and |¢'(v)]| is sufficiently small.
Then z = ¢ is an orbitally stable limit cycle of system (4.11). O
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Proof. The result follows from Lemma 11 and Lemma 12 once we notice that My and M are
related by a similarity transformation and hence share the set of eigenvalues, and Me/% = 0

is equivalent to Myl = 0. [ |

Remark 6. The orbital stability property is guaranteed when the slope |¢/()| is sufficiently
small. In this case, convergence of the amplitude may be slow. In view of the proof of
Lemma 12, however, the limit cycle is orbitally stable even for a large |¢'(y)| as long as the

eigenvalues of W + E have negative real parts. 0

4.3.2 Multiple Limit Cycles

This section will extend the result of the previous section to embed multiple limit cycles
within the state space of the coupled complex oscillators (4.11). In particular, we aim to

obtain the conditions on ¢ and M € C™*™ such that
Cu(t) = e/ tee) € €, k€1, (4.17)

are m orbitally stable limit cycles for (4.11), where v, w, € R and ¢ € R™ are prescribed

amplitude, frequency, and phase of the £ limit cycle.

The extension is not straightforward. The diffusive coupling condition Me/¥* = 0 for
k € 1,, implies that M has at least m eigenvalues at the origin. Hence, condition (7) in
Theorem 8 will not hold. Therefore, we need new conditions for the case with multiple limit

cycles.

Let us first extend Lemma 11 and reduce the multi-oscillation problem to an eigenvalue

problem.

Lemma 13. Consider the nonlinear system (4.11) and target oscillations (4.17). Without
coupling (M = 0), each subsystem %z; = ¢(|2;|)z; has a solution z; = Cx; if and only if ¢
satisfies ¢(y,) = jwi. Under this condition, system (4.11) has a solution z = (. if and only
if M satisfies Me’?x = 0. In this case, the solution is orbitally stable if and only if the real
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matrix

Mp —M; C. —Sil| |ril
M, = 4 [ (4.18)
M] MR Sk Ck Tk[

has eigenvalues in the open left half plane except for one at the origin, where

Mg+ jM; .= M, C := diag(cos @x),

ki + Tk = @' (ve) Sk := diag(sin ¢y).

O
Proof. The result follows directly from Lemma 11 by noting that
Cr -8
M = wl]\/[kwk, WE = : g
Sk Ck
when (k, T, ¢) in (4.13) coincides with (K, 7%, Yk )- [

For the single orbit case (m = 1), Lemma 13 reduces to Lemma 11 as a special case where
the matrix M, and M are related by a similarity transformation. The complication due to
multiple orbits is that we require Me’%+ = 0 for k € I,,, and hence M has m eigenvalues at
the origin, which in turn implies that M, has 2m eigenvalues at the origin. For the single
orbit case (m = 1), one of the two eigenvalues at the origin can be moved to the left by
a sufficiently small |k; + j7%| with s < 0 due to Lemma 11. For the multiple orbit case

(m > 1), we need to move 2m — 1 out of the 2m eigenvalues at the origin.

The following result is useful for obtaining a condition under which the eigenvalues of

M. have negative real parts except for one at the origin.

Lemma 14. Let matrices A, B € R™™ be given. Suppose A has a semisimple eigenvalue at
the origin with multiplicity r and the other n —r eigenvalues are nonzero. Let X, YT € R™*"

be full column rank matrices such that

AX =0, YTA=0, Y'X =1
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Suppose further that B satisfies BXe = 0 for some nonzero vector e € R". Then, for
sufficiently small € > 0, one of the eigenvalues of A+ B stays at the origin, n —r of them
are in the neighborhood of the nonzero eigenvalues of A, and the other r — 1 eigenvalues have
negative real parts if the eigenvalues of YTBX, except for one at the origin, have negative

real parts. O

Proof. Let the eigenvalues of A + B for € > 0 be denoted by A;(¢) € C for ¢ € [,,, which
depend continuously on €. Suppose the eigenvalues are ordered so that A;(0) = 0 for i € I,.
Note that A+¢B has an eigenvalue at the origin with eigenvector Xv for any €, and designate
this as A.(¢) = 0. Then, from [OWS88, Lemma 3.1], the one-sided derivatives of \;(¢) for
i € I, at € = 0 are given by the eigenvalues of YTBX. The derivative of \,(g) is zero,
corresponding to the zero eigenvalue of YTBX. If the other eigenvalues of YTBX have

negative real parts, then R[\;(¢)] <0, ¢ € I,_;, for sufficiently small € > 0. |

The following is the main result of this section.

Theorem 9. Let m target oscillations be given by (4.17). Assume that, for each k € L,

vectors 1, cpi, and sy, with h € I, \ {k}, are linearly independent, where

Chi = coS(n — @), Snk = sin(@n — @r).

Consider system (4.11) and suppose the following holds.

(i) The coupling matriz is given by M = NANT, where A € C=m)*(=m) s an arbitrary

Hurwitz matriz, and N € C™=") s o full-rank matriz such that

X*N=0 X:= [ejcm  giem| € CV

(i) For each k € 1,,, function ¢ satisfies ¢(y) = jwg, and ¢ (k) is real negative with

sufficiently small magnitude.

Then z = . for k € 1,,, are orbitally stable limit cycles of system (4.11). O
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Proof. Fix k € 1,,,. Since M X = 0 and ¢(vx) = jwk, we see from Lemma 13 that z = {j is
a solution of (4.11). The solution is orbitally stable if the eigenvalues of My, in (4.18) have
negative real parts except for one at the origin, where 7, := [v,¢'(7x)] is zero due to the
supposition. By definition, M X = 0 and M N = NA hold. From Lemma 19 in the appendix,

these conditions are equivalent to

e o =[x o (419

where M, X, N, and £ are real matrices defined from the real and imaginary parts of M, X,

N, and A, respectively, as in (A.1). Now, My, in (4.18) can be written as

Note that the linear independence assumption for 1, ¢xx, and spy is equivalent to rank(E,X) =

2m — 1 since

Ekx:[clk oo Cnk S1k --- Smk| -

The assumption implies that X has full column rank because otherwise rank(X) < m — 1
and, from Lemma 19, rank(F,X) is at most 2m — 2. It can then readily be verified using
Lemma 19 that rank(X) = 2m, rank(N) = 2(n — m), X™N = 0, and £ is Hurwitz because
rank(X) = m, rank(N) = n —m, X*N = 0, and A is Hurwitz, respectively. Hence, (4.19)
gives a spectral decomposition of M, showing that M has a semisimple eigenvalue at the
origin with multiplicity 2m, and the other 2(n — m) eigenvalues have negative real parts.
Noting that the inverse of [X N] is given by col(XT,NT), Lemma 14 assures that all the
eigenvalues of My, except for one at the origin, have negative real parts for x < 0 of
sufficiently small magnitude if the eigenvalues of Ay := XTE] E,X, except for one at the
origin, have positive real parts. Note that A, and XTE] E,X are related by similarity and

congruence transformations:
TAT = TXE] EXT, T := (XTX)"2
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Since rank(F,X) = 2m — 1, matrix XTE] E,X has 2m — 1 positive real and one zero eigen-

values, and this property is shared by A;. This completes the proof. [ |

Remark 7. The linear independence assumption on ¢y, ensures that the phases of the target
oscillations are not redundant. For example, if e/#™ can be expressed as a linear combination
of €% with k € 1,,_1, then the assumption would be violated. Hence, this assumption does

not introduce difficulty for practical purposes. 0]

