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SUMMARY

The presented habilitation treatise takes the form of a collection of selected journal and conference
papers published by the applicant in the recent five years. The unifying theme of distributed cooperative
control can be seen as a common thread tying the whole collection together. Taken together, these
present an author’s contribution towards the current state-of-the-art in cooperative control. They bring
interesting novel theoretical results and compelling applications, as well as open potential avenues of
future research. In particular, the first chapters describe theoretical results for homogeneous agents’
state synchronization and heterogeneous agent output synchronization. The following two chapters
bring some applications to a compelling problem of distributed estimation and control, with specific
focus on, but not limited to, distributed vibration reduction. Final chapter considers adaptation to yield
completely distributed synchronization protocols.

A concise exposition of related recent results in distributed control of homogeneous agents, in
Chapter 1, provides a wider framework for two immediate sequels. First of these, Chapter 2, brings
technical details on state synchronization of homogeneous agents using static output-feedback. The
following Chapter 3, on the other hand, extends the synchronizing region methods by considering
communication delays. The fourth chapter, in contrast, considers general heterogeneous agents;
providing conditions for output-synchronization and an L,-bound in case of disturbances acting on the
system. Building further on the revealed necessary and sufficient single-agents’ conditions required for
this, the fifth chapter casts output-synchronization and disturbance suppression in the form of graphical
games.

On the applied side, Chapter 6 proposes networked observers that distributively fuse plant’s
estimates for control of large linear-time-invariant plants. If several measurements of differing reliability
are available, one can further attempt sensor fusion, as discussed in Chapter 7. This then ideally
improves on even the most precise measurements. The final Chapter 8 investigates adaptive consensus
protocols, replacing the only remaining centralized piece of information required in the synchronizing
region-based designs with dynamic adaptation. These results are applicable, in principle, to all
synchronizing region based designs, which, in turn, makes them all fully distributed.



SOUHRN

Prezentovany habilitacni spis ma formu souboru vybranych casopiseckych a konferencnich ¢lanka, které
uchazec publikoval v poslednich péti letech. Jednotici téma distribuovaného kooperativniho fizeni Ize
povaZzovat za spolecnou nit spojujici celou sbirku dohromady. Tyto ¢lanky predstavuji pfispévek autora k
soucasnému stavu poznani v kooperativnim fizeni. Pfinaseji zajimavé nové teoretické vysledky a slibné
aplikace, stejné jako oteviené moznosti budouciho vyzkumu. Zejména prvni kapitoly popisuji teoretické
vysledky pro synchronizaci stavu homogennich agent(l a synchronizaci vystupu heterogennich agentd.
Nasledujici dvé kapitoly pfinaseji nékteré aplikace k dlleZitému problému distribuovaného odhadu a
fizeni se zvlastnim zamérenim na distribuované snizeni vibraci. Zavére¢na kapitola se zabyva adaptivnimi
protokoly, které ptinadsi Uplnou distribuovanou synchronizaci.

Strucné predstaveni souvisejicich nedavnych vysledkl v distribuovaném Ffizeni homogennich
agentl v kapitole 1 poskytuje Sirsi rdmec pro dvé nasledujici kapitoly. Prvni z nich, kapitola 2, pfinasi
technické detaily o synchronizaci stavu homogennich agentl pomoci statické vystupni zpétné vazby.
Nasledujici kapitola 3 na druhé strané rozsifuje metody synchronizacni oblasti o zahrnuti komunikacnich
zpozdéni. Ctvrtd kapitola se naopak vénuje vieobecnym heterogennim agentim a pFedstavuje
podminky pro vystupni synchronizaci a potlaceni poruch plsobicich na systém. Pata kapitola na zakladé
odhalenych nezbytnych a postacujicich podminek ukazuje synchronizaci vystupl a potlaceni poruch v
podobé grafickych her.

V souvislosti s aplikacemi kapitola 6 navrhuje sitové pozorovatele, ktefi slu¢uji odhady stavi pfi
fizeni velkych lineadrnich ¢asové invariantnich systémi. Pokud je k dispozici nékolik méfeni rozdilné
spolehlivosti, Ize se pokusit o fuzi senzord, jak je uvedeno v kapitole 7. Tim lze zlepsit i nejpfesné;jsi
méreni. Zavérecna kapitola 8 zkouma protokoly adaptivniho konsenzu nahrazenim jediného zbyvajiciho
centralizovaného poZadovaného udaje v ndvrzich zaloZenych na synchronizaéni oblasti dynamickou
adaptaci. Vysledky jsou v zasadé pouzitelné pro vSechny navrhy zaloZené na synchronizacni oblasti, které
tak vSechny délaji pIné distribuované.
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INTRODUCTION

This treatise brings an overview of some recent advanced methods and results in distributed
cooperative control. Classical control theory has a number of well-studied and time-proven design
concepts; such as optimal control theory, the Internal Model Principle (IMP), H., control for disturbances
and the related game theoretic formulations. These were all originally applied to a system or a plantin a
way which in hindsight we would now call centralized. With the growth in available computational
power and a steady decrease in computer size and price, it became possible first to decentralize the
controllers, and more recently to make them cooperate in a distributed manner. Surprisingly enough,
the classical centralized theoretical concepts found their novel applications in this distributed domain as
well, often in less-than-straightforward ways. Their familiar well-documented properties are since
recently made to apply to autonomous single-agents, rather than the multi-agent system as a whole,
allowing for designs which elegantly solve some of the canonical distributed control problems. This
treatise particularly addresses the state synchronization problem for identical agents using distributed
state and output-feedback, and the output synchronization problem for heterogeneous agents using
distributed output-feedback, possibly under the effect of disturbances. Game theoretic formulations of
N-player graphical games for state or output synchronization are mentioned together with their 2N-
player H,, counterparts, mirroring classical 2-player H,, game concepts.

A concise exposition of related recent results in distributed control of homogeneous agents is given
first, providing a wider framework for two specific developments highlighted in the immediate sequels.
This part originally appears published as a chapter in the book Control of Complex System; Theory and
Applications, edited by Sarangapani Jaganathan and Kyriakos Vamvoudakis, in 2016. It specifically covers
various applications of the fruitful synchronizing region method to problems encountered in analysis and
design of distributed cooperative control. The synchronizing region method, in particular, relies heavily
on conventional optimal control results and their more sofisticated variants, as well as on the classical
Lyapunov stability theory. It, ideally, decouples the single-agent controller design from detailed
properties of the communication graph topology. Two chapters following immediately bring specific
technical results covered only briefly in this introductory general overview.

First of these, originally published in Elsevier’s Automatica, (IF: 6.126, the main IFAC journal), in
2015, brings technical details on application of the synchronizing region method to state synchronization
of homogeneous agents using static output-feedback. Restricting the choice of feedback to outputs only
brings additional difficulties for the cooperative control design, as well as it somewhat restricts the type
of graph topologies that allow for synchronization in the considered manner. The benefit, however, is a
simple, time-invariant feedback guaranteeing distributed state synchronization and a finite H,, bound in
presence of unmodelled disturbances. Developments of this chapter build on the earlier work on
optimal output-feedback control and extend conventional results on distributed state-feedback to
output-feedback settings. Specific contributions brought in the original paper are that the restrictive
conditions in previously existing literature are removed to provide synchronizing controls for the general
static output-feedback case, including non-passive systems and systems not satisfying any simplifying
rank conditions. Applications are made to globally optimal designs including bounded L, gain
synchronization, zero-sum games Nash equilibrium, and globally optimal control. Two similar conditions



on the local output measurement matrix and the global graph Laplacian are given that reveal the
symmetry between local information restrictions due to output-feedback and global information
restrictions due to the graph topology. A new class of digraphs is defined that satisfy this global
condition. The structure of the guaranteed synchronization region for static output-feedback is studied
and found to be a conical sector, not a right-half plane as found for the full state-feedback. A numerical
example is provided that shows the applicability of these results in a case where previously existing
results cannot be applied.

The following chapter, originally published in Elsevier’s Journal of the Franklin Institute, (IF: 3.567),
in 2015, takes into account communication time-delays which are realistically unavoidable in real-world
distributed systems. It proves to be possible, using Razuminkhin-Lyapunov stability analysis, to apply the
spirit of synchronizing region methods to systems with uniform time-delays, yielding delay dependent
synchronizing regions that restrict the time-delay as well as the graph topologies allowing for
synchronization. In particular, the delay-dependent synchronizing region is found to be bounded and
shrinking with the growing time-delay. These results are applicable, in principle, to all distributed control
cases analyzed originally as delay-free. Moreover, they reduce naturally to the familiar delay-free results
when the bound on the delay is pushed to zero. Therefore, albeit somewhat conservative, results
elaborated in this chapter present a natural extension of the conventional and more familiar
synchronizing region concepts. As its first original contribution, this chapter brings together Razumikhin
stability analysis and distributed cooperative control to extend the classical synchronizing region
approach of delay-free distributed control to delay-dependent synchronizing regions applicable to
agents with uniform control delay. The delay-dependent synchronizing region reduces effects of the
communication graph topology to robust stability of a single-agent closed-loop system with delayed
feedback. This concept first appeared in the context of oscillator synchronization. However, in contrast
to earlier results, the approach proposed in this chapter accounts for realistic controllability properties
of single-agents and provides a connection and comparison between the delay-free distributed feedback
design and the familiar case of non-zero delays. Moreover, this chapter extends results on delays for
cooperative control reported previously in the literature to LTI agents on directed graphs, and
conventional synchronization results to the case of uniform delays. In contrast to earlier results, here
are considered general directed, albeit constant, graph topologies and stability conditions are derived
depending on single-agent system properties. Hence, stability analysis is scalable and does not involve
considering the entire multi-agent system. The price to pay for that is the requirement to restrict one’s
attention to identical agents with uniform time-delays. As a second contribution, qualitative properties
of delay-dependent synchronizing region, characterizing robust stability, are addressed. It is found that
for non-zero delays the guaranteed delay-dependent synchronizing region is inherently bounded.
Therefore one has a situation akin to discrete-time synchronization, and its bounded synchronizing
region, elaborated in earlier work of the author. The nature of this sufficient condition is qualitatively
similar to other results in the literature which give necessary and sufficient conditions for single-
integrator consensus under delays. One finds here also the already mentioned tradeoff between fast
synchronization and robustness to delays. A static cooperative synchronization control design procedure
is given based on the guaranteed delay-dependent synchronizing region. The third contribution is in
bringing stricter conditions for the stronger property of exponential cooperative stability with a



prescribed convergence rate. In that this paper extends delay-free results on convergence in the
literature to agents with a uniform control-delay. Numerical example validates the proposed approach.

Considering a more general class of heterogeneous agents, treatment via synchronizing region
methods is not directly applicable. Furthermore, the canonical distributed control problem appropriate
for such multi-agent systems is output synchronization instead of state synchronization. Namely, the
states of heterogeneous agents need not be commensurate to each other in any way, so aiming for their
equality is generally ill posed. Outputs, on the other hand, if made to belong to the same vector space,
can theoretically still synchronize. Following the seminal 2009 paper by Wieland, Sepulchre, Allgower,
the Internal Model Principle is necessary and sufficient for achieving this goal. However, the Internal
Model Principle further hints at an even more general geometrical structure of heterogeneous agents
that may synchronize over general outputs. A paper published in the Wiley’s International Journal of
Robust and Nonlinear Control (IF: 3.856), in 2018, uses this insight to design distributed controls via LMls
for such generalized agents to guarantee output-synchronization and an L,-bound in case of unmodelled
disturbances acting on the system. These results are applicable to modelled disturbances as well,
combining two complementary sets of geometrical requirements on single-agent structure.
Developments of this chapter thus generalize the type of distributed feedback used for output
synchronization as well as lift the specific assumptions on structure of the controller often used in
earlier publications. Specifically, this chapter brings two main contributions. Firstly, it considers a group
of heterogeneous agents in contrast to the homogeneous agents usually considered in previous
publications. It assumes that the agents are subject to both modeled and unmodeled disturbances and
aims to achieve H, output regulation in comparison with previous results which do not consider
unmodeled disturbances at all. Secondly, it allows the agents to communicate over a general class of
switching graphs. In comparison, previously existing results in the literature usually did not consider
switching graphs and the switching graphs, when considered, could change only over a set of topologies
containing spanning trees. Those assumptions are not needed here. These two objectives are achieved
using the simplest form of the controller; a static distributed output-feedback controller in a general
framework without requiring limiting assumptions like acyclic graphs, or homogeneity or passivity of the
single-agents.

Building further on the revealed necessary and sufficient geometrical structure of general
heterogeneous agents required for output-synchronization over general outputs, the following chapter
shows how output-synchronization and disturbance suppression problems can be cast in the form of
N/2N player graphical games. Graphical games were introduced in the literature, starting in 2010, to
deal with homogeneous agent state synchronization and the corresponding L,-bound, but as these
novel results show, they are equally applicable in this broader context. Solution methods are based on
reinforcement learning and adaptive networks, offering distributed on-line solutions to the derived
game theoretic optimization problems. In particular, there are four main contributions of this chapter. It
defines the novel concept of graphical games for heterogeneous agents as opposed to homogeneous
agents hitherto considered in the literature. This allows one to achieve output regulation among
heterogeneous agents. Graphical game for heterogeneous agents is considered in the literature already,
however, the communication graph there is required to be acyclic (i.e. there are no loops in the graph).
This restrictive assumption significantly simplifies the formulation and decouples the controller design of
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each single-agent from the others. Furthermore, this chapter assumes that the agents are subject to
unmodeled disturbances and defines an H,, graphical game for heterogeneous agents. The only previous
reference pertaining to H,, control of multi-agent systems in the graphical game framework considers
only homogeneous agents. Also, the H,, graphical game for heterogeneous agents results in coupled
Hamilton-Jacobi-Bellman equations that are difficult to solve analytically. Hence, Reinforcement
Learning is used and new actor-critic networks are developed to obtain solutions to these equations. In
contrast, the actor-critic networks in the literature can be used only for homogeneous agents.
Additionally, this chapter also brings an upper bound for the L,-gain of output synchronization error
with respect to unmodeled disturbances; in contrast to existing results, which do not calculate the upper
bound but only contend its existence. These results hint at interesting possibilities for distributed MPC
games, to name just one potential future direction of research.

On the more applied side of such purely theoretical developments, a recent boost in computational
power paves the way to decentralization, distribution and development of real-world high performance
networked systems consisting of various agents. Networking allowed for a new phenomenon of smart
networks: e.g. Internet of Things, interconnecting smart devices all over the world and building smart
ecosystems in public and private sphere: intelligent buildings, smart power grids, etc. The present is
indeed witnessing an increasingly automated and networked world, where novel concepts of smart
factories, cities, automated highways, etc. are leading us to a more intelligent future. With rapid
advances and integration of computing, communication and smart sensing technologies, small-sized and
low-cost sensing devices with embedded processing and communication capabilities are already being
deployed in a wide range of environments. These technical achievements attract researchers to the
emerging field of Networked Control Systems (NCS), and their synonymous Cyber-Physical Systems
(CPS). These systems consist of agents networked by a communication topology, integrating two
complementary fields: control theory and graph theory. Distributed NCSs find a wide range of
applications in formation control of mobile robots, satellites, vehicles, energy generation in micro-grids,
estimation by sensor networks, synchronization of coupled oscillators, describing agreement in human
social networks, to name only a few.

The results, originally published in the IEEE Transactions on Control Systems Technology, (IF: 4.883),
in 2017, particularly consider networked observers that fuse plant’s state estimates for control purposes
and associated controllers for large linear-time-invariant plants. The main motivation was to address
pressing industrial concerns regarding vibration suppression in emerging smart materials and structures.
Hence, specific target plants are large-scale flexible structures e.g. aircraft fuselages, truss bridges,
lattice towers, etc. In order to satisfy the ever stricter environmental criteria manufacturers are looking
into light-weight constructions that usually have decreased inherent vibration damping. Mechanical and
structural vibrations are detrimental to the functioning and safety of these plants, hence effective
vibration suppression is required in many cases. Thus arises the need for smart materials or piezo-
composites that are able to do the task. In our framework, each agent has some or all of the following
functions: sensing, actuation, communication and information processing. Presented results show a
successful application of distributed estimation via cooperative consensus for each actuating agent to
gain an estimate of the overall environment’s state, which is then used for its control. Namely, every
agent uses its own information together with information from its immediate neighbors to reach an
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agreement on states with all the other agents in the network, called consensus or synchronization.
Design of observers and controllers is a crucial problem for the considered plants. Each observer builds a
part of its plant’s state estimate based on its own local measurements, and the remaining part comes
from the network. Partial measurements from different sensing agents are thus fused by the network
through distributed communication. A distributed observer design is facilitated by the synchronizing
region methodology for pinning control. Namely, the environment is considered as partially pinning into
the network at the sensing nodes. Separation principle is found not to hold for this particular dynamic
regulator architecture so care is required in designing observers and controllers to guarantee overall
observer convergence and system stability. Controllers are designed via linear quadratic regulator (LQR)
precepts to account for this fact in a flexible manner. The design conditions may be somewhat
conservative, but one gains robustness to sensor failures and flexibility to network topology changes as
an upshot. Specifically, the main contributions of this chapter are as follows. The communication graph
topology is separated from the observer/controller design. Furthermore, the requirements on graph
topology are relaxed from (connected) undirected graphs to more general directed graphs, compared
with the previously existing results. Moreover, since the observer design is single-agent based, it leads
to flexibility in terms of integrating additional sensors to the existent network and graceful degradation
in case of communication link failures as long as connectivity requirements remain satisfied. These
properties were not expected in the currently available literature.

Disturbances and uncertainties were at first not considered. However, notwithstanding compelling
results, assuming measurements of perfect accuracy, albeit only partial, is naturally too strong a
requirement for practical applications, even though it is satisfied in real-world cases to a fair degree, as
indeed attested by physical experiments. Still, if several measurements of differing reliability are
available, one can attempt sensor fusion taking into account the differing precisions of individual
measurements, which is the topic of Chapter 7. This then ideally improves even on the most precise
measurements. Although distributed Kalman filter developments, aiming to achieve these or similar
ends, are already familiar in the literature, this discussion proposes a design of considerably simpler
nature; one which is time invariant-thus simplifying implementation; does not require communication of
variance matrices among different observers-thus reducing the communication load in the network; is
generally suboptimal but nevertheless of satisfactory performance and robust to potential single-agent
failures. Results clearly show appreciable disturbance suppression of the proposed design. These
distributed observers can, of course, be used for control purposes along the lines of the previous
chapter. The particular contributions of this chapter are in that it considers a more general
communication topology than the previously proposed distributed observers. Moreover, the nodes
implement a local Kalman filter to estimate the observable fraction of the plant state. Also, the nodes
use information on process and measurement noises and apply information-weighted fusion to reach an
agreement on the estimate of a plant state. Furthermore, the design and implementation of the
proposed observer is fully distributed, in the sense that each node designs its local observer based on its
own information and the information coming from its neighbors. In addition to that, the proposed
design offers incorporation of redundant nodes or insertion of new communication links to the network
to improve robustness to node or communication link failures.
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The final Chapter 8 investigates possibilities of using adaptive consensus protocols on directed graph
topologies in which the only remaining requirement for centralized information in the synchronizing
region-based designs is avoided through adaptation of the coupling constant. In particular, the coupling
constant in the synchronizing region designs, required by each single-agent, is often found to depend on
the global graph topology, which is not known to each/any single-agent. Distributed adaptation
protocols are supposed to, in a way, overcome this obstacle by providing that information to all single-
agents dynamically. To put it simply, the local coupling gain of each agent is made to increase in
dependence on its local neighborhood disagreement until synchronization is achieved. This may lead,
however, to final coupling gains which are higher than those necessary for cooperative stability. Thus we
propose the coupling gain decay to find the minimal level for the coupling gain values, achieving
cooperative stability with a lower control effort. For directed graphs we stick to the simplest form of
distributed feedback and avoid such nonlinear prescriptions as are proposed elsewhere in the literature.
Preliminary results in this research direction were first presented on the 2016 Necsys conference, and
2017 Process Control conference. Work continues further on this topic. Results are applicable, in
principle, to all designs based on the synchronizing region methods, which would, in turn, make them
indeed fully distributed.
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1. SYNCHRONIZING REGION APPROACH FOR IDENTICAL LINEAR TIME-INVARIANT AGENTS

Kristian Hengster-Movric and Michael Sebek, Synchronizing Region Approach for Identical Linear
Time-Invariant Agents, Control of Complex Systems - Theory and Applications, Ch. 18, Elsevier, pp.
519-548, 2016.