Example 8. Consider system (4.11) with ¢(r) given by (4.8). We will embed in the state
space multiple stable limit cycles z = { of the form (4.17). With the choice of ¢(r) from
the AHO, R[¢(r)] = 0 has only one solution in the domain r > 0, and hence the frequency
and amplitude of the targeted limit cycles cannot be specified by different values. However,
design of the network connectivity M allows to specify different phase values. We consider
the case where there are five oscillators, and two limit cycles ¢ (t) = e/ @9 k= 1,2, are

to be embedded. The parameters are chosen as

w=2m, ¢ =col(0,0,0,0,0),

v=1, ¢ =rcol(0,1,3,6,10)(7/10),
where (; is synchronized oscillations, while {, is traveling-wave oscillations. The system
is designed to achieve these oscillations using Theorem 9. The assumption requires linear
independence of 1, cos 9, and sin 5, which is satisfied. The orbital stability is guaranteed
when R[¢/(7)] = —2u is negative with sufficiently small magnitude. It turns out that y =1
is small enough to give the stability. The coupling matrix M is designed as described in
statement (i) of Theorem 9 using N whose columns form an orthonormal basis for the null

space of X*, and
A = diag(0,0,—1 4+ 25, —3 + 45, —5 + 67).
The system is simulated with two initial conditions

2(0) — ,yoej‘PO, Yo = 7/107 (PO = CLQOl + (1 — a)cp%
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with a = 0.6 and 0.4; the former is considered closer to the {; orbit and the latter would be
closer to the ¢y orbit. The result is shown in Figure 4.3. As expected, each initial condition

leads to convergence to the nearby limit cycle.

Figure 4.3: Coupled oscillators with 2 limit cycles.

4.3.3 Limitations

The conditions in Theorem 9 do not tie the amplitude and frequency with the phase in the
sense the conditions are given in terms of the amplitude/frequency or the phase individu-
ally. Specifically, condition (i) determines the coupling matrix solely by the phase, while in
condition (7i) the relationship between the amplitude and frequency is decided by the func-
tion ¢(-), which does not involve the phase. This introduces additional stable limit cycles
which are a combination of amplitude/frequency pair and phase. We show this issue via the

example below.
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Example 9. Consider an oscillator network of 3 oscillators and 2 limit cycles to be embed-

ded. The frequencies, amplitudes, and phases of the limit cycles are specified by

W1 = 271', Y1 = 1, Y1 = COI(0,0, 0),
wy =T, Y2=2, o =col(l,2,3)(n/3).

H(r) is designed to be 6(r) = 6.(r) + jéi(r). where 6,(r) = —u(r — 1)(r —70)(r — ) with
Y0 = (11 +72)/2, 1 > 0, and ¢;(r) is constructed as follows:

1
oi(r) =a (§r3 — yor? + ’ylfygr> +b,
W1 — Wo
a:= , b:=wi —a,
C1 — Co

1 1
Cri= W TN N = 30— 0% + N

By tuning the initial conditions, we observed the convergence to the 2 desired limit cycles
specified above as in Figure 4.4. We also observed the convergence to an additional undesired

limit cycle with frequency w;, amplitude v, and phase 5, as shown in Figure 4.5.
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Figure 4.4: The 2 desired limit cycles.
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Figure 4.5: The additional undesired limit cycle.

81



This unpleasant introduction of extra limit cycle(s) is due to the linear coupling be-
tween oscillators. Thus we proceed with investigating nonlinear coupling in the subsequent

chapter.
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CHAPTER 5

Network of Nonlinearly Coupled Oscillators

5.1 Problem Formulation

Due to the limitations of linearly coupled oscillators discussed in Section 4.3.3, we consider
a specific model of oscillator network similar to the one developed in the previous chapter
but with nonlinear coupling in this chapter. Again, we start with the generalized nonlinear
oscillator with complex state variable (4.7). With a slight modification, the dynamics of the

oscillator is given by
z = jwo(lz])z, 2(t) e C, ¢:R. —C, (5.1)
with

o(v) =1,  ¢(v)=je, >0. (5.2)

It is proved that the oscillator has an orbitally stable limit cycle ¢ := ve/“. Without the
nonlinear term ¢(|z|), the oscillator becomes linear, having Je/“ as its solution with arbitrary
magnitude 7. The purpose of the nonlinearity is to fix the magnitude of the oscillation. This

is achieved by the condition (5.2) imposed on the oscillator.
Inspired by the stability condition (5.2) for the limit-cycle oscillator (5.1), here we make
the following assumption for the oscillator network.

Assumption 2. Consider a network of coupled nonlinear oscillators described in (5.3).

Assume
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Moving forward, we consider a coordination problem of a network of such oscillators
described in (5.1). In this network, each oscillator is an agent. Without any communication
between the agents, an individual oscillator would converge to an oscillation of the prescribed
common frequency and magnitude, but the phase relationship is undetermined. We aim to
achieve a coordination between agents by properly designing the structure of the network.
Moreover, we study the case where the coupling between agents is nonlinear. Thus, the
connectivity of the network and the nonlinearity of the dynamics of an oscillator are of

interest. Specifically, the problem is formulated as follows.

Problem 5. Suppose a network of n coupled nonlinear oscillators (5.1) is given by

z = MP(|z|)z, zeC", MeC™",

(5.3)
D(7]) = diag(é(|1]), .-, 6(1]), @i Ry~ C,
T
with z := [21 o Zn:| . We look for the conditions on M and ¢ so that the state trajectories
of system (5.3) locally converge to the periodic solution
t) = yelWite) ¢ Cn,
Ct) ==~ (5.4)
vyeR,, weR;, ek"
with orbital stability. 0

5.2 Single Limit Cycle Design

5.2.1 An Equivalent Synchronization Problem

We proceed to address Problem 5 with only one limit cycle to stabilize. Before we linearize
the system and apply Floquet theory, we observe that a coordinate transformation helps

further simplifying the problem. Since our goal is for every state in z,
2k(t) = G = e/,
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where (i, ¢, are the k™" entry of ¢, ¢, respectively, this motivates us to consider the following

coordinate transformation
pr(t) == e—]'("-’t‘*‘sok)zk(t)'

It then can be easily seen that z converges to (j if and only if p converges to 7. Therefore
in the new coordinate, the objective is to synchronize all the states. To that end, we derive

the dynamics of p := (p1, p2,...,p,)" and the result is stated in the following lemma.

Lemma 15. Consider system (5.3) with target periodic solution (5.4) and Assumption 2.