This concise but comprehensive exposition of recent results in distributed control originally
appears published as a chapter in the book Control of Complex System; Theory and Applications,
edited by Sarangapani Jaganathan and Kyriakos Vamvoudakis. It specifically covers various
applications of the fruitful synchronizing region method to problems encountered in analysis and
design of distributed cooperative control of multi-agent systems. It serves to provide a general
framework for the more specific developments given in the sequel. In particular, this part is
immediately followed by two papers that first brought specific technical results covered only
briefly in this first introductory chapter. Those are the synchronization of states in identical agents
using static output-feedback, and synchronization of states in identical agents under tim-delays.

This chapter brings a selection of recent results in the field of identical system cooperative state
synchronization. The presentation is by no means exhaustive, rather it focuses on a set of related results. Design
methods are given herein for distributed synchronization control of continuous and discrete-time multi-agent
systems on directed communication graphs. The graph topology properties generally complicate the design of
synchronization controllers due to an interplay between the eigenvalues of the graph Laplacian matrix and the
required stabilizing feedback gains. Methods surveyed here decouple the single-agent requirements from the
detailed graph topology and bring control designs based on single-agent Riccati equations. Riccati equations
are fairly familiar from conventional control theory where they find extensive applications, in particular in
optimal linear quadratic regulator problems. Hence, stabilizing properties and robustness margins of feedback
gains designed from their solutions are well known. Several conditions are given for state synchronization
relying on relations of graph Laplacians’ eigenvalues to various regions in the complex plane. Those regions
depend on single-agent dynamics and solutions of appropriate Riccati equations. Distributed observation for
agents networked on directed graphs is also investigated as a problem dual to multi-agent distributed
synchronization. Cooperative observer design guaranteeing convergence of estimates of all agents to their
actual states is proposed. This approach applies similarly to continous- and discrete-time systems. It is shown in
particular that, in contrast to unbounded continuous-time synchronizing region, the discretetime synchronizing
region is inherently bounded. Hence conditions for observer convergence and state synchronization in discrete-
time are stricter than those in continuous-time. In the case of only outputs being available for feedback control
the distributed static output-feedback (OPFB) control can be used. The synchronizing region of static OPFB
control for continuous-time systems is exposed and found to be conical, unbounded but generally different in
shape from the infinite right-half plane synchronizing region of distributed full state-feedback. Furthermore,
multi-agent system synchronization under control signal delays is presented. All agents are assumed to have the
same control delay. Delay-dependent synchronizing region is defined and methods are given guaranteeing its
estimates. In the latter instance one must admit, in the present form, a considerable conservatism, which is a
general feature inherent to simpler delay-dependent stability conditions. In principle less conservative methods
can be applied following the same lines of reasoning. However, the presented delay-dependent estimate of a
synchronizing region reduces naturally to that of delay-free system if the delay is set to zero. It is also shown
that synchronizing region methods provide assessment of robustness to single-agent disturbances and
uncertainties. Extension of the synchronizing region to H,, robustness in presence of disturbances is only
briefly mentioned. As for single-agent uncertainties, being of the type that all agents remain identical, the
amount of uncertainty restricts graph topologies that allow for synchronization.
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Synchronizing Region Approach for Identical Linear Time-invariant Agents
Kristian Hengster Movric, Michael Sebek

Summary

This survey brings a selection of recent results in the field of identical system cooperative state synchronization.
The presentation is by no means exhaustive, rather it focuses on a set of related results. Design methods are given
herein for distributed synchronization control of continuous and discrete-time multi-agent systems on directed
communication graphs. The graph topology properties generally complicate the design of synchronization
controllers due to an interplay between the eigenvalues of the graph Laplacian matrix and the required stabilizing
feedback gains. Methods surveyed here decouple the single-agent requirements from the detailed graph topology
and bring control designs based on single-agent Riccati equations. Riccati equations are fairly familiar from
conventional control theory where they find extensive applications, in particular in optimal linear quadratic regulator
problems. Hence, stabilizing properties and robustness margins of feedback gains designed from their solutions are
well known.

Several conditions are given for state synchronization relying on relations of graph Laplacians’ eigenvalues to
various regions in the complex plane. Those regions depend on single-agent dynamics and solutions of appropriate
Riccati equations. Distributed observation for agents networked on directed graphs is also investigated as a problem
dual to multi-agent distributed synchronization. Cooperative observer design guaranteeing convergence of estimates
of all agents to their actual states is proposed. This approach applies similarly to continous- and discrete-time
systems. It is shown in particular that, in contrast to unbounded continuous-time synchronizing region, the discrete-
time synchronizing region is inherently bounded. Hence conditions for observer convergence and state
synchronization in discrete-time are stricter than those in continuous-time. In the case of only outputs being
available for feedback control the distributed static output-feedback (OPFB) control can be used. The synchronizing
region of static OPFB control for continuous-time systems is exposed and found to be conical, unbounded but
generally different in shape from the infinite right-half plane synchronizing region of distributed full state-feedback.
Furthermore, multi-agent system synchronization under control signal delays is presented. All agents are assumed to
have the same control delay. Delay-dependent synchronizing region is defined and methods are given guaranteeing
its estimates. In the latter instance one must admit, in the present form, a considerable conservatism, which is a
general feature inherent to simpler delay-dependent stability conditions. In principle less conservative methods can
be applied following the same lines of reasoning. However, the presented delay-dependent estimate of a
synchronizing region reduces naturally to that of delay-free system if the delay is set to zero.

It is also shown that synchronizing region methods provide assessment of robustness to single-agent disturbances
and uncertainties. Extension of the synchronizing region to H_ robustness in presence of disturbances is only

briefly mentioned. As for single-agent uncertainties, being of the type that all agents remain identical, the ammount
of uncertainty restricts graph topologies that allow for synchronization.

I. INTRODUCTION

The last two decades have witnessed an increasing interest in multi-agent networked cooperative systems, inspired
by natural occurrence of flocking and formation forming. In nature individual creatures act only according to
locally available, nearest neighbor information [1], however the group as a whole succeeds in accomplishing global
goals, e.g. predator evasion in a heard or school, or conserving energy in avian formations. These concepts and
decision schemes are applied in engineering for control of spacecraft formations, unmanned aerial vehicles, mobile
robots, distributed sensor networks efc. [2]. The canonical control problem there is consensus or synchronization of
all agents’ states. Early work with networked cooperative systems in continuous and discrete-time is presented in
[3]1,[4].[51,[6],[7]. These papers generally refer to consensus without a leader, where the final synchronized state
depends on precise initial conditions of all agents. By adding a command generator that pins to a group of other
agents one can obtain synchronization to a command trajectory for all initial conditions using a virtual leader [5],
which is also termed pinning control [8],[9]. We name this here the cooperative tracker problem. Necessary and
sufficient conditions for synchronization are given by the master stability function and the related concept of the
synchronizing region in [9],[10],[11]. The synchronizing region method crystalized over time as a versatile and
robust tool for analysis and design of cooperative control systems. For continuous-time systems it guarantees
synchronization [9],[12],[13] using optimal state-feedback derived from the continuous-time Riccati equation. It is
shown that Riccati feedback gain at each node yields an unbounded right-half plane synchronizing region in the
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complex plane. For discrete-time systems the guaranteed synchronizing region is inherently bounded which leads to
stricter synchronizability conditions. There the discrete-time Riccati equation serves, in some sense, to maximize the
synchronizing region, [14], [16] .

In multi-agent setting, the problems of cooperative observer convergence and synchronization are related by a
duality concept for distributed systems on directed graphs, [15]. It is also shown that cooperative control design and
cooperative observer design can both be approached by decoupling the effects of graph structure from the feedback
gain design via Riccati-based procedure. Sufficient conditions are given guaranteeing observer convergence.

Lacking the full state-feedback, the static output-feedback (OPFB) cooperative synchronization control design is
possible under certain stipulations. Usually one treats output-feedback control problems by observers, i.e. dynamic
OPFB, thus increasing the order of dynamics, but static OPFB, when feasible, offers a simpler solution.
Synchronizing region estimate for distributed static OPFB control of continuous-time agents is exposed and found to
be a conical sector in the complex plane. This is to be contrasted with the infinite right-half plane synchronizing
region of the full state-feedback, [17].

Considering practical means of distributed control e.g. wireless communication, dedicated busses, networked
control, delays in information signals from neighboring agents are unavoidable, [4]. In realistic applications one is
interested in effects these delays have on cooperative stability, i.e. the robustness of cooperative stability to delays.
Generally well behaved system, robust to disturbances, may be sensitive to feedback delays, which can lead to poor
performance and even result in loss of stability. Guaranteeing robustness of cooperative stability to delays is
therefore important for all practical implementations of multi-agent distributed control. Some early papers on
cooperative consensus, e.g. [4], address the problem of delayed signals from the neighbors. For discrete-time
synchronization, delays are treated using stochastic matrices [21]. For continuous-time [4],[18],[19] introduce a
uniform delay in one-dimensional single-integrator agents on undirected graphs. More recent work [18] extends [4]
to directed graphs, introducing the delay margin and a responsible eigenvalue concept.

One way to extend both early [4] and more recent results on delays [18] to general continuous-time identical LTI
agents on directed graphs is offered by the theory of retarded functional differential equations (RFDEs), [19].
Essential question is that of single-agent stability. In a search for simple and flexible stability conditions the delay-
dependent criteria based on Razumikhin theorem, present a good choice. Here we are concerned with identical LTI
agents, all having the same (uniform), constant control delay. The simplifying assumption of uniform delays is
standard in the literature [4],[18],[19]. A static cooperative synchronization control design is presented based on the
estimated delay-dependent synchronizing region. Stricter conditions for the stronger property of exponential
cooperative stability with a prescribed convergence rate are also given. These results extend delay-free conditions
for convergence in [13] to agents with a uniform control delay.

The synchronizing region concept, robust by merits of its definition, also offers means to guarantee robustness of
multi-agent system cooperative stability to external disturbances and uncertainties in single-agent systems. For

external disturbances one applies the H_ approach [20], leading to an £, bound of the synchronization errors with

respect to acting disturbances. For single-agent uncertainties one assumes that agents remain identical. Non-
identical, i.e. heterogeneous agents, require methods other than those offered by the synchronizing region, which are
not considered here. Considering the single-agent uncertainties closely it is found that those produce different effects
depending on which part of the single-agent system they occur in. The combined effect is found to be qualitatively
similar to that occurring with static OPFB. Greater magnitudes of uncertainties in single-agent systems ostensibly
lead to stricter conditions on graph Laplacian matrix eigenvalues.

The outline of this survey is as follows; Section II brings graph theory preliminaries and notational conventions.
Section III introduces the considered systems’ dynamics, defines the control goals and specifies the forms of
cooperative signals used. Section IV forms the main part of the survey. First it defines synchronizing regions
bringing necessary and sufficient conditions for cooperative stability. Then it provides Lyapunov estimates of those
synchronizing regions yielding sufficient conditions for cooperative stability and motivating the pertaining design
schemes. Section V briefly addresses robustness of multi-agent systems to external disturbances and single-agent
uncertainties by synchronizing region methodology, and Section VI brings the conclusions.

IL GRAPH PROPERTIES AND NOTATION

Consider a graph G =(V,£) with a nonempty finite set of N nodes V={v,,---,v, } and a set of edges £ VxV. Itis

assumed that the graph is simple, i.e. there are no repeated edges or self-loops. Directed graphs are considered, and

This publication is supported by the Czech Granting Agency GACR grant 16-25493Y.
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information propagates through the graph along the edges. Two nodes v, v, connected by an edge (v,,v,) € E are
termed parent node v, and child node v, i.e. the edge leaves the parent node and connects into the child node.
Denote the adjacency matrix as E = [eij] with e, >0 if (v,v,)e € and e, =0 otherwise. Note that diagonal
elements satisfy e, =0. The set of neighbors of node v; is N, ={v,:(v,v))e &}, Le. set of nodes with edges
connecting into v;. Define the in-degree matrix as a diagonal matrix, D = diag(d,...d, ), with d, = Z ;€ the
(weighted) in-degree of node i . Define the graph Laplacian matrix as L=D—E, which has all row sums equal to 0.

A directed path is a sequence of edges joining two nodes. A graph is said to be strongly connected if any two
nodes can be joined by a directed path. Node is termed isolated if it has no incoming edges. Hence in strongly
connected graphs there are no isolated nodes. A directed tree is a subgraph containing a single node vy, isolated in
that subgraph, such that all other nodes in the subgraph except vy have only one parent and are joined to v, by a
directed path. Node vy is called a root node. A graph is said to contain a directed spanning tree if there exists a
directed tree containing every node in V. The Laplacian matrix L has a simple zero eigenvalue if and only if its
directed graph contains a spanning tree.

For a matrix Q=0Q" >0 a square root, Q", is a matrix satisfying (Q"*)" 0" = Q. We denote its matrix

transpose as Q' . Complex conjugation of a scalar oe C is denoted by an over bar & € C. The abbreviations a.s.
and e.s. stand for asymptotic and exponential stability respectively.

111 SYSTEM DYNAMICS AND CONTROL GOAL

This section introduces single-agent dynamics considered in this survey. Control goals are defined and the used

cooperative signals are specified. Given a graph G(V,€), endow each of its N nodes with a state vector x, € R"

and a control input u, € R" . Consider at each node the dynamics, i.e. state evolution, given by a continuous-time

differential equation,
x,(t) = Ax,(t)+ Bu,(t) , 1)
or by a discrete-time difference equation,
x,(k+1) = Ax, (k) + Bu, (k) . 2)

With control signal delays the single-agent dynamics in continuous-time is instead of (1) described by a single-
delay retarded functional differential equation

x,(t)=Ax (t)+Bu,(t - 7). 3)

The treatment of control delays in discrete-time is considerably simpler, with dynamics described by a variant of
difference equation (2) where u(k) is replaced by u(k—1), 1 >0, [21].

Let the output relations with y, € R” be given as
y; (1) = Cx, (1), y,(k)=Cx,(k). 4)

Assume that (A, B) is stabilizable, (A, C) detectable, B has full column rank m, C has full row rank, p; hence

there are no redundant control inputs nor redundant measurement outputs. Consider also a leader node, control
node, or command generator, following the autonomous dynamics in continuous-time

X, (1) = Ax, (1), )
or in discrete-time

x,(k+1) = Ax, (k), (6)

17



with x, € R". For instance, if n =2 and matrix A has pure imaginary eigenvalues then the reference trajectory is

harmonically oscillating. Let the leader have the same output relation as (4), y, = Cx, € R”.
Then for the above one has the following,

Control goal: The cooperative tracker or synchronization problem is to select the control signals u, for agent i,
such that the states at all nodes asymptotically synchronize to the state of the control node, that is,
lim”x/_(t)—xo(t)” =0, Vi, in continuous-time or lim”x/_(k)—xo(k)” =0, Vi in discrete-time. These requirements
1—oo k—o0

must be fulfilled for all initial conditions x,(0).

3.1. Continuous and Discrete-time Cooperative Tracker

Considering the continuous-time multi-agent systems (1) and (5), define the local neighborhood tracking errors

eizzeij(xj_xi)+gi(x0_xi) "

JeN;
where pinning gain g, >0 is nonzero if node v, can sense the state of the control node (5). The intent is that only a

small percentage of nodes have g, >0, yet all nodes should synchronize through distributed communication to the

trajectory of the control node using local neighbor control protocols, [8]. It is assumed that at least one pinning gain
is nonzero. Note that the local neighborhood tracking error represents the information available to agent i for
control purposes. Choose the input of agent i as the weighted local control protocol

u, =cKe,, (®)

where ¢ € R" is a coupling gain to be detailed later. Then, the closed-loop dynamics of individual agents (1) are
%,(t) = Ax,(t) + cBKe,(t) - )

Considering the discrete-time multi-agent systems (2) and (6), the same local neighborhood tracking errors (7)
are used for synchronization control, however they are weighted differently, [16]. Choose the input of agent i as
the weighted local control protocol

u,=c(l+d,+g,)"' Ke,, (10)
where ce R" is a coupling gain to be detailed later. Then, the closed-loop dynamics of individual agents (2) are
x,(k+1)= Ax,(k)+c(1+d, + g,)" BKe,(k) - (11)

The multi-agent systems (9) and (11) in total state-space form read

x(t)=U, ® A-c(L+G)®BK)(x(t) - x,(1)), (12)
xtk+1)=(I, ®A—c(1+D+G)_1(L+G)®BK)(x(k)—}0(k)), (13)
where x:[xlT x:,]Te]RNn, Z)=[x: )C:]TGRN" and G:diag(gl,...,gN) is the diagonal matrix of

pinning gains. Introducing the synchronization error,
0, =x,—X,, (14)
one obtains the closed-loop dynamics in total state-space form as
5(t)=(IN ®A-c(L+G)®BK)o(1), (15)
in continuous-time and

Sk+1)=(I, ®A—c(I +D+G) " (L+G)®BK)3(k), (16)
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in discrete-time. Asymptotic stability of closed-loop synchronization error systems (15) and (16) guarantees
cooperative synchronization. Hence the continuous and discrete-time stability of system matrices

I,®A-c(L+G)®BK , (17)

I[,®A-c(I+D+G) (L+G)®BK , (18)

determine the synchronization of multi-agent systems (9) and (11).