Define

SL + jwl = U*M¥, V= diag(e’?) € C*™, (5.5)
where 0 is a real positive scalar, and consider the a system with dynamics given by

p = jw(®(|pl) — I)p + 6L&(|p))p, p <€ C" (5.6)

Then (5.4) is an orbitally stable limit cycle to the original system (5.3) if and only if p in

(5.6) converges to c1, where ¢ € C and |c| = 7. d
Proof. Consider a coordinate transformation on the original state variable z,
pr(t) == e T@HeR (1), ke,
In the matrix form
p = e ¥z,
where VU is defined in (5.6). We notice that p; and z; have identical magnitude, i.e.,

lpe| = |z] = |z| = |p|.
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Then,

p = e Nty — jwe Ity
= e U MO(|z))z — jwe T Uz
= (" MO(|z|)) (e ™"U*) z — jwe 7' z (since U*WU =)

=V MUP(|p|)p — jwp. (p = e ¥"W*z; &, U commute)

Substituting the expression in (5.5) for W*MW, we arrive at (5.6). The orbital stability
suggests that z, — ~vel@Hestee) for some constant phase shift .. This happens if and only

if p — ¢ with ¢ = yel%e, |

Remark 8. With Lemma 15, the previous coordination problem, where the states have
non-uniform phase on the target oscillation, has been converted to a synchronization prob-
lem, where the objective is the reach at a synchronized state (consensus) among oscillators

(agents). O

Remark 9. As shown in (5.6), the dynamical equation is partitioned into two parts. To
justify this partition, let us take a look at the dynamics of an agent,
P = je(é(Iprl) = Dk + 0> luad(Ipil)pi,
i=1
where [, is the (k,4)™ entry of L. The first component would admit a harmonic solution
with magnitude v and frequency w, but arbitrary phase, whereas the second part can be
treated as the coupling between agents, imposing a phase relationship across agents. In

addition, we put a ¢ in front to represent the coupling strength. O

5.2.2 Linearization

Lemma 15 gives an equivalent condition for the convergence to the target limit cycle of the
original system (5.3). Now we only need to consider the convergence of system (5.6) to the

synchronization subspace c1, where ¢ € C and |c| = 7. Further, the convergence is examined
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by a solution in that subspace, say 1. Since we need to embed 71 as a solution to the

system (5.6), the coupling matrix must satisfy

L1=0. (5.7)

The stability of the new target limit cycle v1 then can be determined by the linearization
around it. Define q as a slight perturbation to the system (5.6) around the target solution,

ie.,

q:=p-—~1. (5.8)

Then the dynamics of q will give us the linearization around the target solution. Before we
present the result, we propose a new notion in terms of stability for linear time-invariant

(LTT) systems.
Definition 3 (o-stability). Consider an LTI system
x =Ax, x € R"

The system is said to be o-stable if A € H,, where H, is the set of matrices with all the

eigenvalues in the open left half plane except for one at the origin. [l

With the definition of o-stability, we now state the result in the lemma below.

Lemma 16. Consider the system (5.6) with L and 0 defined in (5.5). Let Ly, Ly be the real
and imaginary part of L, respectively, i.e., Lr + jL; := L. An LTI system is constructed

upon Lg, L, 0, and £, where € is introduced in Assumption 2,

— A_ s X’ y -~ Rn, (59)
y y
Lr —L wl+d0L; 0
A=s| T T —ey T (5.10)
LI LR —(SLR 0
Then p orbitally converges to v1 if and only if the LTI system (5.9) is o-stable. O
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Proof. First, several approximations are useful for linearizing the system (5.6). Denote py

and g, k € I, as the k™ element of p and q, respectively. We have

k| = lax + 7] = V@ + 72 + 27 R[a]

2
~ v\ /1 4+ —R[qx] (Gxqx is a higher order term)
Y

1

~ (1 + —R[qx)) (first order approximation of /1 + x)
Y

=7 + Rax].

Then

¢(lpxl) =~ o (v + Rlgx])
~ ¢(v) + ¢ (7)R[qx] (first order approximation)

=1+ jeR[q]- (by Assumption 2)
Furthermore, using (5.7),

q=p = jw(®(|p|) — I)p + ILO(|p|)p
~ jw(je diag(R[q]))(q +~1)

+ 0 L(I + jediag(R[q]))(q + 1)

(5.11)

~ dLq + (jeyoL — eywl)R|[q].

Let x + jy := q. Finally the dynamics of q can further be written in terms of real variables
x and y, which is given in (5.9) with A defined in (5.10). Thus we conclude that p orbitally

converges to 71 if and only if the LTI system (5.9) is o-stable.

5.2.3 Sufficient Conditions

Notice that for the LTI system (5.9), the matrix A in (5.10) is jointly determined by -+,

w, &, 0, and the matrix L, among which v and w and prescribed by the target oscillation.
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Therefore, the stability conditions for (5.9) are supposed to be in terms of €, 4, and L.
The conditions further infer the stability of the original network of coupled oscillators (5.3).

Combining the previous results, we present several sufficient conditions as follows.

Theorem 10. Consider the network of coupled oscillators (5.3) with Assumption 2, and
define L and § as in (5.5). The system admits a periodic solution ¢ described in (5.4) if and

only if L1 = 0. Under this condition, ¢ is exponentially orbitally stable
(i) (Weak nonlinearity) if and only if L € H,, given that € > 0 is sufficiently small; or
(ii) (Weak coupling) if and only if R[L] € H,, given that 6 > 0 is sufficiently small; or
(7ii) (Decoupling) if and only if L € H,, given that L is real and € > 0;
where the set H, is defined in Definition 5. O

Proof. We first, derive the stability conditions for the LTI system (5.9). Let Q € R™*(»~1)
be such that 17Q = 0 and Q"Q = I. It can be shown, with constraint (5.7), that

AW = WA,

where A is defined in (5.10) and

—ewy 0 *
1 0 Q O
W= ; A= 0 0 =1,
01 0 @
0 0T
0
T:=QTAQ, Q= @

0 @

Then two eigenvalues of A are —cwy and 0, and hence o-stability holds if and only if T is

Hurwitz and € > 0. We proceed to explore the structure of 7. Define

D = QTLQ, DR +jD] =D.
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Substituting (5.10) for A in T'= QTAQ, we obtain that T is Hurwitz if and only if

w[+ (SD] 0
D =6D — ey
—0Dr 0
is Hurwitz, where
D Dr —D;
D; Dg

In the following argument, we show three conditions under which D is guaranteed to be

Hurwitz.

e If D is Hurwitz and ¢ is sufficiently small, then D is Hurwitz due to continuity. This

implies (i) due to Lemma 19.

e Rewrite D as

D=Dy+ D,
where
—yewl 0 Dy 0
DA— s @B:D—’)/E
0 0 —Dgr 0
Define
* On
V=0, L], Xi=
I,

Note that Y*D 4 X, = 0 and Y*DpX; = Dg. Applying Lemma 20, D is Hurwitz if Dg

is Hurwitz and § > 0 is sufficiently small, which is guaranteed if (7:) holds.

e [ being real means L; = 0, L = Lg. Further we have Dy = 0 and D = Dg. D then
becomes
0D —eywl 0
evo D oD

@:

Thus, D is Hurwitz if and only if D is Hurwitz and ¢ < 0, which is equivalent to (7).
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Having the conditions for the LTI system (5.9) to be o-stable, the rest of the proof readily

follows Lemma 15 and Lemma 16. [ |

Remark 10. Since ¢ is associated with the derivative of ¢ at the target amplitude by definition
in Assumption 2, the magnitude of ¢ represents how ‘strong’ the nonlinear effect can be. An
extreme case is € = 0, which means ¢ can be treated as a constant, more specifically, ¢ = 1,

around the target oscillation, rendering the system (5.3) linear. O

Remark 11. With the definition for the matrix L, (5.5), the network of coupled oscillators
(5.3) can be written as

G = jwo(|zi)z + 6 Y e PG (| 2kl 2, ik €, (5.12)

k=1

where £, is the (i,k)™ entry of L. Tt can be seen that J governs the coupling strength

between oscillators. O

Remark 12. Under condition (777), the LTI system (5.9) can be decoupled through a coordi-

nate transformation. To see this, let P be a permutation matrix such that

X T
£:P ) 5:: X1 Y1 .. Tp Yn
y

With L being real, the dynamical equation of & is given by

E=At, A=IQE+6LeDI®F),

—ewy 0 . 1 0 (5.13)

0 0 ey 1

FE =

The assembled dynamical system (5.13) can be decoupled into subsystems using master

stability analysis [PC98],
ék = (E+>\k5F)£k, Sk ERQ, k E]In,

where )\, is the k"™ eigenvalue of L. It can be shown that with condition (i), all the
subsystems are stabilized except for one converging to a constant, which corresponds to the

rigid body mode. O
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Figure 5.1: Stability with respect to the magnitude of . (@) € = 0.1, Alis o-stable; (p) e = 1, A

is unstable.

5.2.4 A Numerical Example

Example 10. Consider a network of three oscillators with target orbit ¢ = e/ *%) where
T

w=2rand ¢ = |0 7/3 27 /3] . We examine the relationship between the magnitude of

J, € and the stability of A defined in equation (5.10), also the stability of the network. First

we set
L=Lgr+jLy,
-1 0 1 -2 0 2
Lp=11 -2 1|, Lr=]|-1 -3 4
0 1 -1 1 7 -8

Then L € H,. The coupling matrix M is calculated through equation (5.5). In the first case,
0 is fixed to be 1. When € = 0.1, A is o-stable. A becomes unstable if we increase € to 1.

Simulations with two different values of ¢ is shown in Figure 5.1.
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Figure 5.2: Stability with respect to the magnitude of 4. (@) = 0.1, A is o-stable; (b) d = 1, A

is unstable.

Then we set

L=Lgr+jLy,
-1 0 1 -2 0 2
Lr=11 -2 1|, Li=]-2 5 -3
0 1 -1 6 4 —10

Note that R[L] € H, while [L] ¢ H,. In this case, ¢ is fixed to be 1. When 6 = 0.1, A is
o-stable. A becomes unstable if we increase § to 1. Simulations with two different values of

0 is shown in Figure 5.2. U

5.3 Multiple Limit Cycle Design

5.3.1 Limitation of the Single Limit Cycle Result

Suppose we want to embed multiple limit cycles into the coupled oscillator network (5.3).
For each oscillation profile of a limit cycle, the associated L matrix is defined by (5.5) which

we denote as Ly here. In addition, L; must satisfy the eigenstructure condition (5.7). This
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implies that, for the frequency and phase pair (wy, @) of the k'™ limit cycle, it holds that
Mel#er = jwkej“"k.

Moreover, the eigenvalues of L; associated with that limit cycle must lie in the open left
half plane except for a zero eigenvalue. This is equivalent to that M has all the eigenvalues
in the open left half plane except for one at jw;, which corresponds to the eigenvector e/#*.
This is not possible since every limit cycle would impose such condition. M would have as
many eigenvalues on the imaginary axis as the number of limit cycles. This contradicts the

conditions in Theorem 10.

5.3.2 Linearization Around Multiple Orbits

Knowing that converting to a synchronization problem would not help to solve the multiple
limit cycle problem, we backstep to the original coordinate, and attempt to solve a coordi-

nation problem instead. To that end, let us first assume there are m limit cycles given by

Ck — fyej(wkt‘ﬂpk) c (C”’

(5.14)
vyeR,, wpeR,, ¢reR" kel,.
Then for the &' limit cycle we define a new state variable
w = U,q, W, :=diag(e’?*), (5.15)

where q is the perturbation variable defined in (5.8). This implies w = e 7*!(z — (},). For
each limit cycle, w no longer seeks to synchronize. Unlike the dynamics of g given by (5.11),
the dynamics of w would depend on the oscillation profile of a specific limit cycle. The

following lemma states the dynamics in the w coordinate.

Lemma 17. Consider the network of coupled oscillators (5.3) with Assumption 2, and
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periodic functions (i, Vk € L, in (5.14). Define

Mgr —M;
MR+jM[I:M, Miz y
M; Mg
and
0 —I
K =M—-w,Z, T:= ,
I 0
COS Pk
€y =
sin g

Then z = (. is a solution to (5.3) if and only if

In this case, the linearization around z = ;. can be described as

Rw :
w = . W= e 9 (7 — (),
S{w]
where

o C := diag(cos ¢y),
e s (5.18)

7 Sy 1= diag(sin ¢y).

O

Proof. First, (5.16) is a direct implication from the zero eigenvalue constraint (5.7) and
Lemma 19. Then with the relationship between w and q, (5.15), and noting that ¥, =
Cy + 7Sk, we obtain

Rlq] = CpR[wW] + S, S[w].
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Thus using the dynamical equations of q, (5.11), and plugging in the relationship between

L and M, (5.5), we have
w=V,q
= (M — jwkI)W + jc":"YM(Ck + jSk>(Ck§R[W] + Sk%[w])
Using Lemma 19, we arrive at

R e [

S[w] 3([w]

Ck —Sk C]ﬁR[W] + Sk%[w]

+ evIM
St Ck 0
R[w] Ch R[w]
_ (M= ) +em |l e s
3w Sk Sw

— W= (Kj +eyIMG,)w.

Remark 13. Define Kj := M — jwil. Using Lemma 19, we see that

Kr —K;p ,
K = , Kr+jKp:= K.
K; Kp

Solving this equation for M in terms of K}, the original system (5.3) is now described as
z = jwp®(|z])z + K ®(|z|)z.

With K, = 0, this system is a set of uncoupled oscillators having a periodic solution z; =
velkt for all i € T,,, which is orbitally stable if 3[¢'(v)] > 0. Hence, K}, can be thought of

as the coupling matrix. O

5.3.3 Condition for Multi-Stability

The orbital stability of a specific limit cycle is guaranteed if the linearization around that

limit cycle leads to an o-stable system. In this section, we show that, with constraints
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on the eigenstructure of the coupling matrix M of the system (5.3) imposed jointly by
the oscillation profiles of the limit cycles, along with constraints on the nonlinearity of the
nonlinear oscillators, the system (5.3) is capable of exhibiting multiple limit cycles with

orbital stability ensured. We state the results first and provide the proof thereafter.

Theorem 11. Consider system (5.3) with Assumption 2. Let m target oscillations be given

by
Ck(t) = ’yej(WktJr(Pk) € (Cnu k € ]:[ma

where v,wr € Ry and @ € R™ are prescribed constants. Suppose the following holds.

(i) MV = VA, where

V = e]‘tol 6]992 . e.]cpm:| s

w1

%)

(ii) eig(M) \ {jwi} € OLHP;

(iii) € is positive and sufficiently small.
Then z = (., Vk € L, are orbitally stable limit cycles of system (5.3). O

Proof. Starting from Lemma 17, the linearized dynamics around each limit cycle are given
by (5.17) under condition (5.16), which is satisfied due to condition (7). Thus equivalently
we need to prove that the LTI system (5.17) is o-stable for all & € I,,,. Without loss of
generality, we prove the case of one of the limit cycles, and thereby drop the sub/superscript
k for simplicity. The dynamics of (5.17) can be divided into two parts, K and eyZMG.

The latter matrix can be regarded as a perturbation on K. We will first prove that all the

97



eigenvalues of K are either on the imaginary axis, or in the OLHP, and then argue that all
the eigenvalues on the imaginary axis, except for one at the origin, will be perturbed and

moved towards left by the effect of eyZMG.

First notice that Mv; = jw;v;, v; := % for all i € I,,,. Denote by u; the left eigenvalue

of M associated with jw;, that is,

* - * *
u, M = jwu;, uv,=1.

Also, we have
Kv; =j(w; —w)v;, K = j(w; —w)u,,

where K := M — jwl, and w is the frequency of the limit cycle of linearization. Immediately
it comes to our notice that M and M, also K and X can be related through Lemma 19.
Then

MV; = w;Vid, UM = wdUs,

5(\71 = ((JJi — w)ViH, UZIK = (Cdi — w)HUi,

for all 7 € I,,,, where

V; V.
Vi = ’ ’ - Can2,
_—sz‘ jvi_
u’  Ju’ j
U, := ; ZT € CQXQ", J:= e C?*2,
|u; —Ju; | —J

As can be seen, K has 2m eigenvalues on the imaginary axis which show up as conjugate pairs,
including two at the origin, and the corresponding left/right eigenvectors are well defined.
We shall then see how eyZMG is going to affect those eigenvalues of K on the imaginary

axis. First we consider the non-zero eigenvalues. Without loss of generality, we analyze one

Vi
eigenvalue of a conjugate pair, j(w; —w), with the associated right and left eigenvalue
—JVi
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and [uj juj] , respectively. In light of Lemma 20, the right and left eigenvectors, along
with the perturbation term, will altogether determine the direction the associated eigenvalue
moves towards given the perturbation is small. Thus, using the definition of G in (5.18), the

matrix

Ny = [u;‘ juj} eyIMG

—jv;
o [u: juﬂ wz | ¢ [C S V
—jvi
- C-'- ] v;
:jgw”y[u;* juﬂ I 0 g -C S‘ —JVv

= —ew;yu; (C + 5S)(C — 5S)v;
= —Ew;YU;V;

= TEwiY

decides how the eigenvalue j(w; — w) is perturbed if ¢ is sufficiently small. N; has to be
negative if we are to move the eigenvalue to the left of the imaginary axis. By definition, w;
and 7 are positive numbers. Therefore, the condition boils down to simply € > 0. The same

conclusion is valid for its complex conjugate j(w — w;).

We then consider the two zero eigenvalues. Since the zero eigenvalue is repeated, all the
associated eigenvector should be incorporated in the analysis. Denote by v, and u, the right

and left eigenvectors of M corresponding to jw, respectively. lLe.,

Mv, = jwv,, Vv,:=el®.
* s * * —
u, M = joul, uiv, = 1.

o

Therefore, by Lemma 19, we arrive at

MV, = wIV,, UM = U7,
KV, = 0, UK =0,
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Then the matrix

N, =U,eyIMGYV, = ey UMLIGV, = —ewyU,GV,

ey, |© (e s]|”

S s ¢ (5.19)
| ewy 0
N 0 0

needs to have all the eigenvalues on the OLHP except for a zero. This is accomplished by

e > 0.

A similar deduction would yield where the eigenvalues of X, other than those on the
imaginary axis, are located. Consider an eigenvalue of M, A, in the OLHP. Then \ — jw
would be an eigenvalue of K. Further, X will have A — jw and A + jw as its eigenvalues,
which are also in the OLHP. They will remain in the OLHP under small perturbation due

to continuity.

As such, we have proved that X is o-stable, and this holds for all limit cycles. Then this

theorem is concluded due to Lemma 17. [ |

Remark 14. The results of Theorem 11 actually resemble those of a linear system. Let us
consider the case where the nonlinearity is removed. Then the corresponding linear system

is described by
z= Mz, ze(C', MeC™™.

This linear system exhibits exactly m oscillatory modes Ci(t) = Fe/@st+#x) if and only if

condition (7) and (7)) in Theorem 11 hold for all k& € I,,, where 4 is dependent on the

100



initial conditions. Two issues would emerge without the nonlinearity term. One is that the
amplitude of the oscillation is undetermined, while the other issue being all modes are not
orbitally stable. That means the state of the linear system converges to a superposition of
several oscillatory modes, with amplitude depending on the initial conditions. With the aid

of the nonlinear dynamics, we manage to fix the amplitude and stabilize the orbit. 0

5.3.4 A Numerical Example

Example 11. Let us take a look at a simple design example as shown in Figure 5.3. A

network is consist of 3 oscillators and admits 2 limit cycles. The amplitude of the oscillations
is set uniformly to be v = 1. The two phase profiles are

T T

P1 = [0 0 0} y P2 = [O /3 2#/3]

And the frequencies are chosen to be

CU1:27T, Wy = Tr.

First V is given by V = [eﬂpl d"m}, and A = jdiag(w;,ws). Let U be the orthogonal
complement of V and define T' := [V U}. Let Q = jdiag(A, \) where A € C can be
any complex number with negative real part. Here we choose A\ = —2 4 j1. Finally, M is

constructed by M = TQT ™", which yields

0.69 +j3.97 0.97450.92 —1.66+ j1.39
M=|132+3225 —1.20+j2.49 —0.12+ j1.55
1.26 4+ 50.70  0.23+ j1.62 —1.49 + j3.97

The weights of the coupling between two oscillators are decided by the matrix M. Figure 5.4

illustrates the two orbitally stable limit cycles this network admits.
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Figure 5.3: An example of a network with 3 oscillators.

IERYATA

T3 T3

0 2 4 6 0 2 4 6
time (s) time (s)

(@) (b)

Figure 5.4: Two limit cycles of the network depicted in Figure 5.3 depending on the initial condition.
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5.4 Distributed Network

The design procedures for the oscillator networks in the previous sections do not impose any
constraints on the connectivity of the oscillators. Hence the network is unstructured. How-
ever it is not always possible to specify the communication between the oscillators arbitrarily.
Or, sometimes it is preferable to have the connectivity in a certain form than another. We
thereby discuss the design of a distributed network in this section. In the formulation (5.3),
the connectivity of the network is determined by the coupling matrix M. Thus the design

problem with connectivity constraints boils down to designing a network with structured M.