3.2. Discrete-time Cooperative Observer

With the availability of only outputs for feedback control one can proceed with the design of output dynamic

controllers. The first step in that direction is to design cooperative observers with X, (k) estimating states of agents

x,(k) given measurements of their outputs y (k). Only the discrete-time systems are presented here, but the same

considerations and design methods are applicable mutatis mutandis to continuous-time case, [13].
Given an estimated output y = Cx. at node i, define the local output error

S)i:y,’_j}," (19)

To construct an observer that takes into account information from the neighbors of node i, define the local
neighborhood output disagreement

& =Y ey (3, =) +8(F -, (20)

J

where the observer pinning gains are g, 20, with g, >0 only for a small percentage of nodes that have direct
measurements of the output error y, of the control node. With the total output yzl:ylr y;]T eR™, the total
output disagreement error £(k)e R™ is

ek)=—(L+G)®I 5(k)+(L+G)®I 15, (k). 1)

Throughout this subsection it is assumed that x, = X, = y, =0, i.e. the control node’s state is accurately known.

Exemption from that assumption would require a separate observer for the leader’s states that fulfills the above
assumption asymptotically. Define the distributed observer dynamics

% (k+1) = A%, (k) + Bu, (k) —c(1+d, + g,) Fe (k). (22)

where F is an observer gain matrix and ¢ a coupling gain, to be detailed later. The total distributed observer
dynamics then takes the form

i(k+1)=1, ® Ax(k)+ 1, ® Bu(k)+c(I+D+G) " (L+G)® Fy(k)
A -1 ~ -1
x(k+1)=[1N ®A-c(I+D+G) (L+G)®FC]x(k)+IN ®Bu(k)+c(I+D+G) (L+G)® Fy(k)
Define the i-th state observer error

n,(k) = x,(k) =X, (k) ,

T
where x (k) follows dynamics (2). The total state-space observer error 17:|:771T n;:l eR™ follows the

discrete-time dynamics
nk+1)=[1, ® A=c(I+D+G) ' (L+G)® FC |n(k) . (23)

The total observer system matrix
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I, ®A-c(I+D+G) (L+G)® FC (24)

determines the observer estimate X, dynamics with respect to the true state x.. The goal is asymptotic observer
convergence for all distributed observers, i.e. 77 — 0. It should be noted that the pinning terms in the local

neighborhood output disagreement mean pinning with zero. Comparing this with the cooperative tracker setup a
brief explanation is required. Pinning with zero here serves the purpose of making a fixed zero reference, which is
needed for convergence of all observers’ estimates, directly available to some particular observers. The remaining
observers rely on relative measurements only, thus receiving information on the fixed zero reference in a distributed
way.

3.3. Static Distributed Output-feedback Cooperative Tracker

Let the multi-agent systems be given as (1),(4) and (5). Define the local neighborhood output error
e, =2, ey, =y)+8 (-, (25)

where g >0 only for a few nodes having direct measurements of the leader's output y,(¥). The feedback control

signal for agent i is chosen as a linear distributed static OPFB

u, =cKe (26)

yi?

where ¢ > 0 is the coupling gain and K is the local OPFB gain matrix. Standard cooperative control approaches
assume distributed control in terms of state neighborhood error (7), or construct dynamic controllers in terms of
output disagreement (20). By contrast this subsection studies distributed static OPFB of the form (26). In total state-
space form, the local neighborhood output error (25) reads

e,=—(L+G)®CJ, 27

P - T
where e, =|:eil eiN] € R" . Define as before, i.e. by stacking single-agent vectors, all other total

quantities. The total state-space form of the distributed OPFB (26) is then
u=—-c(L+G)®KCS. (28)

Note that expression (27) reflects the restrictions on the information available for distributed static OPFB
control. Matrix C specifies the local single-agent restrictions due to OPFB, while L+ G specifies the information
restrictions on a coarser scale due to limited communication. Both local and global restrictions appear in the
kronecker product (27) in a symmetric manner.

Feedback (26) gives closed-loop single-agent systems (1) as
X, = Ax, + cBKCe,, (29)
which yields the multi-agent system dynamics in total state-space form
=, ®A)x—c(L+G)®BKCJ . (30)
The total dynamics of synchronization errors follows readily as
5=, ®A-c(L+G)®BKC)S. (31)

Hence cooperative stability under distributed OPFB is determined by asymptotic stability of the system matrix in
@31,

I,® A—c(L+G)® BKC . (32)
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3.4. Multi-agent Systems with Uniform Control Delays

This subsection describes the single-agents and the total multi-agent system dynamics under uniform time-delays in
control signal, [19]. Let the single-agent dynamics be given as a continuous-time LTI system with a fixed control
signal delay 72>0,

x,(t) = Ax,(t)+ Bu,(t - 1), (33)

where x, € R",u, € R" Vi are the states and inputs. Let there be an autonomous leader given by (5). The delay

7 20 is taken to be constant and same for all agents, i.e. uniform. Though this need not be true in more realistic
models, having different delays for different agents makes them, strictly speaking, not identical as dynamical
systems. The assumption on uniform delays is a standard simplifying assumption [4],[19], and it is crucial for the
following development.

With the local neighborhood error (7) let the control signal for agent i be calculated as a linear feedback of the
local neighborhood error (8), where K is the local linear feedback gain matrix, and ¢ >0 is the coupling gain, to be
detailed later. This gives the closed-loop single-agent dynamics

x,(t) = Ax, (1) +cBKe (1 - 7). (34)
Introducing the synchronization error (14) one has in total state-space form

©(t)= (I, ® A)x(1)— c(L+G)® BKS(1 - 1), (35)

where xz[xlr xﬂr eR", & =[éf 5;]7 €R". The total synchronization error system is then given as

()=, ®A)5(t)—c(L+G)®BKS(t—1). (36)
Equation (36) is a linear retarded functional differential equation (RFDE), of the form
3(t) = AS(t)+ A 8(t-1), (37)

whose asymptotic stability guarantees synchronization.

1V. SUFFICIENT CONDITIONS FOR SYNCHRONIZATION

This section first brings definitions of synchronizing regions for systems presented in Section III, and the pertaining
necessary and sufficient conditions for cooperative synchronization, [10],[13],[15],[16]. Then it provides Lyapunov
estimates of these synchronizing regions yielding sufficient conditions for cooperative stability. Those sufficient
conditions in turn lead to design procedures.

4.1. Synchronizing Regions and Cooperative Stability Conditions

Two lemmas are given below providing a simplification crucial in designing local feedback gains K and
motivating definitions of synchronizing regions. Lemma 1 is presented without a proof, as proofs of its parts are
readily found in the literature. The proof is however provided for Lemma 2 as it is not as straightforward as that of
Lemma 1 and not as readily available.

Lemma 1. [9],[13],[15],[16]. The structured matrix I, ® A—cI'"® B is Hurwitz if and only if all the matrices

A—cA B are Hurwitz, where A are the eigenvalues of I".

Hence the relevant matrices in (17),(18),(24) and (32) are Hurwitz if and only if
1. A- C/lj BK

is continuous-time asymptotically stable for all /1/_ eigenvalues of L+G

2. A- C/1],BK
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is discrete-time asymptotically stable for all /1], eigenvalues of (/ + D + G)'(L+G),

3. A-cAFC

is discrete-time asymptotically stable for all /lj eigenvalues of (/ + D + G)'(L+G),

4. A-cABKC

is continuous-time asymptotically stable for all /lj eigenvalues of L+G . =

Lemma 1 applies to continuous-time and discrete-time cooperative state-feedback control (1,2.), discrete-time
cooperative observer design (3.) and continuous-time static OPFB control design (4.). Lemma 2 brings an analogous
result for distributed state-feedback in case of uniform control delays.

Lemma 2. [19]. The trivial solution of system (36), d(¢) =0, is asymptotically stable if and only if the trivial
solutions of systems

y(t) = Ay(t)—cA;BKy(t - 1), (38)
each having an order of a single-agent system, where /1}. are the eigenvalues of the graph matrix (L+G), are
asymptotically stable Vj .

Proof: The stability of (38) is determined by the transcendental transfer function matrix,

[s1,, (1, ® A)+e(L+G)®BKe™ | . (39)

The frequency domain expression (39) needs to be asymptotically stable; a property depending on the roots of the
pertaining characteristic quasipolynomial,

A(s) = det| sT,, —(I, ® A)+c(L+G)®BKe ™ |. (40)

Nn

Knowing that linear transformations do not change the determinant of a matrix one can use a coordinate
transformation 7 ® I, in (40), where T (L+G)T =A is an upper triangular matrix, thereby simplifying the
problem considerably. Whence one obtains
det[ s1,, — (I, ® A)+c(L+G)® BKe ™
=det[ (T ®1,)"(sI,, ~(I, ® A)+c(L+G)® BKe ")T ®1) ]
st 41
=det| s, ~1, ® A+cA®BKe ™ | e

= H det I:sln —A+ C/ljBKe_” :I,
J

where ﬂj are the eigenvalues of A, equaling the eigenvalues of the graph matrix (L + G) . Therefore, each factor in

the product (41), det(s/ —A +C/1/_BK€7”) , must be asymptotically stable. This requirement is equivalent to the

asymptotic stability of the trivial solution for a set of linear RFDEs

V() = Ay(1) = cA,BKy(t - 7). (42)

Systems (42) are in the form of (37) but have the order of a single-agent dynamics, i.e. n. |

The proof of Lemma 2 uses a detour in the frequency domain but the result pertains to time domain, and as such
it shall be used. This is in contrast with many treatments of delays in the literature using frequency domain stability
criteria, e.g. the Nyquist criterion, but more along the lines of methods guaranteeing a synchronizing region. In fact,
conclusions of Lemma 1 for continuous-time cases can be considered as special cases of Lemma 2 with zero delay.
Note that Lemma 1 and 2 provide necessary and sufficient conditions for cooperative stability. Both Lemma 1 and 2
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rely on appropriate state transformations reducing the cooperative stability of high-order total dynamics to
asymptotic stability of a set of lower-order systems. This reduced problem is then addressed by the synchronizing
region approach.

The following definitions, motivated by Lemma 1 and 2, are required for subsequent development.

Definition 1. Given matrices (A, B) , the synchronizing region for a matrix pencil
A-oB (43)
isasetgivenby S ={oce C:A-oBisas.}. [

Definition 2. Given a complex retarded functional differential equation (38) the delay-dependent synchronizing
region is a subset of the complex plane C depending on the delay 7,

S.(r)={oe C: Ay(t)+ oA, y(t—-7) as.} . ]

Remark 1. The appropriate notions of stability used in Definition 1 and 2 depend on the particular system
considered. Definitions for continuous and discrete-time synchronizing regions applicable here are given in
[131,[15],[16],[17]. Furthermore, the actual matrix B in matrix pencil (43) one has the control over depends on
whether one has full-state or only output-feedback and is different in controller and observer designs. Hence
according to Lemma 1 and 2, conditions for cooperative stability in each case reduce to having all the relevant graph
matrix eigenvalues scaled by an appropriate value of the coupling gain ¢ >0 into the pertaining synchronizing
region. The goal is then to design the local feedback gain matrices K, F that in some way maximize the
synchronizing region, thus facilitating cooperative stabilization.

In order to assess a synchronizing region one resorts to its guaranteed estimates. Sufficient conditions
guaranteeing synchronizing region estimates for matrix pencils (43) are based on Lyapunov methods and evaluation
of the following single-agent Lyapunov quadratic forms,

(A-0B) P+ P(A-0B), (44)
in continuous-time [12],[13],[17], and
(A-oB) P(A-0B)-P, (45)

in the discrete-time [16]. The presence of time-delays requires similar albeit more involved approach using
Lyapunov-Razumikhin functions instead of Lyapunov functions. The following theorems bring sufficient conditions
and design schemes guaranteeing synchronization for a wide class of communication graphs. Some details of the
Lyapunov-Razumikhin approach are only briefly sketched, the interested reader being referred to [19] for a more
detailed exposition.

4.2. Discrete-time Cooperative Tracker Distributed Control Design

The following two Theorems bring design methods for distributed control gains K that guarantee discrete-time
multi-agent system synchronization.

Theorem 1. [16]. H_ -Riccati Inequality Design for Synchronization. Given systems (2) and (6), with protocol
(10), assume that the interaction graph contains a spanning tree with at least one pinning gain that connects into a
root node. Then the eigenvalues of the graph matrix (I +D+G) ' (L+G), A, >0,Vi. If there exists an we R
such that

J(w) = max e IM-wA ;1< ., (46)
where &, is obtained by
8 =sup, {513P>0st. P>A PA-(1-5)A'PB(B'PB)" BTPA} 47)

then there exists a P >0 solving
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P>A"PA-(1-6°)A" PB(B"PB)"' B" PA. (48)
with & = §(w) . Moreover, the control gain K = (B"PB)™" B' PA, and coupling gain ¢ = @ guarantee synchronization.

Proof. Denote &, =1- @A . Itis found that
P—(A—aN\ BK) P(A— @\ BK)=P—A'PA+(1-168,")A' PB(B' PB) ' B' PA> P— A" PA+(1-6")A' PB(B' PB)' B' PA> 0.

where T denotes complex conjugate transpose. Thus, it follows from the single-agent discrete-time Lyapunov

inequality that p(A — @A BK) <1, hence is discrete-time stable. The rest of the proof follows from Lemma 1, [16]

Remark 2. For the single-input case, i.e., rank(B)=1, the sufficient condition given in Theorem 1 is also

necessary, [16]. The importance of Theorem 1 is in showing that cooperative feedback design based on the Riccati
inequality allows for separation of the single-agent feedback gain design from the detailed properties of the
communication graph topology, as long as the graph contains a spanning tree with a nonzero pinning gain into a root
node. Specifically, it reveals that if Riccati-based design is used for the feedback K at each node, then
synchronization is guaranteed for a class of communication graphs whose graph matrix eigenvalues satisfy condition
(46). This condition is appealing because it allows for a disentanglement of the properties of individual agents’

feedback gains, as reflected by &, and the graph topology, described by A, , relating these through an inequality.

Theorem 2. [16] H,-Riccati Design for Synchronization. Given systems (2),(6), with protocol (10), assume that
the interaction graph contains a spanning tree with at least one pinning gain nonzero that connects into the root node.
Then the eigenvalues of the graph matrix (I + D+G)" (L+G), A, , satisfy A, >0,Vi. Let P>0 be a solution of

the single-agent discrete-time Riccati-like equation

A"PA-P+Q-A"PB(B"PB)"'B"PA=0 (49)

for some prescribed Q = Q" > 0. Define

r=[0, Q" A'PB(B'PB' B PAQ") | . (50)

max

Then protocol (10) guarantees synchronization of multi-agent systems (11) for some K if there exists a covering

circle C(c,,r,) of the graph matrix eigenvalues A, , k =1...N such that

0° "o

oo (51)
CU

Moreover, if condition (51) holds then the feedback gain matrix

K =(B"PB)"'B" PA (52)
and the coupling gain
1
c=— (53)
C

guarantee state synchronization.

Proof: The synchronizing region for the choice of K given in Theorem 2, (52) contains the open circle C(1,7).
This is seen by choosing the state-feedback gain matrix as (52), with P >0 solving equation (49); one has

A"PA-P+Q-K"(B"PB)K =0.

From this equation one obtains by completing the square
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A'"PA-P+Q-K'B'"PBK =(A-BK) P(A-BK)-P+Q0=0.
Therefore, given the single-agent quadratic Lyapunov function V(y) = yTPy , ye R", the choice of feedback gain
stabilizes the system (A,B). A synchronizing region estimate can be found from the condition
(A-0BK) P(A—-0BK)=(A-ReoBK) P(A-ReoBK)+Im’ 6(BK) PBK < P,

where { denotes complex conjugate transpose (Hermitian adjoint), o € C . Therefore from the above one has

(A-0BK) P(A-0BK)-P
=A"PA-P-2RecK” (B"PB)K +Re’ 0(BK)" PBK +Im’ 0(BK)" PBK
= A"PA-P—(1-|o—-1")(BK) PBK =-Q+ K" (B" PB)K —(1-|o 1" )(BK)" PBK '
=-Q+|o-1 K"B"PBK
This implies stability if
0-|o-1’k" B PBK >0,
which gives a simple bounded complex region, more precisely a part of the complex gain margin region

=T/2 -1/2

0>|o-1"K'B"PBK =1>|c-1" 0, (0 (BK) P(BK)Q™").

This is an open circle C(1,r) specified by
1
o, (0T 2KTBT PBKQ'?) :

|c7—1|2 <

Furthermore, expressing K as the H, Riccati equation state-feedback completes this part of the proof. Now, given

acircle C(1,r), centered at 1 of radius r, contained in the synchronizing region S of matrix pencil A—oBK , and
the properties of dilation (homothety), assuming there exists a directed spanning tree in the graph with a nonzero
pinning gain into a root node, it follows that synchronization is guaranteed if all eigenvalues A, are contained in a

circle C(c,, ) similar with respect to homothety to a circle concentric with and contained within C(1,r) .

The center of the covering circle ¢, can be taken on the real axis due to symmetry and the radius equals

ry =max|A, — |- Taking these as given, one should have
k

I’b r
Lo, (54)
1

%

If this equation is satisfied then choosing ¢ =1/¢, maps with homothety the covering circle of all eigenvalues
C(c,,r,) into a circle C(1, 7, / ¢,) concentric with and, for r >, /¢,, contained in the interior of the circle C(1,r).

If there exists a solution P>0 to Riccati equation (49), B must have full column rank. Assuming B has full
column rank, there exists a positive definite solution P to (49) only if (A, B) is stabilizable.
Remark 3. (Comparison of H_ - and H,-Riccati designs for synchronization) By comparing (50) to (46) it is seen
that a similar role is played by &, in Theorem 1 and r in Theorem 2. The latter can be explicitly computed using
(50), but it depends on the selected Q. On the other hand, 5@ is found by numerical LMI techniques, [16]. Further,

in Theorem 1, @we R plays a role analogous to 1/¢, in Theorem 2. Theorem 1 relies on analysis based on the
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circle C(1, 56) , whereas Theorem 2 uses C(1,r). Both circles are contained in the synchronizing region of the

respective designed feedbacks.

More importantly, Theorem 2 gives synchronization conditions in terms of the radius r easily computed as (50)
in terms of an H, Riccati equation solution. Computing the radius O, used in Theorem 1 must be generally done

via an LMI. However, the condition in Theorem 1 is milder than that in Theorem 2. That is, C(1,r) is generally

contained in C(1,0), so that systems that fail to meet the condition of Theorem 2 may yet be found synchronizable

when tested according to the condition in Theorem 1.

4.3. Discrete-time Cooperative Observer Design

Having addressed the problem of cooperative stabilization in Subsection 4.2, we now consider the dual problem of
cooperative estimation. Cooperative estimators and observers find their use, among other applications, in dynamic
cooperative controllers designed to guarantee state synchronization, [15]. The following theorem is based on
observer Riccati equation and brings a result dual to that of Theorem 2.

Theorem 3. [15]. Riccati Design of Distributed Observer Gains. Given systems (22) assume the interaction graph
contains a spanning tree with at least one pinning gain that connects into the root node. Let P >0 be a solution of
the single-agent discrete-time observer Riccati equation

APA" —P+Q—-APC"(cPC")'cPA" =0, (55)
where Q = Q" > 0. Choose the observer gain matrix as

F = APC"(cpPC")". (56)

Define
. -T2 T T\-1 T A-1724 V2
hy = 0, (Q72APCT (CPCT) ' CPATQT) | (57)

Then the observer errors (23) are asymptotically stable if there exists a covering circle C(c,,r,) of the graph matrix

(I+D+G) " (L+G) eigenvalues A, , k=1..N such that

ﬁ < robx ' (58)
Co
If (58) holds then the coupling gain
1
c=— 59)
CO
makes the observer error dynamics (23) stable. |

The proof follows similarly as that of Theorem 2, [15].