5.4.1 Single Limit Cycle

It is straightforward to find the conditions for distributed network with one limit cycle based
on Theorem 10. Since the network can be written in the form of (5.12), it is immediately
noticed that L determines the topology of the network. A critical design constraint on L is
the diffusive coupling (5.7). This coincides with the property of a Laplacian matrix in graph
theory. Suppose the topology of the network is represented by a connected directed graph
G(V, &), with vertices V, edges £ C V x V, weights a;;, and associated Laplacian matrix
L. L is known to have a zero eigenvalue and corresponding eigenvector 1, i.e., L1 = 0.
Moreover, L belongs to the set H,, which is a necessary condition in statement (i) and (i)
of Theorem 10, if and only if the directed graph contains a spanning tree with nonnegative
weights [RB05, Lemma 3.3]. The definition of a spanning tree and the proof of the statement

is referred to [LLI17, Lemma 4].

Example 12. An example is illustrated in Figure 5.5(a). There are four vertices in the

network. The red edges along with the vertices connected form a spanning tree with vertex
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oo =
0 2 4 6
4) time (s)

Figure 5.5: Spanning tree structure.

1 being the root. The Laplacian is given by

-1 0 1 0

1 -1 0 0
I —

1 0O -1 0

-
We consider a target limit cycle with phase ¢ = |0 = /3 27/3 W] , frequency w = 27 and
amplitude v = 1. The coupling matrix M is obtained through equation (5.5) where we set

d = 1. Figure 5.5(b) shows the simulation result.
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5.4.2 Network Design via Eigenstructure Assignment

We rely on a result in [WI17] for the multiple limit cycle design. In [WI17], a strategy to
design a distributed feedback controller to achieve pattern formation of a group of linear

systems via eigenstructure assignment is proposed.

Consider n LTT plants
X, = Apxp + Bkuk, kel,.

Suppose A is a known square matrix with eigenvalues in the closed right half plane. For each

k € 1,,, we are given a matrix X, and the matrix U which satisfies
Ar Xy + BiU, = XiA.
Then K and J, are chosen such that the matrix
Q= A + B Ky — X Ji,
is Hurwitz. Further, a matrix Ny is calculated such that
AN, — NiQy = Ji..
Finally, the matrix I'j, is formed to be
Uy = |NyBy I— N Xp|-

Let IL be the set of real Laplacian matrices for digraphs containing a spanning tree with
positive weights. That is, L € L if and only if L has the following properties: 1) the row
sum is equal to zero, 2) all the off-diagonal entries are nonpositive, and 3) at least one of
the cofactors is nonzero. Let Ly be the set of L € L such that the smallest real-part of the

nonzero eigenvalues of L is greater than the largest real part of the eigenvalues of A.
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Consider the distributed control
v=-Ln, L:=L®IL, Lecl,,

Nk I N, 00
w| = |U| &+ | Ki| ke — X&) + | I 0| Tivee
& A i 0 I

The closed-loop system is given by

X X
3 3
A+ BK — BGLN B(U— KX) — BGL(I — NX)
J— HLN A—JX— HL(I — NX)

where A, B, K, J, N, U, X, A, G and H are block diagonal matrices with Ay, By, Ky,
Ji, N, Ug, Xk, A\, Gy and Hj on the diagonal, respectively, and G and Hy are defined by
Tl = col(Gy, Hy).

Define X := col(Xy,...,X,), J == col(L,...,I,), and V := col(X,]). Suppose that

(X, A) is observable, and I'y has a full row rank. Then the system satisfies
MYV =VA, eig(M)\ eig(A) c C_.
where M is the coefficient matrix of the above closed-loop system, and we note that

L] =0, AJ=JA, U =U, XJ=X.

As can be seen, we managed to assign the desired eigenstructure onto the coefficient
matrix M under a topological constraint described by L. We apply this design strategy to
our network of coupled oscillators by extending the result to the case where the matrices are

relaxed to be complex-valued. The result for eigenstructure assignment is stated below.

Lemma 18. Consider
K —-XLN XA —-KX—-XL(I —NX)
J—LN A—JX —L(I — NX)

L:=L&I, LEcl,,
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where K, J,N, and X are block diagonal complexr matrices with Ky, Jy, Ng, and Xy, for
k €1, on the diagonal, respectively, /\ is the block diagonal complex matriz with A repeated
n times on the diagonal, and L is an n x n real matriz. Suppose A € C™*™ is a matriz with
eigenvalues in the closed right half plane, QU := Ky — XpJi has all eigenvalues in the open
left half plane, and ANy — Ny = Ji. Define X := col(Xy,..., Xy), J == col(Lp,. .., In),
and V := col(X,]). Then we have

MYV =7VA, eig(M)\ eig(A) C C_.

O
Proof. First, MV = VA can be verified through direct calculations by noting that L] =
0,X] = X, and AJ = JA. Next consider the similarity transformation
I —X I-XN X K—-XJ 0
M = , (5.20)

N I—-NX —-N 1 * A—=2L

where * indicates the immaterial entry. From the proof of Lemma 6 in [WT117], the eigenvalues
of A — L are give by A\; — p; where \;,i € I,, and p;,j € I, are eigenvalues of A € C™*™
and L € R™*" respectively. Since L € LL,, it has an eigenvalue at the origin (u, = 0), and

the other eigenvalues satisfy R(u;) > R(\;) for all j € I,,_; and ¢ € I,,,. |
Remark 15. The result essentially follows from Corollary 1 of [WI17] as a special case where

A, =0, Bpy=1,

However, the above choice of col(Gy, Hy) is not exactly aligned with FL in Corollary 1 of
[WI17] since it is a pseudo-inverse but not necessarily the Moore-Penrose inverse. Also,
the matrices in Lemma 18 are complex while those in Corollary 1 of [WI17] are real. The
above proof justifies the statement in Lemma 18, and Corollary 1 of [WI17] provided the

construction of M. O
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5.4.3 Multiple Limit Cycles

For the network of coupled oscillators design with m limit cycles, we choose A = j) with
Q) being the diagonal matrix with frequencies wy, k € I,,, on the diagonal. For simplicity,
x may be chosen to be a scalar variable, and (part of) the stability condition is a scalar
inequality K} < X;Ji, where X}, is an m dimensional row vector specifying the phase of the

k™ segmental oscillator for each of the m limit cycles: Xy, = e/%* g € I,.

Theorem 12. Given m target oscillations
¢i(t) = yelWitted e €, e,

where v,w; € Ry and ¢; € R™ are prescribed constants. Consider a network of n segmental
oscillators whose dynamics is characterized by

Xk = Pk¢>(]xk\)xk, X, € Cm+l,

P, € Cmtxm+) e
where ®(-) is defined in (5.3) with condition (5.2). Suppose the connectivity between the

segmental oscillators is given by the Laplacian L € R™™. Then the dynamics of the network

can be captured by

X, = P2(x)xk — > uQu(xi|)xi, k1€, (5.21)

=1
where Cy is the (k, 1)™ entry of L, and Qi € CI*DXm+1) ys the additional interactive matrix
between the segmental oscillators. Define E to be the m x m matriz whose (i, k)™ entry is

given by
Ey, = % 0kim) g ke 1,,.
Then it can be verified that E*E = ml. Let x; be partitioned into
T
X =: |:xk 5—};] , T € (C, ék - Cm,
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and define

T
zZ = [ml,...,xn} .