4.4. Continuous-time Cooperative Tracker Distributed Static OPFB Design

Under special conditions on single-agent systems it is possible to achieve cooperative stabilization by static
distributed OPFB. Considerations lead to distributed design of static output-feedbacks, thereby avoiding the need for
dynamic cooperative controllers.

Definition 3. Given matrices (A, B,C), and the static OPFB gain K, the synchronizing region for static OPFB is a
set given by S ={oceC:A-0BKCisas.}. u
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Theorem 4. [17]. Let the multi-agent system be given by (1), (4) and (5). Let the graph have a spanning tree with
at least one pinning gain connecting to a root node. Choose the distributed static OPFB control (26), where the
OPFB gain K satisfies the single-agent output Riccati-type equation

A'P+PA+Q-PBR'B'P+M'R"'M =0 (60)
for some Q = QT >0,R=R">0,R=R" >0, together with
KC=R"'(B'P+M). 61)
In addition let the inequality
C'K'RKC-C'K'M -M"KC >0 (62)

be satisfied. Then the guaranteed synchronizing region for static OPFB is a conical sector in the complex plane.

Proof: Let the following abbreviations be introduced

a=A_ (Q""C'K'RKCQ™"), (63)
b=, Q" (C'"K'RKC-C'K'M -M"KC)Q™") (64)
f= 2, (O (M KC-C'K'M)Q™") 65)
where A4 . denotes the smallest eigenvalue on the complement of the kernel.

Take the single-agent quadratic Lyapunov function V(x) =x'Px, xeC", for the complex matrix pencil

A—0BKC . The dagger f denotes the Hermitian adjoint. The positive definite real matrix, P = P", is chosen as a
solution of the output Riccati-type equation (60). The time-derivative of this Lyapunov function is determined by
the quadratic form of a Hermitean matrix

(A-0BKC) ' P+P(A-0BKC)=A"P+PA-G6C"'K'B'P-oPBKC,
which, by completing the squares, reads
A'P+PA+(6KC—R"(B'P+M))' R(cKC—R "' (B'P+M))~|o|’ C'K'RKC+&C'K'M +oM'KC~C'K'RKC.
The choice of the OPFB satisfying (61) makes this expression equal to
A'P+PA+|o—1] C'"K'RKC —|of C'K"RKC+&C'K'M +oM'KC - C'K'RKC.
Using the single-agent output Riccati-type equation (60) gives
=—Q—(B'P+M) R'(B'P+M)-M"R'"M +PBR'B'P+(1-2Re0)C'K'RKC+G6C'K'M +coM"KC.
The sufficient condition guaranteeing asymptotic stability is then
-0—-(B'P+M) R'(BP+M)-M"R"'M +PBR"'B'P+(1-2Re0)C' K'RKC+5C"'K'M +oM"KC <0,
allowing assessment of the synchronizing region for static OPFB in C . This expression is equivalent to
-0 -|o] C"K'RKC +|o~1] C"K"RKC + (G ~1)C'K'M +(c~1)M"KC < 0. (66)

With |0' - 1|2 - |0|2 =(1-2Reo) (66) becomes

—-Q0-(2Rec-1C'K'RKC+Rec—1)(C'K'M +M"KC)+ jImo(M'KC-C'K'M) <0.

After straightforward manipulations condition (66) reads
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] —Re O_(Q—TIZCTKTRKCQ—IIZ )

(67)
~Rec—-1Q " (C'K'RKC-C'K'M -M"KC)Q" +Imo(jQ " (M'KC—C"'K'M)Q ") <0
Inequality (67) is certainly satisfied for Reo =1 if
-1-Reot . (Q""C'K'RKCQ™"
mm>0(Q Q ) o (68)

~Rec-DA,, (" (C'K'RKC~C'K'M~M'KOQ ") +[Imal 4, (jO > (M KC-C'K'M)Q"™) <0

Note here that even though the last matrix term in (67) is antisymmetric it cannot be disregarded for the evaluation
of the quadratic form. This is so because j multiplying it makes it Hermitian, and one has complex vector spaces
here. Namely, the proof of Lemma 1 uses a coordinate transformation that is generally complex. This matrix has a
special property that its eigenvalues appear as £4e R, which is seen by complex conjugating the eigenvalue-
eigenvector relation. Hence the absolute value of Im o is needed in (68) compared to (67).

With the introduced abbreviations and shorthand notation, v:=Reo,w:=Imo, a guaranteed synchronizing
region for OPFB is described as v 21 and

wl<[1=b+(a+bW]/f, (69)
which describes a conical sector in the complex plane. This completes the proof. |

Corollary 1. If M =0 one recovers the synchronizing region characteristic of the full state-feedback [12],[13],
described by the matrix inequality

-0+(1-2Reo)C'K'RKC <0.

However, given the prescribed output measurement matrix C in (27), the choice M =0 generally cannot be made,
[17]. That is, there may exist M # 0 such that (61) holds, i.e. K'C=R"(B'P+M), yet K C=RB'P fails to hold.
|

As in all cases hitherto presented with a guaranteed OPFB synchronizing region cooperative stability is achieved
by scaling all the graph matrix eigenvalues into that region by an appropriate choice of a coupling gain ¢ > 0. With
the synchronizing region having the form of a conical sector one finds a restriction on the argument of the complex

eigenvalues of the graph matrix. As a special case of OPFB, with C=1 ,M =0, the proof of Theorem 4

reproduces the well-known continuous-time full state-feedback unbounded right half-plane synchronizing region',
[13]. It should be emphasized that the cooperative stability conditions presented here are only sufficient, being based
on Lyapunov estimates of guaranteed synchronizing regions, while Lemma 1 and 2 give necessary and sufficient
conditions.

4.5. Delayed Control Cooperative Tracker Design

This subsection brings an application of the synchronizing region methodology to asymptotic and exponential
cooperative stability of multi-agent systems having a uniform time-delay in control signals. Full state distributed
feedback is considered for simplicity. Investigating such systems is the first step in tackling the effects of time-
delays on cooperative stability. Although in realistic systems the assumption of uniform delays seems restrictive it is
nonetheless frequently adopted for the sake of simplicity and feasibility of analysis.

4.5.1. Asymptotic Delay-dependent Cooperative Stability

As variants of Lyapunov stability analysis applicable to time-delay systems are not considered generally familiar the
basic results on Lyapunov-Razumikhin stability conditions are given in the following theorem. Those results are
then specialized to linear retarded functional differential equations (RFDE) and quadratic Lyapunov-Razumikhin
functions, which are subsequently applied to complex RFDE (38) to guarantee delay-dependent synchronizing
region estimate.

"It is mainly for this reason that the conventional continuous-time full-state distributed feedback cooperative tracker is not
treated separately to parallel its discrete-time counterpart in Subsection 4.2.
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Theorem 5. (Lyapunov-Razumikhin stability theorem, [19]). Let «,f,7 be class K functions, and let

p(s)>sVs>0 be a scalar continuous non-decreasing function. If there exists a continuous function
V(x):R" > R such that for some k > 0, for all x, € C satisfying V(x, () <k, Ve [t - T,t] , one has
ooy <v o < Bl

d
;vu(r)) <—y(|x@|, if V(x(@) < p(V(x(1), Ve [t—7.1],

then the trivial solution x(#) =0 of the considered RFDE is uniformly asymptotically stable. Furthermore, the set

in C where V(x () <k, Vde [t -1, t] is an invariant subset in the region of attraction in the space C. |

Based on Theorem 5 sufficient conditions for asymptotic stability depending on delays are derived for the
special case of linear single-delay complex RFDE having the form (37) or (38). The Lyapunov-Razumikhin
functions appearing in Theorem 5 are modified to accommodate for the fact that the system is complex. State
vectors x are allowed to be complex and the dagger { denotes the Hermitian adjoint, i.e. transposition and complex

conjugation. Real P =P’ >0 then give real-valued single-agent quadratic Lyapunov-Razumikhin functions,
Vix)=x'Px>0, xe C".

Theorem 6. (Lyapunov-Razumikhin delay-dependent result for the complex equation, [19]). Let there exist real
positive definite symmetric matrices P,P,,P, >0, and a constant 7, >0 so that the following conditions are
satisfied

P'<P,P'<P, (70)

1

(A+0A)) P+P(A+0A,) +1, |0 PA,APA" Al P+, |o|' PAIP,(A)) P+27,P <0. (1)

d=2

Then, for given o € C, the trivial solution, x(¢) =0, of equation

x(t) = Ax(t) + oA x(t — 1) (72)
is uniformly asymptotically stable for 0 <7< 7. |

Lyapunov-Razumikhin delay-dependent sufficient stability conditions of Theorem 6 in turn provide a guaranteed
estimate of the delay-dependent synchronizing region when applied to single-agent complex RFDE (72).

Theorem 7. [19]. Let (A, B) be stabilizable. Choose the local feedback gain as
K=R'B'P, (73)

with P >0 areal symmetric solution of the single-agent algebraic matrix equation

A'"P+PA+Q-PBR'B'P+17,(PALAPA"A’P+PA P.(A)) P+2P)=0. (74)
where A, =—BK =-BR'B'P, Q>0 and P >0,P, >0 symmetric matrices chosen to satisfy
P'<P PB'<P.
Then the single-agent closed-loop system, given by A+A, = A—BK , is asymptotically stable with the delay margin

7, and the guaranteed synchronizing region estimate for delay margin 7 is determined by inequalities

Reo >1/2, (75)

(1-2Rec)Q ""PBR'B'PQ™" + Q" ((z|o]" —7,)PA APA" A P+ (z|o] —7))PA'P(A)) P+2z—7,)P)Q"" <. (76)
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Proof: 1If the real positive definite symmetric solution of (71) exists, with the feedback gain (70), the closed-loop
system matrix A+ A, = A— BR"'B'P satisfies

—1 7 T —1 57 T 4T 2 2\T —1 7
(A-BR'B'P)' P+ P(A—BR"B'P)+7,(PA, APA"A' P+ PA'P.(A}) P+2P)=—Q—PBR'B'P <0,

guaranteeing stability of the closed-loop single-agent system (o=1) with the delay margin 7,. The synchronizing

region for the delay margin 7, generally different than 7, follows as

(A~0BR'B'P) P+ P(A—~0BR 'B'P)+ (0| PA,APA"A P+|o| PAIP.(A})' P+2P)

= A'P+PA-2Rec(PBR 'B'P)+ (o] PA,APA"A'P+|o|' PAIP(A}) P+2P)

=-Q+(1-2Re0)PBR'B' P—7,(PA APA" A P+ PA'P.(A}) P+2P)+7(0l’ PA,APA’ A P+|of’ PA'P(A}) P+2P)
=-Q+(1-2Re0)PBR'B'P+((t|o] —7,)PA,APA’ A P+(t|o| —7,)PAP(A)) P+2(t~1,)P)

For stability the above matrix expression needs to be negative definite, which is equivalent to

—1/2

~I+(1-2Re)Q""PBR'B'PO" +Q " ((z|0 —7)PA APA'A P+(z|of —7)PAP(A) P+2z-7)P)Q"" <O.

Condition (74) guarantees single-agent stability with delay margin 7, when delays 7 are neglected. This concludes

the proof. |

Note that a real positive definite solution to (74) surely exists under the conditions of the Theorem for the delay
margin 7, sufficiently small, as it equals the solution of the ARE with the Q matrix appropriately redefined by

subtracting the resulting term multiplied by 7,. For sufficiently small 7, the @ matrix thus redefined is still

positive definite.

Corollary 2. [19]. Let (A, B) be stabilizable. Choose the local feedback gain as

K=R'B'P, (77)

with P >0 a real symmetric solution of the single-agent algebraic Riccati equation
A'"P+PA+Q-PBR'B'P=0, (78)

where 0 =Q" >0. Choose symmetric matrices P >0,P, >0 satisfying P <P, 2" <P. Then the guaranteed

estimate of the delay-dependent synchronizing region S_(7) is determined by inequalities
Reo>1/2, (79)

(1-2Re0)Q""PBR'B' PO +70™"" [|0'|2 PBKAPA'K'B'P+|o| P(BK)'P(K'B') P+ ZP} 0" <I. (80)
]

Building on a guaranteed delay-dependent synchronizing region estimate of Theorem 7 and Corollary 2, the
following result brings a design prescription for state-synchronization under delayed distributed state-feedback.

Theorem 8. [19]. Let the graph contain the spanning tree with pinning to a root node. Choose the local feedback
matrix as the Riccati gain of Corollary 2. Then the multi-agent system (35) synchronizes for the choice of

1
c> , (81)
2min Re A(L + G)

if the delay margin 7 satisfies the condition
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(1-2Recd )0 *PBR'B'PQ"* + 70" Ucﬂ/ | PBKAPA'K'B'P+|cA|' P(BK) B.(K"B')’ P+ ZP] 0" <1, (82)
for all cﬂj . [ |

4.5.2. Exponential Delay-dependent Cooperative Stability

Conditions for exponential cooperative stability are presented here as a strengthening of asymptotic cooperative
stability conditions of Subsection 4.5.1.

Definition 4. Given a complex retarded functional differential equation (38), the delay-dependent synchronizing

region for exponential stability with a prescribed convergence rate a€ R is a subset of the complex plane C
depending on the delay 7,

S (r,a)={ce C:Ay(t) +0A,y(t—1) es.}, (83)

with exponential stability characterized by the prescribed convergence rate a . |

A sufficient condition for asymptotic stability with exponential convergence rate for RFDEs based on
Razumikhin stability functions is detailed in the following theorem, (ibid [19]).
Theorem 9. (Lyapunov-Razumikhin exponential stability result) Let the conditions of Theorem 5 be satisfied with

/l”x”p = a(||x||) forsome A>0,pe R, p>21, >0, and
diV(x(t)) <—W (@) if V(x(®) <V (x(t))e”, Ve [t-1,1]. (84)
t

Then the trivial solution x(¢#) =0 of the considered RFDE is exponentially stable with convergence rate /p. W

Linear delay differential systems, e.g. (37), have the spectrum-determined growth property. Therefore in case of
exponential stability the convergence rate is determined by the spectral abscissa. Theorem 9 applied to (37)
provides a Lyapunov-Razumikhin bound on the spectral abscissa. The following result guarantees exponential
stability with a prescribed convergence rate in dependence of delays for the complex RFDE, [19]. It is considered a
stricter version of Theorem 6.

Theorem 10. [19]. (Lyapunov-Razumikhin delay dependent exponential stability result for the complex equation).
Let there exist real positive definite symmetric matrices P, P, P, >0, and a constant 7, >0 so that the following

conditions are satisfied

P

1

'<P,P'<P,
(A+0GA,) P+P(A+0A,)+17, |0 PA,LAPA"A|P+1,|of PAIP,(A) P+27,e"" P <—yP (85)
where ye R, Then, for given o€ C, the trivial solution, y(¢) =0, of equation
y(@) = Ay(t) + oA, y(t =)
is exponentially stable for 0<7<7,, with convergence rate /2.

Proof: Follows from Theorem 9 and Theorem 6. With the quadratic Lyapunov-Razumikhin function one has p =2

in Theorem 9. Provisions (84) of Theorem 9 on the interval [t — 21,t] ; V(x(¥)) < V(x(t))ezw Vde [t— 21,t]
yield the inequality

d
V)< X (1) [(A+0'Ad ) P+P(A+0A)+|of’ PA,APATATP+7|o|' PAZP(AY) P+ ZTeZWP] X(t).
t
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By condition (85) of the Theorem, for 0< 7 <7,

d
—V(x@) -V (x(@),
dt

thus, according to Theorem 9, completing the proof. |

Exponential stability of the transformed model with prescribed convergence rate, used to derive the stability
condition (85), is sufficient to guarantee the same for the original system, [19]. Exponential stability with a
prescribed convergence rate is stronger than asymptotic stability; hence synchronizing region satisfying the
prescribed exponential convergence rate is contained in the asymptotic stability synchronizing region for the same
time-delay,

S (t,a)c S.(7).

Due to exponential terms the exponential synchronizing region estimate (85) strongly depends on the values of delay
7 and the prescribed convergence rate a . As Theorem 10 shows, the inclusion property with respect to decreasing
delays holds naturally for prescribed convergence exponential stability synchronizing region estimates (85).
Furthermore the synchronizing region for greater convergence rates a is necessarily contained in that for smaller
ones,

S.(t,a)c S, (7,a,) for a Za,.

These considerations reflect the robustness of exponential stability with respect to delays. Design methodology of
Theorem 8 is equally applicable to synchronizing region with a prescribed exponential convergence rate. One only
needs to consider the single-agent algebraic matrix equation

T 1 AT T T 2 2\T 277, —
A'P+PA+Q—PBR'B'P+7,(PA APA"A'P+ PA’P,(A) P+2¢"" P) = —yP

guaranteeing exponential stability for the single-agent system, instead of asymptotic stability guaranteed by (74).
Then an estimate of the synchronizing region for exponential stability with the same convergence rate a but
possibly different delays = follows similarly as in Theorem 7 from the single-agent matrix inequality

-0+ (1-2Re0)PBR'B'P+(t|o| —7,)PA,ARA" AP+ (t|o| —7,)PAIP.(A}) P+2(ze’” —7,e™)P <0

It should be remarked that for delay-free case, 7=0=7, the above results naturally reduce to ones presented in

preceding subsections, i.e. those not considering time-delays, leading to unbounded synchronizing regions.

If all the diagonal blocks in (41), i.e. all the systems (42), are exponentially stable with a prescribed convergence
rate, as guaranteed by the delay-dependent synchronizing region, then the original system (36) shares the same
convergence property. Therefore synchronization is guaranteed with a prescribed exponential convergence rate if all
the graph matrix eigenvalues are scaled into the pertaining synchronizing region by an appropriate coupling gain.

V.  ROBUST SYNCHRONIZING REGION FOR DISTURBANCES AND UNCERTAIN SYSTEMS

Design of cooperative controls robust to external disturbances and single-agent uncertainties can also be approached
via synchronizing region methodology. This section brings H_ -synchronizing regions for robustness to

disturbances and synchronizing regions for uncertain agents.
5.1. H_-Synchronizing Regions

Reference [20] introduces a concept of an H_ -synchronizing region for agents

X, = Ax, + Bu, + D@, ,
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acted upon by external disturbances @®,.. Regulated outputs are z, = N 71CZ:?11 (x; —x;) and those signals are

related to the total synchronization error. Graph topology is assumed undirected and the distributed state-feedback
(8) is used. An appropriate state transformation of the total multi-agent system dynamics leads to considering
systems of the form

% =(A-cABK)% + D
s =Ck

which are required to be asymptotically stable in absence of disturbances, and to have an H_ -bound on output Z,

with respect to disturbance @, less than y for all relevant eigenvalues of the graph matrix, A, . This motivates the

interest in system

(. =(A-0BK){, + Do,
7, =C¢,

i

that defines the H_ -synchronizing region, o € R, for undirected graphs. Then an H_ Riccati inequality
A'"P+PA-SPBB'P+y PDD'P+C'C<0

for any & >0 is used to provide a guaranteed H_ -synchronizing region estimate and to subsequently construct the
single-agent feedback gain

1
K=—B'P.
2

This feedback gain in distributed state-feedback (8) guarantees an £, bound less than y for all regulated outputs z,
with respect to disturbances if the coupling gain ¢ >0 is chosen such that all relevant graph matrix eigenvalues 4,

satisfy ¢4, > 6 . For more details on H _ -synchronizing regions the interested reader is referred to [20].

5.2.  Synchronizing Regions for Uncertain Agents

For single-agent uncertainties, assume bounded yet otherwise unknown uncertainties in the system matrix A,
denoted by JA, and in the input-to-state coupling matrix B, denoted likewise by OB . For clarity, only distributed
state-feedback is presented here. Consider the guaranteed synchronizing region estimate for an uncertain matrix
pencil (A+ JA, B+ 0B) with feedback gain K ,

A+J0A—-0(B+O0B)K .
The single-agent Lyapunov stability condition is constructed as
(A+S8A) P+ P(A+S8A)—cP(B+8B)K -GK' (B+J8B) P<0.
Choosing the state-feedback gain as designed for the certain part of single-agent system (A, B) ,
K=R'B'P,

where P > 0 is a real symmetric solution of the single-agent algebraic Riccati equation,

A'P+PA-PBR'B'P=-0,
leads to the stability requirement

A"P+PA+8A"P+PSA—cPBR'B'P-oPSBR'B'P—GPBR'B"'P-GPBR'6B"P<0
= A"P+PA-2RecPBR'B"P+S5A"P+ PSA—-oPSBR'B"'P—GPBR'6B" P
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=—Q+(1-2Reo)PBR 'B'P+(5A" P+ PSA)—(cPSBR'B" P+GPBR'5B" P)
=—Q+(1-2Re0)PBR'B"P+(5A" P+ PSA)
—Reo(PSBR'B"P+ PBR'6B"P)— jImo(PSBR'B"P- PBR™'6B" P) < 0

It is seen from the above expression that uncertainties JA contribute terms independent of ¢ which can be
robustly taken care of by sufficiently large Re o . Note that for a fixed solution P a magnitude bound on JA gives
a constant bounded indefinite term. Hence, due to A uncertainties, the shape of a guaranteed synchronizing region
remains qualitatively the same. However, uncertainties 0B contribute terms depending on ¢, with Reo,Imo
multiplying Hermitian matrices. Comparing this matrix expression with that for constant OPFB, (67), leads one to
conclude that the guaranteed robust synchronizing region has a conical form; the uncertainties in B change the
shape of guaranteed synchronizing region qualitatively as well, (c.f. proof of Theorem 4). So, the greater the
magnitude of uncertainties 0B, the narrower a guaranteed synchronizing region estimate in the complex plane.

It is worth emphasizing here yet again that this is only a sufficient and not a necessary stability condition, hence
one operates with guaranteed synchronizing region estimates rather than exact synchronizing regions.

VI. CONCLUSIONS

This research summary reviews some methods of cooperative stability analysis and control design for various
identical-agent multi-agent system state-synchronization problems. Cooperative state-feedback, observer design,
static OPFB, and delayed state-feedback are addressed. The common tread is the synchronizing region approach;
separating the detailed graph topology from single-agent dynamics and thus guaranteeing robustness and flexibility.
This versatile approach crystallized in the past few years into a useful analysis and design tool. It is shown in this
survey, for the first time to the knowledge of the authors, that this methodology is also applicable to uncertain
single-agent systems. Single-agent uncertainties are found to restrict the graph topologies that allow for robust
synchronization in terms of magnitudes of uncertainties.
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2. DISTRIBUTED STATIC OUTPUT-FEEDBACK CONTROL FOR STATE SYNCHRONIZATION OF
MULTI-AGENT SYSTEMS

Kristian Hengster-Movric, Frank L. Lewis, Michael Sebek, Distributed Static Output-feedback Control
for State Synchronization of Multi-agent Systems, Automatica 53 (2015), pp. 282—290.

This paper, published in Elsevier’s Automatica, (IF: 6.126, the main IFAC journal), in 2015, brings
technical details on the application of the synchronizing region to state synchronization of multi-
agent systems comprised of homogeneous agents using static output-feedback. Restricting the
choice of feedback to outputs brings additional difficulties for the design of the cooperative
control, as well as it somewhat restricts the type of graph topologies that allow for
synchronization in this manner. The benefit is a simple, time-invariant feedback guaranteeing
distributed state synchronization and H..-bound in case of disturbances.

This paper studies state synchronization of multi-agent systems with disturbances using distributed static
output-feedback (OPFB) control. The bounded L, gain synchronization problem using distributed static OPFB
is defined and solved. The availability of only output measurements restricts the local controls design, while the
communication graph topology restricts global information flow among the agents. It is shown here that these
two types of restriction can be dealt with in a symmetric manner and lead to two similar conditions
guaranteeing the existence of bounded L, gain static OPFB. One condition is on the output measurement matrix
on a local scale, and the other on the graph Laplacian matrix on a global scale. Under additional conditions a
distributed two-player zero-sum game using static OPFB is also solved and leads to distributed Nash
equilibrium on the communication graph. As a special case the static OPFB globally optimal control is given.
A new class of digraphs satisfying the above condition on the graph Laplacian is studied. The synchronizing
region for distributed static OPFB control is exposed and found to be conical, different than the infinite right-
half plane synchronizing region for distributed state feedback.
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1. Introduction

Standard approaches to output-feedback (OPFB) synchroniza-
tion of multi-agent systems on graphs employ dynamic OPFB
compensators, or static OPFB assuming some extra conditions
simplifying the problem. This paper is concerned with the gen-
eral static OPFB synchronization problem on graphs. Solutions are
sought that optimize certain globally defined performance mea-
sures. Conditions on the local output measurement matrix and on
the global graph Laplacian are given that are similar; these reveal
the structure of the interactions between local measurement lim-
itations and global graph communication limitations. A numerical
example is given showing the power of the new approach in pro-
viding static OPFB synchronization where existing methods cannot
apply.

* The material in this paper was not presented at any conference. This paper
was recommended for publication in revised form by Associate Editor Dimos V.
Dimarogonas under the direction of Editor Frank Allgéwer.

E-mail addresses: kristian.hengster-movric@mavs.uta.edu
(K. Hengster-Movric), Lewis@uta.edu (F.L. Lewis), michael.sebek@fel.cvut.cz
(M. Sebek).

1 Tel.: +420 224 357 488; fax: +420 224 918 646.

http://dx.doi.org/10.1016/j.automatica.2014.12.015
0005-1098/© 2015 Elsevier Ltd. All rights reserved.

The last two decades have witnessed an increasing interest in
multi-agent networked cooperative systems, Baillieul and Antsak-
lis (2007), Fax and Murray (2004), Jadbabaie, Lin, and Morse (2003),
Li, Duan, Chen, and Huang (2010), Olfati-Saber, Fax, and Murray
(2007), Olfati-Saber and Murray (2003, 2004), Schenato, Sinopoli,
Franceschetti, Poolla, and Sastry (2007), Tsitsiklis (1984) and Wang
and Chen (2002). Early work, Fax and Murray (2004), Olfati-Saber
et al. (2007), Olfati-Saber and Murray (2003, 2004), Ren and Beard
(2005) and Tsitsiklis (1984), refers to consensus without a leader.
By adding a command generator leader that pins to a group of
agents one can obtain synchronization to a reference trajectory;
this is termed pinning control (Chen, Liu, & Lu, 2007; Hengster-
Movric, You, Lewis, & Xie, 2012; Sorrentino, di Bernardo, Garo-
falo, & Chen, 2007; Wang & Chen, 2002; Zhang & Lewis, 2011). We
call this the cooperative tracker problem. There all the agents syn-
chronize to the leader’s reference trajectory. Necessary and suffi-
cient conditions for synchronization to the leader are given by the
master stability function approach (Pecora & Carroll, 1998), and
the related concept of synchronizing region (Duan, Chen, & Huang,
2009; Sorrentino et al., 2007; Tuna, 2008; Wang & Chen, 2002).
This guarantees local stability. Global results are obtained by con-
traction analysis, i.e. incremental stability (Lohnmiller & Slotine,
1997; Pavlov, Pogromski, van de Wouv, & Nijmeijer, 2004; Russo,
di Bernardo, & Sontag, 2013). For linear systems, however, local
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and global stabilities coincide; hence the synchronizing region ap-
proach yields global results. Pinning control papers often assume a
special inner coupling matrix that simplifies the design (Chen et al.,
2007; Duan et al., 2009; Liu, 2011; Sorrentino et al., 2007; Wang
& Chen, 2002) and disregards the controllability properties of
single-agent systems. For nonlinear systems special autonomous
dynamics is assumed (e.g. QUAD) (Chen et al., 2007; Liu, 2011), to
guarantee synchronization.

For state-feedback synchronization of linear time-invariant
(LTI) systems, an approach given in Li et al. (2010), Tuna (2008)
and Zhang and Lewis (2011) uses locally optimal feedback derived
from the algebraic Riccati equation. Such control guarantees an
unbounded right-half plane synchronizing region. Hence, state
synchronization is achieved under mild conditions on the directed
communication graph topology, utilizing stabilizability properties
of individual agents.

If the entire agents’ states are not available one can use the dy-
namic OPFB, as detailed in Hengster-Movric and Lewis (2012), Li,
Duan, and Chen (2011); Li et al. (2010), Scardovi and Sepulchre
(2009), You and Xie (2011) and Zhang and Lewis (2011). There,
observer-based dynamic cooperative regulators are used to guar-
antee state synchronization under single-agent stabilizability and
detectability. The approach in Wieland, Sepulchre, and Allgower
(2011) uses a reference model based design to extend these results
to heterogeneous LTI networks. There, identical reference genera-
tors communicate their full states and synchronize. Such local ref-
erence signals are then tracked by agents.

In the case of dynamic OPFB control, necessary and sufficient
conditions for the existence of stabilizing regulators are agent’s
stabilizability and detectability. The static OPFB cooperative con-
trol problem is considerably more involved than distributed dy-
namic OPFB design. It is known that for the single-agent case,
static OPFB control depends on deep structural geometric prop-
erties of the dynamics (Syrmos, Abdallah, Dorato, & Grigoriadis,
1997; Wonham, 1985, chap. 4). Generally, individual agent’s sta-
bilizability and detectability is not sufficient for existence of stabi-
lizing static OPFB controls and there exist no closed-form formu-
lae for stabilizing or optimal static OPFB gains. The 1997 survey
paper (Syrmos et al., 1997) gives static OPFB solutions in terms of
coupled Riccati and Lyapunov equations. In Lewis, Vrabie, and Syr-
mos (2012) static OPFB solutions are given in terms of two coupled
Riccati equations. In Gadewadikar, Lewis, and Abu-Khalaf (2006);
Gadewadikar, Lewis, Xie, KuCera, and Abu-Khalaf (2007) necessary
and sufficient conditions for static OPFB bounded L, gain control
are given in terms of a generalized Riccati equation and an extra
condition in terms of the measurement matrix.

In Chopra and Spong (2006) static OPFB synchronization was
provided for passive systems. In Scardovi and Sepulchre (2009)
dynamic OPFB synchronization was considered. A result was also
given there that provides static OPFB designs for passive systems.
In Ma and Zhang (2010) static OPFB synchronization controls rely
on a rank condition that simplifies the problem so that necessary
and sufficient conditions are local stabilizability and detectability.

The approaches in Li et al. (2010), Tuna (2008) and Zhang and
Lewis (2011) provide guaranteed synchronization using locally
optimal state feedback design at each agent. Globally optimal
design for state feedback cooperative control that optimizes
performance measures that depend on all the agent dynamics has
been considered in many papers (Borelli & Keviczky, 2008; Cao
& Ren, 2010; Dunbar & Murray, 2006; Hengster-Movric & Lewis,
2014; Jovanovic, 2005; Qu, Simaan, & Doug, 2009; Vamvoudakis
& Lewis, 2011). The common difficulty, however, is that globally
optimal control solutions are generally not distributed, so that
each agent’s control depends not only on its neighbors in the
graph (Cao & Ren, 2010; Hengster-Movric & Lewis, 2014; Qu
et al, 2009). To have a distributed control that is optimal in
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some sense it is possible e.g. to consider each agent optimizing its
own, local, performance index. This is done for receding horizon
control in Dunbar and Murray (2006), implicitly in Zhang and Lewis
(2011), and for distributed games on graphs in Vamvoudakis and
Lewis (2011), where the notion of optimality is Nash equilibrium.
In the case of agents with identical LTI dynamics, Borelli and
Keviczky (2008) presents a suboptimal state feedback design that
is distributed on the graph topology.

An H.,-control approach to cooperative synchronization is
detailed in Li, Duan, and Chen (2010), where an LMI-based design
is used to achieve synchronization and disturbance rejection. That
work, Li et al. (2010), uses cooperative full state feedback. The
H..-synchronizing region is defined as a generalization of the
conventional synchronizing region (Duan et al., 2009; Li et al,,
2010; Zhang & Lewis, 2011) and LMI conditions are given for it to
be unbounded on the real line.

In this paper we study static OPFB cooperative control designs
that consider global performance measures. The bounded L, gain
synchronization problem using distributed static OPFB is defined
and solved. Under additional conditions a distributed two-player
zero-sum game using static OPFB is also solved and leads to
distributed Nash equilibrium on the communication graph. As
a special case the static OPFB globally optimal control is given.
Requiring solutions of these static OPFB control problems to be
distributed imposes a condition on the graph topology. A new class
of digraphs satisfying that condition is studied. The guaranteed
synchronizing region for distributed static OPFB control is exposed
and found to be different than the infinite right-half plane
synchronizing region for distributed state feedback. A numerical
example is given that shows the power of the new approach in
providing static OPFB synchronization where existing methods
cannot do so.

The contributions of this paper are as follows. Restrictive con-
ditions in Ma and Zhang (2010) and Scardovi and Sepulchre
(2009) and other existing works are removed to provide syn-
chronizing controls for the general static OPFB case, including
non-passive systems and systems not satisfying simplifying rank
conditions. Applications are made to globally optimal designs in-
cluding bounded L, gain synchronization, zero-sum games Nash
equilibrium, and globally optimal control. Two similar conditions
on the local output measurement matrix and the global graph
Laplacian are given that reveal the symmetry between local infor-
mation restrictions due to OPFB and global information restrictions
due to the graph topology. A new class of digraphs is defined that
satisfy the global condition. The structure of the guaranteed syn-
chronization region for static OPFB is studied and found to be a
conical sector, not a right-half plane as for full state feedback. A nu-
merical example is provided that shows the applicability of these
new results in a case where existing results such as Ma and Zhang
(2010) and Scardovi and Sepulchre (2009) cannot be applied.

Section 2 gives basic concepts and notation. Section 3 defines
and solves the distributed bounded L, gain synchronization
problem by static OPFB. Section 4 solves the static OPFB distributed
zero-sum game problem and the globally optimal control problem.
Section 5 finds that the guaranteed synchronizing region for static
OPFB is conical. Section 6 brings a numerical example that can be
solved by the approach in this paper and not by other existing
approaches. Section 7 concludes the paper.

2. Graph properties and synchronization

This section presents elements of the algebraic graph theory
and defines the synchronization problem using static OPFB
distributed control.

Consider a graph, § = (V, &), with a nonempty finite set of
N vertices, V = {vy,..., vy}, and aset ofedges &€ C V x V.Itis
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assumed that the graphis simple, i.e. there are no repeated edges or
self-loops. Directed graphs are considered, and information prop-
agates through the graph along the edges. Denote the connectivity
matrix as E = [e;] with e; > 0if (vj, v;)) € & and e; = 0 other-
wise. Note that diagonal elements satisfy e; = 0. The set of neigh-
bors of node v; is N; = {v; : (v}, v;) € &}, i.e. the set of nodes with
arcs coming into v;. Define the degree matrix as a diagonal matrix,
H = diag (hy ... hy), with h; = Zj e, the (weighted) in-degree of
node i. Define the graph Laplacian matrix as L = H — E, which has
all row sums equal to zero.

A directed path is a sequence of edges joining two vertices. A
graph is said to be strongly connected if any two vertices can be
joined by a directed path. A graph is said to contain a directed
spanning tree if there exists a vertex, vg, such that every other
vertex in 'V can be reached from v following a directed path. Such
a vertex, v, is called a root node. The Laplacian matrix L has a
simple zero eigenvalue if and only if the directed graph contains
a spanning tree.

For a matrix Q = QT > 0 a square root, Q'/2, is a matrix
satisfying (Q/%)TQ/? = Q. We denote its matrix transpose as
QT/2, Complex conjugation of a scalar o € C is denoted by an over
baro € C.

The multi-agent system under consideration is comprised of
N identical agents and a leader, having linear time-invariant (LTI)
dynamics. Let the leader system be given as

).(0 = AXO ,

(1
Yo = Cxo,

and the agents as

).(,' = AX,’ + Bu,- + Dd,‘,

(2)
yi = Cx;.

The d; are disturbance signals acting on agents, assumed suffi-
ciently regular for the unique solution of (2) to exist.

Note that matrix A may not be stable. Therefore, the au-
tonomous command generator (1) describes many reference tra-
jectories of interest including periodic trajectories, ramp-type
trajectories, etc., Hengster-Movric and Lewis (2012).

Define the local neighborhood output error

eyi =y ey —y) + &0 — ) (3)
J

where g; > 0 are the pinning gains, with g; > 0 only for a few
nodes having direct measurements of the leader’s output, Wang
and Chen (2002). The feedback control signal for agent i is chosen
as a linear distributed static OPFB

u; = cKey;, (4)

where ¢ > 0 is the coupling gain and K is the local OPFB gain
matrix. The expression

e = Zeij(xj — X)) + gi(xo — Xi), (5)
j

is the local (state) neighborhood error, Wang and Chen (2002) and
Zhang and Lewis (2011). Let §; = x; — xo be the synchronization
error. Globally one has § = col(§1, ..., 8y), so the local neighbor-
hood error equals

e=—(L+G) ®IL3, (6)

where G = diag(g; ... gyn) is the diagonal matrix of pinning gains.
Standard cooperative control approaches assume distributed con-
trol in terms of state neighborhood error (5), or construct dynamic
observers in terms of OPFB (3). By contrast this paper studies dis-
tributed static OPFB of the form (4).

In this paper we assume that the graph contains a spanning
tree, with at least one non-zero pinning gain connecting into a
root node. Then the matrix (L 4+ G) is nonsingular, Fax and Murray
(2004), therefore,e =0 < § = 0.