Then the network has m limit cycles, on which z converges to ;,t € 1, if P and Qy are

constructed as

(K. XA — KX
P —E k k kN E_l,
Je  A—J. X
X, .
Qu=-E M}I—MX;E,
I

respectively, where
E :=diag(I, E), A :=jdiag(ws,...,w,) € Cm™m;
X, € CY™ s the k™ row of
X = [ej"’l oLoedem
K, € C, J, € C™ are such that
Q= K, — XiJy
ts Hurwitz; N; € C™ is determined by the Sylvester equation

ANl — NZQZ = Jl.

(5.22)

O

Proof. With the above partition of x; and choices of Py, Qy;, each segmental oscillator can

be written as

Ty, K Xph — Ky X | _ | o(lzw])
=k E
)

£ J. A= X, O(|&x|
" Xk é(
- Zl:l gklE Nl I — Nle E71 y
I (
kel,.
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Defining x = col(xy) and & = col(&), we have

b'e O(|x])x
—A C A=FMF™,

3 o(l€1)¢€
K —-—XLN XA —-KX—-XL(I —NX)
J—LN A—JX —L(I — NX)
where £ == L ® I,, F = diag(/,E,...,FE) with E repeated n times on the diagonal,
K, J, N, and X are block diagonal complex matrices with K}, Ji., Ni, and X, for k € I,, on
the diagonal, respectively, A is the block diagonal complex matrix with A repeated n times
on the diagonal. Application of Lemma 18 gives the eigenstructure of M. Since A is related

to M by a similarity transformation, we have
AW =WA, W =col(X,E,...,E).

Thus all entries of W have magnitude one while the eigenvalues are preserved. At last,

applying Theorem 11, the proof is completed. [

Remark 16. Note that the network has the distributed structure specified by the directed
graph associated with the Laplacian matrix L. Each decoupled subsystem admits a decom-
position similar to (5.20) — just set £ = 0 and add subscript k, indicating that the eigen-
values are from Ky — X;J, and A, with the eigenvectors for the latter given by col(Xy, F).
Each segmental oscillator has multiple stable limit cycles specified by z, = e/@it*+%%i) and
& = E;,i € 1,,, where E; is the i column of E. Notice that £ E; = e;, where ¢; is the
ith column of the identity matrix 7. That is, under a coordinate transformation E, the ‘"
auxiliary oscillator of a segmental oscillator is activated, and others are at rest. This holds

true for every segmental oscillator. 0
Based on Theorem 12, we provide Algorithm 1 for designing a distributed network with

multiple limit cycles.

Remark 17. In the event that the number of limit cycle m is 1, A = jw and X, = /#* k €1,

reduce to scalars, where ¢y, is the k™ entry of ¢. It is then possible to choose Kj, = A for all
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Algorithm 1: Construct a distributed network with multiple limit cycles

Input : m target oscillations
Gi(t) =yt e C i€ Ly,

and graph Laplacian L.
Output: A network composed of n segmental oscillators, each of which has m + 1

dimensional state.

1 construct X := |eiP1 . ejsom], let X, € C'*™ k €1, be the k" row of X;

2 construct A := jdiag(wy,...,wn);

3 for k €1, do

4 choose K}, and Ji, such that Q := K, — X J; is Hurwitz;

5 calculate N by solving the Sylvester equation AN, — NpQp = Ji;
6 end for

7 for k.l €1, do

8 construct P, and Q) as in (5.22);

9 end for

10 construct the oscillator network as in (5.21);
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k € 1, so that Xy A — K}, X}, = 0 and N, such that 1 — N, X; = 0, and thereby z;, is decoupled
from &;. In this case the dynamics of x; is given by
iy, = jwd(|zrl)ze + Y lue? PTG (|ay)ay, 1€,
=1

This is aligned with the statement (7ii) of Theorem 10 since L € R™*™. O

Remark 18. If the oscillators are to be synchronized, and we choose J, = 0, M = 0 for all

k € I,,, the network becomes

X K X(A—=XL)—KX| |®(x])x

3 0 AL d(l€))E

We can see that the dynamics of £ is decoupled from x. Furthermore, since K is diagonal,

there is no direct communication between x; and xy, where i,k € I, and i # k. O

5.5 Example: Human (Gaits Generator

In this section we demonstrate a design example following Algorithm 1. We obtained human
motion data from [GEB20], which contains the kinematic data for the hip joint, knee joint,
and ankle joint for both legs during a period of human motion. Here we pick two sets of gait
data, one for running at 2.6 m/s, another walking at 1.6 m/s. The original data is shown in
Figure 5.6.

Let w be the frequency of a joint angle y(t). The Fourier coefficients ¢; € C,1 = 1,2, ...

for y(t) are obtained using Fast Fourier Transform (FFT) such that

y(t) = Z %[CZCZ]’

where ¢ := e/*t. We define the phase of this signal ¢ by the phase of its first-order coefficient

(1,

p = L.
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Figure 5.6: Two gaits. (a) running at 2.6 m/s; (b) walking at 1.6 m/s.

Then in order to obtain the coefficients for the signal with zero phase, we scale the coefficients
as follows:
~ 1N
a=c(—).
1= af ” )
Note that the new first-order coefficient ¢; = |¢;| has zero phase.

Since there are 6 signals of interest, we place 6 segmental oscillators. In each segmental
oscillator, the number of auxiliary oscillators is decided by the number of limit cycles (gaits),
which is 2. The topology follows the skeleton of human legs. Figure 5.7 illustrates the

structure of the oscillator network. The Laplacian associated with the graph in Figure 5.7

is given by
1 -1 0 0 0 O
-1 2 -1 0 0 0
o -1 2 -1 0 0
L =
0o 0 -1 2 -1 0
o 0 0 -1 2 -1
0
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Figure 5.7: The network to produce human motion data.

We set the phase of the segmental oscillator corresponding to the left hip joint to be
0. The phase of other segmental oscillators are the difference between the phase of the
corresponding joint and that of the left hip joint. Note that we assume the human leg
motion is symmetric between left and right legs, so that the phase of a joint of the right
leg is out of phase of the corresponding left joint. The connectivity is designed based on
Algorithm 1, where we choose K; = —10, J, = [1 1]T for all £ € I,,. Figure 5.8 shows
the convergence to different gaits starting from different initial condition. For the gait of

T
running at 2.6km/s, x := [g;l o x6} is illustrated in Figure 5.9.