Globally, the local neighborhood output error (3) is

ey =—(L+G) ®C5, (7)

where e, = col(ey1, ..., eyy). Define similarly other global quanti-
ties. The global form of the distributed OPFB (4) is

u=—c(L+ G) ® KC5. (8)

Note that expression (7) reflects the restrictions on the informa-
tion available for distributed static OPFB control. Matrix C specifies
the local agent restrictions due to OPFB, while L + G specifies the
information restrictions on a coarser scale due to limited commu-
nication. Both local and global restrictions appear in (7) in a sym-
metric manner.

Definition 1. The distributed synchronization control problem for a
multi-agent system (2), with a leader (1), is to find distributed
feedback controls, u;, for agents, that guarantee lim;_, , ||§; ()| =
0, Vi. We call this the cooperative tracker problem.

Feedback (4) gives closed loop single-agent system as
X; = Ax; + cBKCe; + Dd;, (9)
which yields the dynamics of the multi-agent system in global form
x=(Iy ®A)x —c(L+ G) ® BKCS + (Iy ® D)d, (10)

where global vectors x, d are defined similarly as 6. The synchro-
nization error global dynamics follows as

§=(Iy®A—c(L+G) ®BKC)S + (Iy ® D)d. (11)

For the structured system (11) one has the following property of
the system matrix, crucial in simplifying the distributed feedback
control design.

Lemma 1 (Fax & Murray, 2004 and Li et al., 2010). The matrix Iy ®
A—c(L+G) ®BKC is Hurwitz if and only if all the matrices A— cA;BKC
are Hurwitz, where A; are the eigenvalues of (L4 G). W

Lemma 1 connects stability properties of (11) to robust
stabilization of a single-agent system. The conditions of Lemma 1
can be guaranteed by locally optimal state feedback design at each
agent (Li et al.,, 2010; Tuna, 2008; Zhang & Lewis, 2011). It has
not been established how these conditions can be guaranteed by
distributed static OPFB design. We will do so in Section 3.

3. Distributed bounded L, gain static output-feedback

This section presents the cooperative bounded L, gain problem
and reviews a result for static OPFB of single-agent systems. Main
result Theorem 1 is given that solves the cooperative bounded
L, gain problem using distributed static OPFB. It is found that in
keeping with the symmetry revealed in (7), symmetric conditions
must hold on the local output measurement matrix C and the
global graph matrix L + G.

3.1. Formulation of the cooperative Hu,-control Problem

The dynamics (11) of the synchronization error § for a general
control u is
§ = (Iy ®A)S + (Iy ® B)u+ (Iy ® D)d,

y=(Un®C)s. (12)
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The output y of (12) has been redefined as compared to (2) bearing
in mind its use in the control law (8). Given system (12), define the
performance output, Gadewadikar et al. (2006), as

lz(®))1* = 8"Q8 + u'Ru,

for some positive definite symmetric matrices Q > O,R > 0
whose structure is detailed later. It is assumed without loss of
generality that the matrix C has full row rank. The system L, gain
is said to be bounded or attenuated by y if, for all L, disturbances
d(t)

Jo lz@IPde [7(37Q8 + u"Ruydt 2 03
[2ld@N2de [T dmTd@ede

Remark 1. Note that a weighting matrix T > 0 is introduced
n (13), which generalizes the form of the L, gain as compared
to standard single-agent H..-control, Gadewadikar et al. (2006,
2007) where T = I. This is required in the analysis of Hy,-control
for cooperative multi-agent systems as detailed in the proof of
Theorem 1.

Definition 2. Given a multi-agent system, the bounded synchro-
nization L, gain (Ho-synchronization) problem for the distributed
static OPFB is to find the distributed static OPFB control such that
the closed-loop multi-agent system reaches synchronization in ab-
sence of disturbances, and that synchronization L, gain is bounded
as in (13) for all L, disturbances.

For any LTI system
8 = A8 + Bu + Dd,
- (14)
y=0Cs,
to design a static OPFB control, u = —Ky = —KC8, guaranteeing

that L, gain is bounded as in (13), one proceeds as follows,
Gadewadikar et al. (2006). Define the performance criterion

J, K, d) = / (8T(Q 4+ CTKTRKC)8 — y2d" Td)dt. (15)
0

The main result of Gadewadikar et al. (2006) states that necessary
and sufficient conditions for existence of the H,, static OPFB
control for general LTI systems, with Q = QT > 0, are: (A, B)

stabilizable, (A, Q/?) detectable, and there exist matrices K*, M
such that

K*C =R '(B'P + M), (16)

where P = PT > 0 is a solution to the generalized Riccati-type
equation (the H]JI equation)

PA+A"P+Q —PBR'B'P+M'R"'M+ y~2PDT'D'P = 0.
(17)

The matrix M in (16) provides additional design freedom
needed for OPFB stabilization. Note that (16) may not hold if M =
0. That is, given matrix C, there may be no solution to (17) with

M = 0 such that K*C = R~'B"P.
3.2. Cooperative output-feedback control for bounded L, gain

The existence of the solution to the bounded L, gain synchro-
nization problem for system (12) in the form of the cooperative
distributed static OPFB control (4) is detailed in the following main
theorem. This result shows how to design a distributed static OPFB
of the form (8) that guarantees a bounded L, gain (13). The key is
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to realize that in distributed control on graphs, the matrices in (14)
are specially structured so that

B=Iy®B,
N (18)
D=1Iy®D.

A=Iy®A,
C=Iy®C,

Moreover, since the multi-agent distributed systems are struc-
tured as in (12), the global static OPFB feedback gain has the struc-
ture K1 ® K, commensurate with Eq. (7).

Theorem 1. Let the synchronization error dynamics with distur-
bances acting upon agents be given in global form as (12). Let the
graph have a spanning tree with at least one non-zero pinning gain
connecting to a root node. Suppose there exist symmetric positive def-
inite matrices P;, P,, and matrices M,, K, satisfying

ATP, + P,A+Q, — P,BR, 'B'P,

+y2P,DD"P, + MR, 'M, =0 (20)
forsome Q; = Q) > 0, Ry =R! > 0, R, = R} > 0, and coupling
gain ¢ > 0, together with
K;C =R, '(B"P, + M). (21)
Then the cooperative control
u* = —c(L+G) ®K;CS, (22)

guarantees a synchronization L, gain bounded as in (13) by y, where
matrices Q, R, T are structured as

R=R; @Ry, (23)
and either
i. T=P®I=cRi(L+ G) ®Iwith

Q= L+0'Ri(IL+06) R (Q+AP,
+P,A+ y~2P,DD'P,)
—cRi(L + G) ® (AP, + P,A+ y~2P,DD'P,)
>0 (24)

or
ii. T =Ry ® I with

Q =c*L+06"Ri(L+G) ® (Q +A"P;, + PA)
—cRi(L+G) @ (ATP, 4+ P,A) > 0. (25)

Proof. Let the OPFB control for (12) be structured as
u=K(y ®C)é =K, ® K»C5.

The Hamiltonian for system (14) with the performance criterion
(15) and the quadratic value function, V(§) = 8 P§, equals

H = 8"(P(A—BKC) + (A— BKC)"P)s + 8"PDd
+d"D'Ps +87(Q + CTKTRKC)S — y2d"Td. (26)
Stationarity condition gives the worst case disturbance d*

oH _
— =0=d* =y 2T7'D"Ps. (27)
od
With such a disturbance the Hamiltonian becomes
H = 8"(P(A—BKC) + (A— BKC)"P)s
+y28"PDT'D"PS + 87(Q + C'K"RKC)S.
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This quadratic form is determined by the matrix
P(A—BKC) + (A—BKO)'P+Q
+CTK"RKC + y—*PDT'D'P
=A"P+PA+Q+y2PDT'D'P — PBR'B'P
+ (KC —R'B"P)'R(KC — R"'B"P)
=A"P+PA+Q+y2PDT'D'P
—PBR™'B'P + MTR™'M. (28)

The last line is obtained from the requirement on the OPFB gain,
K*C = R™Y(BTP + M), for some matrix M. By the output Riccati-
type equation, (17), (28) equals zero identically, i.e.

H(S, VV,K*,d*) = 0. (29)

The system (12) is structured, ( 18). Its structured value function
is given by the matrix P = P; ® P,. With the matrix R of the
Theorem and similarly structured general T = Ty ® T,, M =
M1 ® M, one finds the matrix (28) equal to

(In @ AT)(P; ® P,) + (Py ® P2)(Iy ® A) + Q
+y 2 (Pr®P)(Iy @ D)(T; ' @ T, ) (Iy ® D')(P; ® P2)
— (P ®P)(Iy ®B)(R;' ® R, )(Iy ® B ) (P ® P)
+M] ® M))(R;' @ Ry ) (M; @ My).

Choosing T, = I, of an appropriate dimension, one hasT = T; ® |
and

P; ® (ATP, + P,A) + Q + y 2P, T, 'P; ® P,DD" P,

— PR 'Py ® P2BR; 'B"P, + MIR; "My ® MJ R, 'M,. (30)
For the OPFB gain one has
KC = (K ®K2)(Iy ® C) = K1 @ KoC
= Ry @R NP1 @ B'P, + M; ® My)
=c(l+ G ®K;C, (31)

which is satisfied for M; = Py, by the global topology condition,
(19), and the local OPFB condition, (21).

Nothing in the conditions for OPFB, (19), (21), specifies the
matrix T;. Choosing T; = P; > 0, with M; = P in (30) gives

P; ® (A'P, + P,A) + Q + y 2P1P; 'P; ® P,DD' P,
— PR, 'Py ® P,BR; 'B"P, + PR, 'Py @ MIR, "M,
=P; ® (AP, + P,A+ y 2P,DD'P,) +Q
— PR, 'Py ® (P2BR; 'B"P, — MR, 'My).
If the Q matrix is taken to be
Q = P; ® (Q; — P;BR; 'B"P, + MIR; 'M>)
+ Qi ® (P,BR;,'B'P, — MJR, 'My),
the global output Riccati-type equation, (17), decouples as
Py ® (ATP, + P,A+ y2P,DD'P, + Q,
—P,BR, 'B"P + MR, 'My)
+(Q1 — PiR; 'P1) ® (P,BR; 'B'P, — MR, 'M;) = 0.
That is certainly satisfied if
Q =PiR;'Py,
ATP, + P,A+ Q, — P,BR; 'B"P,
+y?P,DD'P, + MR, 'M; = 0.
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Alternatively, the choice T; = R, gives the equation
P; ® (A"P, + P,A) + Q + PiR;'P; ® (y "2P,DD'P, — P,BR; 'B'P,
+MJIR;'M,) =0,
which decouples similarly with the choice of

Q = P; ® (Qu — P,BR; 'B"P, + MIR; "M, + y ~2P,DD" Py)

+Q; ® (P2BR; 'B"P, — MR, "M, — y~2P,DD" Py) (33)
or equivalently
Q=P ® (AT, + PA) + Qi ® (Q; + AP, + P,A), (34)

where Q; = PiR;'Py = c2(L + G)"Ry(L + G). The global topology
condition (19), used in (32), (33), gives (24), (25).

Hence, with the choice of the structure for matrices Q, R, P, T
detailed in the theorem, one has the global output algebraic
Riccati-type equation decoupled into local and global parts. Thus
the conditions on the graph topology and the local OPFB gain
guarantee that the global output Riccati-type equation is satisfied.

The Hamiltonian for the general LTI system evaluated at the
specified control, K*, and disturbance signals, d* is identically zero,
(29). The original Hamiltonian then equals
H(@, VV,K,d) =H(S, VV,K*,d*) + 8" (—PB(KC — R"'B'P)

—CTK"(B"P — RKC) — M"R™'M)8 — y~28"PDT~'D"P§
—_——
yzd*rm*
+ 8"PDd +d"D"PS — y2d"Td
——
yzd*TTd
= 8T(—PB(KC — R™'B"P) — CTKT(B"P — RKC)
—M'RT'M)S — y2(d — d*)TT(d — d).
Recalling that

_ dv e
H(S, VV,K, d) = i 8T(Q + CTKTRKC)s — y2d"Td,

choosing K = K* leads to
dv
dt

+587(Q + C"K"RKC)s — y2d"Td
—(d—d")'Td - d*) <o.
Upon integration, VT > 0, one finds

V(8(T)) = V(5(0))

T
+ / (8T(Q + CTK*"RK*C)8 — y2d" Td)dt < 0.
0

The rest of the proof follows similarly as in Gadewadikar et al.
(2006). m

It is interesting to note that not only the control (22) is
distributed, respecting the graph topology, so is the worst case
disturbance, (27), for both choices of T in (24), (25).

Remark 2. Global condition (19) refers to the graph topology L+G.
Local conditions (20), (21) refer to the local static OPFB restrictions
due to C. These global and local conditions appear in (19), (21),
respectively, in a similar way. This is due to the symmetry in the
global and local information restrictions embodied in (7).

Conditions (24), (25), that the matrix Q be positive definite, are
not trivial. For those to be satisfied, in case (i) one must have c > 0
sufficiently large and

Q, +A"P, + P,A+ y2P,DD'P, > 0. (36)
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Then the first term in (24) can dominate the second term except on
its kernel, as determined by kernel of (36). According to Eq. (20),
(36) is equivalent to

P,BR;'B'P, — MR, 'M, > 0, (37)

which is a condition on M,. Since R, > 0, (37) implies that
ker(BTP;) C ker M,. Also, condition (37) can be written as

C'K; RyK>C — CTKy My — My K>C > 0. (38)
Similarly in case (ii), one needs ¢ > 0 sufficiently large and

Q +AP, +PA >0, (39)
which by (20) is equivalent to

P,BR;'B"P, — y "2P,DD'P, — MR, 'M, > 0. (40)

The expression (40) is a condition on the size of M,, D. For (40) to
hold it is necessary that (37) i.e. (38) holds. Also, (40) necessarily
implies that ker(B"P,) < ker(D'P,). Both conditions (37), (40)
hold if M, = 0, D = 0.1f (37), (40) do hold, choosing the coupling
gain c sufficiently large makes the matrix Q positive definite.
Namely on the kernel of the first term in (24), (25), as determined
by kernels of (36) or (39), the second term in matrix Q, (24), (25),
equals

Hence by condition (19) one has Q > 0. Note that the global topol-
ogy condition (19) and the local condition (38) are both required
for this.

Remark 3. The control design in (20), (21) is distributed at each
agent and so is the implementation (22). We consider the global
optimal problem using static OPFB. As such, the global performance
index naturally depends on the graph topology through the
weights (24), (25). It also requires the global property (19). Our
approach in Theorem 1 clearly decouples the distributed nature of
the problem, arising from OPFB constraints due to matrix C, and the
global information restrictions due to the graph topology L+ G. See
the comments following (8).

Remark 4. A new class of digraphs which satisfy condition (19) is
required. In particular, this class of digraphs admits a distributed
solution to an appropriately defined global optimal control prob-
lem, Hengster-Movric and Lewis (2014). The topological condition
for global optimality of the distributed control (22)is (19),

Ri(L+G) = Py, (41)

where Ry = R > 0, L + G is a nonsingular M-matrix, and
P; = PlT > 0. The existence of a matrix R; > 0 satisfying (41),
is detailed in the following theorem.

Theorem 2. Let L + G be a graph matrix. Then there exists a positive
definite symmetric matrix Ry = R{ > Osuchthat R{(L4+G) = P;isa
symmetric positive definite matrix if and only if L + G has a diagonal
Jordan form.

Proof is given in Hengster-Movric and Lewis (2014). ®

4. Distributed two-player zero-sum games and globally opti-
mal output-feedback

This section provides solutions for two special applications of
the static OPFB design in Theorem 1. First we present and solve
distributed two-player zero-sum games using static OPFB. Then we
consider the special case of cooperative globally optimal control.
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4.1. Distributed two-player zero-sum games

Let the multi-agent system be given by (12). The system (12) has
two inputs, hence the theory of the two-player zero-sum games
(Basar & Olsder, 1999; Lewis et al., 2012) is applicable.

Given a performance criterion, J(x(0), u, d), and a dynamical
system with two inputs, u, d, the two-player zero-sum game puts
the control input u and the disturbance input d at odds with
one another. The objective of the control is to minimize the
performance criterion J, while the objective of the disturbance is to
maximize it. For games in general, the concept of Nash equilibrium
is of central importance (Basar & Olsder, 1999; Lewis et al., 2012).

Definition 3. Given a performance criterion, J(x(0), u, d), the
policies u*, d* are in a Nash equilibrium if

Jx(0), u*, d) < J(x(0), u*, d*) <J(x(0), u, d").

According to the Nash condition, if both players are at equilibrium,
(u*, d*), then (u*, d*) provides a unique game-theoretic saddle
point solution. That is the value of the performance criterion at the
Nash equilibrium, V (xg) = J(xo, u*, d*), satisfies

V*(x0) = muin mélX Jx(0),u,d) = m;lx muin J(x(0), u, d).

The main result of this section is presented as the following
corollary to Theorem 1.

Corollary 1. Let the conditions of Theorem 1 be satisfied. Let the
matrix M, additionally satisfy
CT(Ky — K5) "Ry (Ky — K5)C + M, (K, — K3)C

+CT (I — K3)"™M; > 0, (42)

for any K, # K;. Then the control (22) and the worst case distur-
bance (27) are the solutions of the distributed two-player zero-sum
game with the performance index

oo
J (8, u, d) = / (67Q8 + u"Ru — y2d"Td)dt, (43)
0

where matrices Q, R, T are structured as in Theorem 1.

Proof. Follows the same starting lines as the proof of Theorem 1.
Here we start from the expression (35)

H(, VV,K,d) = —y*(d — d)TT(d — d*)
+8T(—PB(KC — R™'B™P)
—C"K"(B"P — RKC) — M"R"'M)5.
One has the game-theoretic saddle point if the matrix M is chosen
such that, Gadewadikar et al. (2006),
—PB(KC —R™'B"P) — C"K"(B'P — RKC) — M'R™'M > 0.
Since K*C = R™'B"P + R~ M, this can be written as
CT(K — K*)'R(K — K*)C + M" (K — K*)C
+CT(K — K™ > 0. (44)
This is clearly satisfied in the special case of 1\_/! =0. ~
Given that, as in the proof of Theorem 1, K = K; ® K>, K* =

K1 ® K, since K; is fixed by the graph topology L + G, the general
condition (44) for the purposes of this Theorem reduces to

(In ® CHK] ® (K — KT (R1 @ R)K; ® (K, — K3) (Iy ® C)
+ (M} ® My)K; ® (K, — K3)(Iy ® C)
+ (v ® CHK] ® (K, — K5)" (M7 ® M) > 0.
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With M; = P; and (19) one obtains
PiR; Py @ (CT(Ky — K5 Ry (Ky — K5)C
+M; (K, — K3)C + CT(Ky — K3)"My).

The first term is positive definite and equal to P1R1"P1 =L+
G)'Ri(L + G), by condition (19) of Theorem 1. Positive semi-
definiteness of the second term guarantees the positive semi-
definiteness of the entire expression. Therefore, if M, can be chosen
such that

CT(Ky — K5)"Ry(Ky — K5)C + M, (K, — K5)C
+CT (G = K5) M, > 0,

then (44) is positive semidefinite. This implies that if the local
OPFB K;C is the solution of the local game-theoretic problem,
Gadewadikar et al. (2006), then, given the global topology
condition, (19), the same holds for the global problem. &

Condition (42) is crucial when compared to conditions of
Theorem 1. It implies the weaker local condition (38) (just set
K, = 01in (42)). (42) guarantees that the Hamiltonian be positive
definite with respect to deviations of OPFB gain from that proposed
in Theorem 1. Hence the performance criterion (43) is a proper
game-theoretic performance criterion having a game-theoretic
saddle point, Gadewadikar et al. (2006). Namely a saddle point
in the Hamiltonian implies a game-theoretic saddle point of the
performance criterion, Gadewadikar et al. (2006) and Lewis et al.
(2012). Note that condition (19) is also needed here.

4.2. Cooperative globally optimal output-feedback

When the effects of the disturbances are absent, ie. D = 0
n (12), the game-theoretic problem of Section 4.1 reduces to the
globally optimal control problem for OPFB, Lewis et al. (2012). This
result is presented as a second corollary to Theorem 1.

Corollary 2. Let the conditions of Theorem 1 and Corollary 1 be
satisfied for d = 0 and D = 0. Then the control (22) is optimal with
respect to the performance index

J (8o, u) = / m(aTQa + u"Ru)dt, (45)
0

where the matrices Q, R are given by (23), and
Q=L+ G6'Ri(L+06) ®(Q+A"P, + P,A)

—cRi(L+ G) ® (A'P, + P,A) > 0, (46)
for the coupling gain ¢ > O sufficiently large. ®

The proof is analogous to the proof of Corollary 1, noting that
d = 0, D = 0 make the choice of T in Theorem 1 immaterial, and
both variants for Q presented there reduce to a single choice, (46).
Local condition (42) of Corollary 1 guarantees optimality and (46).

Note that if the graph does not contain the spanning tree,
with at least one non-zero pinning gain connecting to a root
node, then, with all other conditions of Corollary 2 satisfied, one
has optimality, with positive semidefinite Q in (45). This implies
convergence to the kernel of Q. The existence of a spanning tree,
i.e. the non-singularity of the graph matrix, L + G, is necessary for
state synchronization.

Remark 5. Remark 2 applies also here. The conditions on c for syn-
chronization in Corollary 2, are more than sufficient, and presume
both global and local conditions (19), (38). Global condition is dis-
cussed in detail in Remark 4. However, removing the global re-
quirements of Sections 3 and 4 removes condition (19), leaving
weaker conditions for synchronization. In that case the local con-
dition (38) remains a sufficient condition, as detailed in Section 5.

x10°
6 1 2
4
5 B _
0 <t 1
2 = 0
-4
-6
. i i 4 3
0 05 1 15 2 25 3

Fig. 1. a. Synchronizing region for static OPFB. b. The graph.
5. Synchronizing region for output-feedback

This section studies the guaranteed synchronizing region for
static OPFB and finds it to be a conical region as shown in Fig. 1(a),
Section 6, as opposed to the unbounded right-half plane for full
state feedback cooperative control (Li et al., 2010; Zhang & Lewis,
2011). In the following it is taken that d = 0, D = 0, and subscript
‘2’ of local quantities is omitted for simplicity.

Let the local OPFB gain K for an LTI system defined by matrices
(A, B, C) satisfy conditions (20), (21) for some matrix M. Then the
closed loop system matrix A-BKC is Hurwitz, Gadewadikar et al.
(2006).

Definition 4. Given matrices (A, B, C), and the static OPFB gain
K, the synchronizing region for static OPFB is a set given by S, =
{o € C:A— oBKCis stable}.

Hence, according to Lemma 1 the system matrix in (11) is stable
if and only if all the scaled graph matrix eigenvalues, cA;, are in the
synchronizing region for static OPFB of the matrix pencil

A — oBKC. (47)

Making the choice of K (20), (21), guarantees the synchronizing
region for static OPFB as shown below.

Theorem 3. Let the multi-agent system be given by (1), (2), where
D = 0,d = 0. Let the graph have a spanning tree with at least
one non-zero pinning gain connecting to a root node. Choose the
distributed static OPFB control (4), where the OPFB gain, K, satis-
fies (20), (21). In addition let the inequality (38) be satisfied. Then the
guaranteed synchronizing region for static OPFB is the conical sector
in the complex plane.

Proof. Let the following abbreviations be introduced

@ := Amin=0(Q "T/2C"KTRKCQ /%), (48)
b := Amin=0(Q T2(CTK"RKC — C"K"M — MTKC)Q™"?)  (49)
f = AmaxGQT2(MTKC — CTKTM)Q 1) (50)

where Apin-o denotes the smallest eigenvalue on the complement
of the kernel.

Take the quadratic Lyapunov function, V(x) = x'Px, for the
complex system matrix (47). The dagger  denotes the hermitian
adjoint. The positive definite real matrix, P = P, is chosen as a so-
lution of the output Riccati-type equation (20). The time derivative
of this Lyapunov function is determined by the quadratic form of a
hermitian matrix

(A — oBKC)'P + P(A — 0BKC)
=A"P+PA—GCTK"B'P — o PBKC,

which, by completing the squares, reads

AP + PA+ (6KC —R™'(B"P 4+ M))'R(cKC — R™'(B"P + M))
— |lo|>CTKTRKC + 6CTK™™ + oMTKC — CTKRKC.

43
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The choice of the OPFB satisfying (21) makes this expression equal
to
ATP 4+ PA+ |0 — 11> CTKTRKC — |o'|? CTKTRKC
+6C"K™ + oM"KC — CTK"RKC.
Using the output Riccati-type equation, (20), gives
=—Q — (B"P+M)"R"'(B'"P + M) — M"R™'M + PBR'B'P
+(1—2Reo)C"K"RKC 4+ 6C"K™M + o M"KC.
The sufficient condition guaranteeing stability is then
—Q—-BP+MTR'BP+M)—-MR'M+PBR'B'P
+ (1 —2Reo)CTKTRKC + 6CTK™M 4+ o MTKC < 0,
allowing the assessment of the synchronizing region for static
OPFB in C. This expression is equivalent to
—Q — |o|>C"KTRKC + |0 — 1> CTK"RKC
+ (@ — 1DC'K™™ + (6 — 1)M'KC < 0. (51)
With |0 — 1|2 — |o|> = (1 — 2Re o) (51) becomes

—Q — (2Reo — 1)C"KTRKC 4+ (Reo — 1)(CTK™M 4+ MTKC)
+jlmo(MTKC — CTK™M) < 0.

After straightforward manipulations condition (51) reads
—I —Reo(QT2c"KTRKCQ ~V/?)
—(Reo — DQT2(CTKTRKC — CTK"™M — M"KC)Q ~1/2
+Imo (jQ T2(MTKC — CTK"™M)Q %) < 0. (52)
Inequality (52) is certainly satisfied for Reo > 1 if

—1 — Re 6 Amin=0(Q T2CTKTRKCQ ~1/?)
— (Reo — DAmin=0(QT/2(CTKTRKC
—C'K™ — MTKC)Q /%)
+ Imo| AmaxGQ T?(M"KC — C"K"™M)Q /%) < 0. (53)

Note here that even though the last matrix term in (52) is antisym-
metric it cannot be disregarded for the evaluation of the quadratic
form. This is so because j multiplying it makes it hermitian, and one
has complex vector spaces here. Namely, the proof of Lemma 1 uses
a coordinate transformation that is generally complex. This matrix
has a special property that its eigenvalues appearas £A € R, which
is seen by complex conjugating the eigenvalue-eigenvector rela-
tion. Hence the absolute value of Im ¢ is needed in (53) compared
to (52).

With the introduced abbreviations and shorthand notation,
X := Reo,y = Imo, a guaranteed synchronizing region for OPFB
is described as x > 1 and

lyl <[1—=b+ (a+b)x]/f, (54)

which is a conical sector in the complex plane. This completes the
proof. W

Remark 6. If M = 0 one recovers the synchronizing region
characteristic of the full state feedback (Li et al., 2010; Zhang &
Lewis, 2011) defined by

—Q + (1 —2Reo)CTKTRKC < 0.

However, given the prescribed output measurement matrix C in
(2), the choice M = 0 generally cannot be made, Gadewadikar
et al. (2006). That is, there may exist M # 0 such that (21) holds,
ie. K*C =R '(B"P + M), yet K*C = R~'BTP fails to hold.

44

Remark 7. The work in Li et al. (2010) presents conditions in
terms of LMI for state feedback synchronizing region in R to be
unbounded. The structure of the synchronizing region for static
OPFB in C is not revealed in that work. In Theorem 3 we show
it is a conical sector, (54). Such form of the synchronizing region
imposes constraints on the graph matrix eigenvalues similar to
those presented in Hengster-Movric et al. (2012) for discrete-time
systems.

6. Numerical example

A numerical example is presented here for which distributed
static OPFB can be designed using the approach in this paper, but
not by other approaches existing in the literature. Note that this
system is not passive hence (Scardovi & Sepulchre, 2009) cannot
be applied. Also it does not satisfy the rank condition (13) in Ma
and Zhang (2010), so that cannot be used either.

Consider a multi-agent system (1), (2), with matrices

0 1
A= [] _1], B=L, C=[1 06], D=0.
Note that A is unstable but stabilizable. The solution of the
equation, (20), with matrices Q = I, R = 0.5]; and

M — [g 0.1444 ] <p— [0.8561 0.3693] '

—0.3348 0.3693 0.5563

The OPFB gain (21) given by thisPisK = [1.7122  0.7386]" which,
with the chosen M, satisfies (38). In this case the choice of M # 0is
necessary. That is KC = R~'B"P fails to hold. The synchronizing re-
gion for OPFB, (54), is determined by the coefficients a = 2.3644,
b = 2.3645,f = 5.372 % 107>, depicted in Fig. 1(a). The graph
topology is given by L = [2 — 10 — 1;—12 — 10;001 —
1,00 — 11], G = diag(0, 0, 1, 0), (Fig. 1(b)), satisfying (19) with
Ry =[101-2;01-20;1—-2114 —3.8; —20 —3.88.6] > 0,
andc = 2.7.

7. Conclusions

This paper examines distributed static OPFB control for state
synchronization of identical LTI agents. Disturbances are assumed
to act on the agents. The cooperative bounded L, gain problem
using static OPFB is defined and solved. A stronger condition
affords a solution of the distributed two-player zero-sum game.
The distributed globally optimal OPFB control problem is solved
as a special case. Conditions are found guaranteeing global
optimality w.r.t. a quadratic performance criterion. The notion of
synchronizing region is extended to static OPFB.
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3. COOPERATIVE SYNCHRONIZATION CONTROL FOR AGENTS WITH CONTROL DELAYS: A
SYNCHRONIZING REGION APPROACH

Kristian Hengster-Movric, Frank L. Lewis, Michael Sebek, Tomas Vyhlidal, Cooperative
synchronization control for agents with control delays: A synchronizing region approach, Journal of
the Franklin Institute, 2015

This paper, published in Elsevier’'s Journal of the Franklin Institute, (IF: 3.567), in 2015, takes into
account communication time-delays which are realistically unavoidable in real-world distributed
multi-agent systems. It proves to be possible, using the Razuminkhin-Lyapunov stability analysis, to
apply the spirit of the synchronizing region methods to systems with uniform time-delays, yielding a
delay-dependent synchronizing region that restricts the maximal value of the time-delay as well as
the graph topologies allowing for synchronization under the considered delays. These results are
applicable, in principle, to all cases analyzed as being delay-free, and they indeed reduce to the
familiar delay-free results when the upper bound on the delays is pushed to zero. Therefore, albeit
somewhat conservative, the results elaborated in this part present a natural extension of the
familiar synchronizing region concepts to the realistic case of having time-delays.

This chapter investigates multi-agent system synchronization in presence of control signal time-delays. Agents
are assumed to be identical linear time-invariant systems, interacting on a directed graph topology, all having
the same control time-delay. Distributed control of multi-agent systems is complicated by the fact that the
communication graph topology interplays with single-agent dynamics. Here a design method based on a
synchronizing region is given that decouples the design of local feedback gains from the detailed properties of
graph topology. Such extension of the synchronizing region concept to agents with delays is rigorously
justified. Delay-dependent synchronizing region is defined and methods are given guaranteeing its estimates.
Qualitative properties of delay-dependent synchronizing regions and implications for control design are
discussed. It is found that these regions are inherently bounded which restricts the graphs that allow for
synchronization under delayed communication. Stronger property of exponential stability with a prescribed
convergence rate is presented as a special case.
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Abstract

This paper investigates multi-agent system synchronization in the presence of control signal delays. Agents are
assumed to be identical linear time-invariant systems, interacting on a directed graph topology, all having the same
control delay. Distributed control of multi-agent systems is complicated by the fact that the communication graph
topology interplays with single-agent dynamics. Here a design method based on a synchronizing region is given
that decouples the design of local feedback gains from the detailed properties of graph topology. Such extension of
the synchronizing region concept to agents with delays is rigorously justified. Delay-dependent synchronizing
region is defined and methods are given guaranteeing its estimates. Qualitative properties of delay-dependent
synchronizing regions and implications for control design are discussed. It is found that these regions are inherently

“This work is supported by the European social fund within the framework of realizing the project “Support of inter-
sectoral mobility and quality enhancement of research teams at Czech Technical University in Prague”, CZ.1.07/2.3.00/
30.0034, the NSF Grant ECCS-1405173, ONR Grant N00014-13-1-0562, ONR Grant N000141410718, Grant W91 INF-
11-D-0001, China NNSF Grant 61120106011, and China Education Ministry Project 111 (No. B08015). The fourth
author was supported by the Grant Agency of the Czech Technical University in Prague, Grant no. SGS14/182/OHK?2/3T/
12.

*Correspondence to: Czech Technical University in Prague, FEL, Karlovo Namesti 13E, 121 35, Praha 2, Czech
Republic.

E-mail address: hengskri@fel.cvut.cz (K. Hengster-Movric).

http://dx.doi.org/10.1016/j.jfranklin.2015.02.011
0016-0032/© 2015 The Franklin Institute. Published by Elsevier Ltd. All rights reserved.

47


www.elsevier.com/locate/jfranklin
dx.doi.org/10.1016/j.jfranklin.2015.02.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jfranklin.2015.02.011&domain=pdf
www.elsevier.com/locate/jfranklin
dx.doi.org/10.1016/j.jfranklin.2015.02.011
dx.doi.org/10.1016/j.jfranklin.2015.02.011
dx.doi.org/10.1016/j.jfranklin.2015.02.011
mailto:hengskri@fel.cvut.cz

K. Hengster-Movric et al. / Journal of the Franklin Institute 352 (2015) 2002-2028 2003

bounded which restricts the graphs that allow for synchronization under delayed communication. Stronger property
of exponential stability with a prescribed convergence rate is presented as a special case.
© 2015 The Franklin Institute. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The last two decades have witnessed an increasing interest in multi-agent network cooperative
systems, inspired by natural occurrence of flocking and formation forming [1-12]. Early work
with networked cooperative systems in continuous and discrete-time is presented in [1—6]. Those
papers generally refer to the consensus problem without a leader, where the final consensus value
is determined by initial conditions. Necessary and sufficient conditions for distributed systems to
synchronize were given. On the other hand, by adding a leader that pins to a group of agents one
can have synchronization to a command trajectory through pinning control [7,13], for all initial
conditions. We term this the cooperative tracking problem. Most early papers consider one-
dimensional agents, in continuous-time usually single-integrators. These results are extended to
general linear time-invariant (LTI) agents in [6,12,13,15]. Synchronization using dynamic
compensators or output-feedback is considered in [8,13,14].

For identical LTI agents without delays, the synchronizing region concept [8,10,13] greatly
simplifies the design of local distributed feedback gains [12,13,15]. The synchronizing region
approach, originally introduced in the context of oscillator synchronization [10], reduces effects of the
graph topology on the multi-agent system dynamics to robust stability of a single-agent closed-loop
system. Inspired in part by [7,10], the considerations in [12,13] show via single-agent Lyapunov
stability estimates that a distributed state-feedback, derived from a local algebraic Riccati equation,
guarantees synchronization for a broad class of communication graphs. Developments of [9]
additionally consider synchronization with prescribed exponential convergence rate using the same
single-agent approach.

Considering practical means of distributed control e.g. networked control, dedicated busses and
wireless communication, delays in information signals from neighboring agents are unavoidable [3].
In realistic applications one is interested in effects those delays have on cooperative stability, or
differently put, in robustness of cooperative stability to delays. Generally well behaved system, robust
to disturbances, may be sensitive to feedback delays, which can lead to poor performance and even
loss of stability. Guaranteeing robustness to delays is therefore important for all practical
implementations of multi-agent distributed control. Some early papers on cooperative consensus
[1,3,5] address the problem of delayed information from the neighbors. For discrete-time
synchronization, delays are treated in [28] using stochastic matrices. For continuous-time, [1,3]
introduce a uniform delay in one-dimensional single-integrator agents on undirected graphs. More
recent work [17] extends the approach of [1,3] to directed graph topologies, introducing the delay
margin and a responsible eigenvalue concept.

One way to extend the early results on delays [1,3] and more recent [17] to general continuous-
time identical LTI agents on directed graphs is offered by the theory of retarded functional differential
equations (RFDEs) [24]. Essential question is that of guaranteeing single-agent stability. Lyapunov—
Krasovskii and Lyapunov—Razumikhin theorems are extensively used to reach stability conclusions
for RFDEs [16,18,19,21,22,24,25]. The former theorem uses functionals and allows for necessary
and sufficient stability conditions, while the latter uses functions, thus avoiding the need for,
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generally complicated, functional time derivatives. Krasovskii result is more general, but Razumikhin
result applies more easily to systems with time-varying or even uncertain delays [25]. Furthermore,
Razumikhin stability function provides a connection to classical Lyapunov methods of delay-free
systems. Those theorems furnish delay-independent and delay-dependent stability results [16,25].
Delay-independent results essentially rely on robustness of delay-free part of a system to any type of
disturbance, including delayed signals. A brief reflection reveals that delay-independent stability
results tend to be overly conservative, as information on the actual delay is not used and delayed
signals are always treated as detrimental disturbances. In contrast, delay-dependent results allow the
treatment of delayed stabilizing feedback [25]. Both Krasovskii and Razumikhin delay-dependent
stability results are well known in the literature [18,21,25]. Hence in a search for simple and flexible
stability conditions the delay-dependent results based on Razumikhin theorem [16,21] present a good
choice. Nevertheless, Razuminkin delay-dependent stability criteria show considerable conservatism
and reducing this conservatism is a topic of current research.