The transition between two gaits can be achieved by perturbing the state x at some time
point. This is demonstrated in Figure 5.10(a). To better show the transition, we inspect the

auxiliary oscillators in the first segmental oscillator as shown in Figure 5.10(b).
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Figure 5.8: Oscillator networks converge to two gaits. (a) running at 2.6 m/s; (b) walking at 1.6

m/s.
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Figure 5.10: The transition between two gaits. (a) the output; (b) the auxiliary oscillators in the

first segmental oscillator.
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CHAPTER 6

Conclusion

We considered the distributed control synthesis for a class of continuous time, finite dimen-
sional, linear time-invariant systems with local measurements and actuation in Chapter 2.
We proposed a controller architecture in which the individual control unit takes partial
measurements of the plant and exert on part of the plant, and the control units are intercon-
nected by a strongly connected directed graph. We showed the distributed controller can be
parametrized based on a centralized controller and the graph Laplacian so that the input-
output mapping converges to that of the centralized controller in the sense of system norms
with sufficiently large coupling strength between control units. Likewise, the closed-loop per-
formance with the distributed controller is proved to be arbitrarily close to its centralized
counterpart. We then applied our methods to a wide variety of classical control problems
including observer, LQG control. Next, we showed how to reduce the communication be-
tween control units over network by formulating an iterative convex programming with LMI

constraints.

In addition to the application to stabilizing control, we investigated the distributed con-
trol for eigenstructure assignment problems in Chapter 3. It was shown that the eigenstruc-
ture condition as well as the stability requirement can be met with a finite coupling strength.
We proceeded to specialize our result to multi-agent systems with spatially distributed struc-
ture and local observability. By exploring the structure of multi-agent systems, we gave an
observer based distributed controller for which local observers process local measurements

and the information exchange only happens between the internal model of each control unit.
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Then, by replacing the internal model by a nonlinear oscillator network, the potential of
nonlinear control to achieve pattern formation was illustrated by a numerical example in

which the oscillation amplitudes are stabilized.

Inspired by the numerical example with nonlinear oscillator network as the pattern gener-
ator, we modeled a network of linearly coupled oscillators in Chapter 4. We first formulated
the general design problem of a dynamical system which embeds stable limit cycle(s) with
desired attributes, such as frequency, amplitude, and phase. Then we provided an approach
to capture the shape of a limit cycle by applying Fourier series on a sinusoidal signal with a
frequency of the limit cycle. Next we considered specializing our dynamical system to be a
network of coupled oscillators. To that end, we generalized the AHO and propose a nonlinear
oscillator with a scalar complex variable z. A condition was derived for the complex oscilla-
tor to have a harmonic solution z = ye/** to which local convergence is guaranteed. We have
shown how to embed multiple limit cycles into a single complex oscillator with a theoretical
guarantee for local orbital stability. The use of the complex state variables makes it easy to
produce arbitrary, not necessarily sinusoidal, periodic signals by simply defining the outputs
as polynomials with Fourier coefficients. The oscillator contains a static nonlinearity ¢(|z|),
and its crossing of the imaginary axis determines the frequency w and amplitude v. We then
constructed a general network of complex oscillators coupled through a constant intercon-
nection matrix M, and analyzed orbital stability of a targeted limit cycle via linearization
around the orbit. We provided a condition on the coupling matrix M and the nonlinearity
of the oscillator ¢ such that the oscillator network achieves desired coordination. It was
shown that the stability is guaranteed by a property of the eigenvalues of the coupling ma-
trix. Moreover, we showed that multiple stable limit cycles can be embedded in the network
of coupled complex oscillators, under a linear independence condition on the target phases,
which appears to be generically satisfied. Numerical examples illustrated the single complex

oscillator as well as their networks.

In Chapter 5, we considered the network of nonlinearly coupled oscillators with multiple
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limit cycles to overcome the limitations of the model in Chapter 4. We first derived the
conditions on the stability of single limit cycle to be embedded in the oscillator network, and
showed the equivalence between this problem and a synchronization problem. We exploited
Floquet theory for local stability and linearization was performed near the desired limit cycle.
We gave a necessary and sufficient condition for the stability. Further with some assumptions
on the coupling matrix, we also provided some sufficient conditions for these special cases.
The results was illustrated by a numerical simulation. We then extended the development
to multiple limit cycle case. We started by explaining where the difficulty lies for this case
compared to the single limit cycle case, and formulated a coordination problem instead of
a synchronization problem. The same linearization technique was applied with respect to
every limit cycle. Then we derived the conditions under which every linearized system is
stable. Upon this we gave a sufficient condition for the stability of the coupled oscillator
network. An example with multiple limit cycles as an application of this theoretical result
was demonstrated. We also considered structured design in the event that some topological
constraints are imposed on the interconnection of oscillators. We handled this by introducing
augmented network with extra oscillators to form coupled segmental oscillators. That is, the
network is composed of subsystems each consisting of multiple oscillators. We showed that
we were able to achieve the design goal with the augmented network under the presence of
the topological constraints. A comprehensive design example was given in the end where
we are to reproduce the human locomotion data using our oscillator network. The spatial
relationship between the joints of human legs naturally imposes some topological constraints
on the connectivity of the oscillators. We showed how we can achieve two different gaits by

one oscillator network under the connectivity constraints.
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APPENDIX A

Lemmas

Lemma 19. Let complex matrices A, B, and C be given. Define real matrices A, B, and C
by

Ar —A;
A= , Arp+jAr = A, (A.1)
Ar Ar

and similarly for B and C. Then
AB=C & AB=C¢C, (A.2)

holds, provided the matrix dimensions are such that the equations are well defined. Moreover,

2 rank(A) = rank(A), eig(A) Ueig(A) = eig(A)

hold, where A is assumed square for the latter equality, and eig(-) denotes the set of eigen-

values. O

Proof. The equivalence (A.2) follows from a direct calculation. Define the function F as the
operation to obtain A from A as in (A.1), ie. A = F(A). Consider the case where A is

n x n square and note that, for A € C and v € C",
Av=Xv & AV =7VA,

where V := F(v) and A := F()\) are matrices with two columns. It can readily be verified that
the eigenvalues of A are A and )\, and the two columns of matrix V are linearly independent

whenever v # 0 since VI'V = ||v||?I. Hence, A € C is an eigenvalue of A if and only if A and
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\ are eigenvalues of A. To show the rank property, consider the case where the dimensions
of A are arbitrary. Noting that ATA = F(AA), we see that the singular values of A are also
those of A, repeated twice. Thus, the rank of A is r if and only if the rank of A is2r. N

Lemma 20. Given A and B € R™", let M(c) = A+ B where ¢ € R. Assume A has a
semisimple eigenvalue \g = jw,w € R with multiplicity r, i.e., there are nonsingular matrices

X = [Xl XQ] Y = [YI YQ} e C™™ with X1,Y; € C™" such that

A IT 07" n—r
V*AX — 0 x( )

O(n—r)><7’ A22
Y*X =1, Ao & eig(Aaz).

Let A\i(g),..., () be continuous functions R — C parametrizing r eigenvalues of M)

with A\ (0) = --- = X\.(0) = Xg. Then

R[Ai(e)] <0 holds when e > 0 is sufficiently small
for allt e {1,...,r} if and only if

V = Y;BX,

is Hurwitz [OWSS)]. O
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