Different approaches to general synchronization under delays are present in the literature. To
name just a few [32-35] make use of Lyapunov—Krasovskii functionals. Results given in [32]
use Krasovskii functionals to derive quite involved stability criteria. Stability conditions are
expressed in a centralized manner in that stability depends jointly on single-agent systems as well
as the graph topology. The proposed dynamic synchronization control is obtained there in a
centralized way. Similarly, [33] motivated by neural networks expresses stability criteria for
synchronization of multi-agent systems by large LMIs whose size increases with an increasing
number of agents, a difficulty admitted candidly by authors themselves. Both [32] and [33]
assume inputs acting directly on all agents' states, which is not generally the case with realistic
agents. In comparison [34] treats a fairly general class of systems, random switching stochastic
systems with time varying communication topology and uncertainties, via H,, robust control.
Krasovskii functionals are used in a centralized way to guarantee robust stochastic stability.
Master-slave synchronization for systems with mixed neutral and discrete time-delays is
analyzed in [35] again via Krasovskii functionals. Systems considered in [34,35] are treated as a
whole; no attention is paid to the distributed implementation of controls. Existing work also deals
with nonlinear agents [29] and heterogeneous agent output synchronization [30] under mild
assumptions on delays and graph topology, but considering only undirected graphs and basing
stability analysis on the system as a whole, which is in contrast with the philosophy of scalable
conditions depending on single-agent systems [10,13,17]. The simpler case of identical LTI
agents with uniform delay allows for simpler, distributed, stability criteria.

This paper is concerned with identical LTI agents, all having the same (uniform), constant, control
signal delay. If delays were allowed to differ in different agents those would no longer be identical as
dynamical systems. The simplifying assumption on uniform delays is standard in the literature
[1,3,17]. The underlying communication graph is assumed directed. This paper as its first
contribution brings together Razumikhin stability analysis and distributed cooperative control to
extend the classical synchronizing region approach of delay-free distributed control to delay-
dependent synchronizing region applicable to agents with uniform control delay. The delay-
dependent synchronizing region reduces effects of the communication graph topology to robust
stability of a single-agent closed-loop system with delayed feedback. This concept first appeared in
context of oscillator synchronization in [20], along the lines of [10]. In contrast to [20] the approach
proposed in this paper accounts for controllability properties of single-agents and provides a
connection and comparison between the delay-free distributed feedback design [13] and the case of
nonzero delays. Moreover this paper extends results on delays for cooperative control reported in
[1,3] to LTI agents on directed graphs, and synchronization results of [12,13] to the case of uniform

49



K. Hengster-Movric et al. / Journal of the Franklin Institute 352 (2015) 2002-2028 2005

delays. In contrast to [29,30,32-35], here are considered general directed, albeit constant, graph
topologies and stability conditions are derived depending on single-agent systems. Hence stability
analysis is scalable and does not involve the entire multi-agent system. The price for that is restricting
consideration to identical agents with uniform time delays. As a second contribution qualitative
properties of the delay-dependent synchronizing region, characterizing robust stability, are addressed.
It is found that for nonzero delays the guaranteed delay-dependent synchronizing region is inherently
bounded. Therefore one has a situation similar to the discrete-time synchronization problem [15], and
its bounded synchronizing region. The nature of this sufficient condition is qualitatively similar to the
result in [3] which gives necessary and sufficient conditions for single-integrator consensus under
delays. One finds here also a tradeoff between fast synchronization and robustness to delays similar
to that mentioned in [1,3]. A static cooperative synchronization control design procedure is given
based on the guaranteed delay-dependent synchronizing region. The third contribution is in bringing
stricter conditions for stronger property of exponential cooperative stability with a prescribed
convergence rate. In that this paper extends delay-free results on convergence in [9] to agents with a
uniform control delay. Numerical example validates the proposed approach.

The paper is organized as follows. Section 2 gives graph properties and notation. Section 3
presents the multi-agents system dynamics and defines the control problem. Section 4 applies the
appropriately modified classical delay-dependent stability results to guarantee the delay-dependent
synchronizing region. Section 5 addresses the main problem of cooperative control design for
systems having a control delay. Section 6 brings a strengthening of results in Sections 4 and 5 to
exponential stability with a prescribed convergence rate. Section 7 relates general conditions of
Section 5 to a familiar special case of single-integrator agents on undirected graphs. A numerical
example of the proposed design is presented in Section 8, and conclusions are given in Section 9.

2. Graph properties

Consider a graph G=(V, &) with N vertices V= {vy,---,vy} and a set of edges or arcs
&<V x V. It is assumed that the graph is simple, i.e. there are no repeated edges or self-loops
(vi,vi)¢ &, Yi. Mostly directed graphs are considered. Denote the connectivity matrix as E = [e;;]
with e; >0 if (vj;,v;) € & and e; =0 otherwise. The set of neighbors of node v; is denoted as
N;= {vi : (vj,vi) € &}, i.e. the set of nodes with arcs coming into v;. Define the degree matrix as
D =diag(d,...dy) with d; =) e;; the (weighted) degree of node i (i.e. the ith row sum of E). Define

J

the graph Laplacian matrix as L =D —E. A path from node v;, to node v;, is a sequence of edges
Viysvig)s (Viys Vi )y +os (Vi 5 viy), with (v, v;) € & or (vi,v;,_,) € & for je(2,....k}. A directed
path is a sequence of edges (vi,, vi,), (Viy, Viy)» --» (Viy_ > Vi), with (v;,_,v;) € & for je {2,...,k}.
The graph is said to be connected if every two vertices can be joined by a path. A graph is said to be
strongly connected if every two vertices can be joined by a directed path. The graph is said to contain
a (directed) spanning tree if there exists a vertex, vg, such that every other vertex in ) can be
connected to vy by a (directed) path starting from vy. Such a special vertex is then called a root node.
The Laplacian matrix L has a simple zero eigenvalue if and only if the undirected graph is connected,
or the directed graph contains a spanning tree.

For any matrix A, 6,,(A), 6u(A) denote the minimal and maximal singular values of A
respectively. For a positive semi-definite symmetric matrix A, A~ ¢ ,,(A) denotes the minimal nonzero
eigenvalue. The abbreviation a.s. stands for asymptotic stability, and e.s. for exponential stability.

50



2006 K. Hengster-Movric et al. / Journal of the Franklin Institute 352 (2015) 2002-2028
3. System dynamics and problem statement

This section describes the single-agent dynamics and the global dynamics of the entire multi-
agent system. An appropriate state transformation reduces the cooperative stability of global
dynamics to asymptotic stability of a set of RFDEs. Such a reduced problem is addressed by the
synchronizing region. Let the single-agent dynamics be given by an LTI system with control
signal delay, 7> 0

xi(1) = Axi(1) + Bui(t — 1), (1

where x; € R", u; € R™ Vi are the states and inputs. Let there be an autonomous leader dynamics
given as

Xo(£) = Axo(1) 2

with xy € R". The delay 7 is taken to be constant and same for all agents. Though this needs not
be true in more realistic models, having different delays for different agents make them, strictly
speaking, not identical as dynamical systems. The assumption on uniform delays is a standard
simplifying assumption [1,3,17] and it is crucial for the following development.

The distributed cooperative synchronization control problem is to find controls #; depending
on Xj, X;jc y;, such that as — 00, ||lx;—xo|| =0, Vi. Define the local neighborhood error

e = Z e;(o—x;) + g;(x0 — xi), 3)
J

where g; > 0 are the pinning gains, which are nonzero only for those nodes that have a direct
connection to the leader [7,13]. Let the control signal for agent i be calculated as a linear
feedback of the local neighborhood error

ui(r) = cKej(r), (4)

where K is the local linear feedback gain matrix to be detailed later, and ¢>0 is the coupling
gain. This gives the closed loop single-agent dynamics

Xi(t) = Ax;(t) + cBKe;(t — 7). (5)
Introducing the synchronization error, d; = x; —xo, one has in global form

)=y @ Ax(t)—c(L + G) ® BK&(t—7), (6)

where x = [x]...x} | TeRM, 5= [5{...5,{,]T e R", and G = diag(g,...gy) is the diagonal matrix

of pinning gains. The global synchronization error system is then given as
5(t) = Iy ® A)8(t)—c(L + G) ® BKS(t—1). (7)
Eq. (7) is a linear retarded functional differential equation (RFDE), of the form
5(t) = AS(1) + Ay8(t —1). (8)

Existence of solutions to the Cauchy problem for Eq. (8) is guaranteed by the Schauder fixed
point theorem and uniqueness follows from Lipschitz continuity of the functional defining the
dynamics [24]. The Lipschitzean property is here fulfilled by virtue of linearity. Linearity of Eq.
(8) also ensures the boundedness of the dynamics functional [16].

Instead of analyzing the global system (7), following the lines of synchronizing region approach
[10,13] the following Lemma provides a simplification useful in designing local feedback gains K.
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Lemma 1. The trivial solution of system (7) is asymptotically stable if and only if the trivial
solutions of systems

y(t) = Ay(t) — ci;BKy(t — 1),

each having an order of a single agent, where /; are the eigenvalues of the graph matrix (L + G),
are asymptotically stable, V.

Proof. The stability of Eq. (7) is determined by the transcendental transfer function matrix
[sIyn—(Iy ® A) + c(L+ G) ® BKe "] . 9)

The frequency domain expression (9) needs to be asymptotically stable, a property determined
by the roots of the pertaining characteristic quasipolynomial

A(s) =det[sly, —(Iy ® A) 4+ c¢(L+ G) ® BKe™""]. (10)

Knowing that linear transformations do not change the determinant of a matrix one can use a
coordinate transformation T ® I, in Eq. (10), where T~ '(L + G)T =A is an upper triangular
matrix, thereby simplifying the problem considerably. Whence one obtains

det[sly,—(Iy ® A)+ c(L+ G) ® BKe™ 7]

=det[(T ® 1) "(sIya—(Iy ® A) + (L + G) ® BKe )T ® 1I,)]

=det[sIy,— Iy ® A+ cA ® BKe™*]

=[1Idet[sl, —A + cA;BKe "], (11)
i

where 4; are the eigenvalues of A, equaling the eigenvalues of the graph matrix (L + G). Therefore,
each factor in the product (11), det(s/, —A 4 cAjBKe %), must be asymptotically stable. This
requirement is equivalent to the asymptotic stability of the trivial solution for a set of linear RFDEs

y(t) = Ay(t) — cA;BKy(t — 7). (12)

Systems (12) are in the form of Eq. (8) but have the order of a single-agent dynamics, i.e. n.

The proof of Lemma 1 uses a detour in the frequency domain but the result pertains to time
domain, and as such it shall be used. This is in contrast with many treatments of delays in the
literature using frequency domain stability criteria, e.g. the Nyquist criterion [27,17], but more along
the lines of [7,12,13], as detailed in Section 4.

Bearing the synchronizing region concept in sight [10,11,13], it is advantageous to separate
the dependence from the, generally complex, scaled eigenvalues c/; of the graph matrix (L + G)
and instead consider the complex RFDE

¥(t) = Ay(t) + cAay(t—1), (13)

where 6 € C, A; = —BK. Note that Eq. (12) describes a dynamical system generally in an
n-dimensional complex vector space, C". The need for complex state vectors arises due to the
triangularizing coordinate transformation 7" used in proof of Lemma 1, that is generally complex,
and the generally complex eigenvalues of the graph matrix, 4;. Because of the latter o € C is
required in Eq. (13). Hence Eq. (13) is clearly an equation defined on a complex vector space C",
in contrast to Eq. (1) defined on R". This necessary generalization creates no difficulties as the
standard Lyapunov techniques to be employed (c.f. Section 4) are straightforwardly applicable to
systems with complex states [9].
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The robust stability of Eq. (13) with respect to ¢ motivates the following definition.

Definition 1. Given a complex retarded functional differential Eq. (13) the delay-dependent
synchronizing region is a subset of the complex plane C depending on the delay ¢

Sc(7)= {0 € C :Ay(t) + cAyy(t—1) a.s.}.

Delay-dependent synchronizing region is introduced in [20] for oscillator synchronization,
following the lines of [10]. Those papers, however, do not consider the controllability properties
of individual systems.

Given system matrices (A, B) the delay-dependent synchronizing region is determined by the
choice of local feedback matrix K. Then the cooperative stability of the entire multi-agent system, i.e.
0—0, in the presence of a uniform delay 7 > 0, is guaranteed if and only if there exists a coupling
gain ¢ >0 such that c4; € S.(z), V. The control design proceeds by first designing the local feedback
matrix K and then the coupling gain ¢ > 0 that scales all the graph matrix eigenvalues into the delay-
dependent synchronizing region.

The following result presents an important property of the graph matrix (L + G) related to the
underlying graph topology. This fact is well known in the literature hence the proof is omitted
[7,13,26].

Lemma 2. If the graph has a spanning tree with at least one nonzero pinning gain connecting to
a root node then the graph matrix (L + G) is nonsingular with all the eigenvalues in the right
half-plane.

4. Stability results for the complex linear RFDE

This section extends the classical stability conditions for RFDEs to the complex RFDE (13)
providing a guaranteed delay-dependent synchronizing region. For that purpose the classical
stability results for RFDE (8) are first presented and then applied, mutatis mutandis, to Eq. (13).

Theorem 1. (Lyapunov—Razumikhin theorem [16,19,25]). Let a, 5,y be class I functions, and
let p(s)>s Vs>0 be a scalar continuous non-decreasing function. If there exists a continuous
function V(x): R"—>R such that for some k>0, for all x,eC satistying V(x(9)) <
k, V8 €[t—r,1], one has

a(|lxl)) < V(x) < A(lIx[)
%V(X(f)) < —y(lx@ID, if V() <p(V(x(2)), VI €[1—7,1]

then the trivial solution x(¢) =0 is uniformly asymptotically stable. Furthermore, the set in C
where V(x,(9)) <k, VI e [t—r,t]is an invariant subset in the region of attraction in the space C.

Based on Theorem 1 sufficient conditions for asymptotic stability are derived for the special
case of linear single-delay RFDE having the form (8).

Theorem 2. (Lyapunov—Razumikhin delay-dependent result [16,21]). Let there exist positive
definite symmetric matrices P, Py, P, >0, and a constant 7o >0. Let the following conditions be
satisfied:

pPrl<p, Pyl<P, (14)
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(A+A)"P+ P(A+Ay) + 10PAAPIATATP + 10PALP(A3)" P + 270P <O. (15)

Then the trivial solution x(#) = 0 of the equation
(1) = Ax(t) + Agx(t— 1)

is uniformly asymptotically stable for 0 < 7 < 7.

Now we extend the result of Theorem 2 to RFDE (13) in order to obtain estimates of the
synchronizing region S.(z). The Lyapunov—Razumikhin functions appearing in Theorem 2 are
modified to accommodate for the fact that the system (13) is complex. State vectors x are allowed
to be complex and the dagger 1 denotes the hermitian adjoint, i.e. transposition and complex
conjugation. With real P =P >0 this gives real valued quadratic Lyapunov—Razumikhin
functions

V(x) =x"Px>0. (16)

The substitution A;—0cA,, Ag»—>(o'Ad)Jr = EAZ in Theorem 2 is rigorously justified as follows.

Theorem 3. (Lyapunov-Razumikhin delay-dependent result for the complex equation). Let there
exist real positive definite symmetric matrices P, P;, P, >0, and 79>0. Let the following
conditions be satisfied:

P l<pP, Py'<P, (17)

(A4 6A0) P + P(A + 6Ag) + t0lo|* PA,APLATALP + 74|6|* PAZP,(A2) P
+ 27,P <0. (18)

Then, for given ¢ € C, the trivial solution, x(#) =0, of Eq. (13) is uniformly asymptotically
stable for 0 < 7 < 7.

Proof. First it should be observed that since the solution x(¢) is continuously differentiable one has
x(t—7)=x(t)— / t x(s)ds = x(t)— / t Ax(s) + cAgx(s —7)ds
-t -t
Thus the original equation can be written as a transformed model
(1) = (A + oA )x(t)— / t 0AAX(s) + 6> Ax(s — T)ds. (19)
-t

Choosing the Lyapunov—Razumikhin function as V(x(¢)) = x'(#)Px(f) >0 one finds its derivative
to equal

Ly (x(1) =" (DPx(1) + X' ()Pi(t) = X' (1) [(A + 6A44) P + P(A + 6A4) | x(2)

t
— / Exf(s)ATAng(t) + ox"(t)PAyAX(s)ds
t—1

- / t a2x" (s — T)(AZ)TPx(t) + 0'2x7t(t)PA§x(s —1)ds (20)
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The integral terms in Eq. (20) are denoted as

0
n=— / ox' (t + 9)ATATPx(t) + ox' (t)PAAX(t + 9)d9,

and
0
= — / Pl (11 + A Px(t) + % (\PAZx(t — 7 + 9)d.
One finds by completing the squares with P; >0 that

GATATPx(r) + P 'x(t + 8)) Py(GATAT Px(t) 4+ Py 'x(1 + 9)) > 0,
lo|*x" (1)PAGAP | ATAL Px(t) + ox' (1)PA4AX(t + 9)

+ox" (t + HATAL Px(t) + X' (t + 9P 'x(t + 8) = 0,

— [ox"(t)PAAX(t + 9) + 5x' (t + 9)ATAL Px(1)]
< x'(1)|6|*PAGAP ATATPx(t) + X (t + Q)P 'x(t + 9).

Whence one has

m=— [0 55 (t + 9ATATPx(r) + ox' (1)PALAX(1 + 9)dI

0
< / lo|*x7 (t)PALAPLATAT Px(t) + X7 (t + 9)Py 'x(t + 8)d9

0

n < zlo*x" (1)PALAP AT AT Px(1) + / X (t 4+ )P x(t + 8)d9

In a similar manner, completing the squares with P, >0 one finds that
@AD" Px(t) + Py 'x(t —7 + 9) Po(GHAD Px(t) + P5 'x(t—7 + 9)) > 0,
|lo|*x" (t)PA2Py(A2)T Px(1) 4 o*x" (1) PAZx(t —7 + 9)

+2x (1 —7 + 9)(A2) Px(t) + X' (t—7 + 9)P; 'x(t—7+ 9) > 0,
— [P X (OPAGX(t— 7+ 9) + T (1 — 7 + 9)(A) Px(t)]
<x'()|o]*PALPA(AZ) Px(t) + x'(t—7 + 9Py 'x(t—7 + 9).
Whence one has

m=-/ 0_1 2x"(t—1 + 9)(A2) Px(1) + o*x" (1)PA2x(t — 7 + 9)d9

0
< / X' (0)|o|* PAZP2(A2) Px(t) + x"(t —7 + 8)P5 'x(t —7 + 9)d¥

0

1, < tlo|*x" (1)PAP,(A2) Px(r) + / x(t—7+ Py 'x(t—7+ 8)d9

Inserting those terms in Eq. (20) one finds the bound
Ly (x(1)) =x"(1)[(A + 6A2) P + P(A + 6Ag)|x(t) + 1, + 1,
%V(x(t)) <x'(t)[(A + 6As)"P + P(A + 6Ay) + tlo|*PA,AP,ATALP
+7lo|*PAZPA(A)" P)x(1)
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0 0
+/ X' (¢4 )P x(t + 9)d9 + / X (t—7+ 9Py 'x(t—1 + 9)d9.

Under the condition P! <P, P;!'<P one has
Ly (x(1)) < x'(1)[(A + 6A0)" P + P(A + 6A,) + t|o|*PA,AP|ATAL P
+lo]* PAIP,(A) P]x(1)

0 0
+ / Xt + 9P x(t + 9)dS + / X (t—1+ 9Py 'x(t—7 + 9)d9

-7 -7

<x'(O)[(A+ 6As)" P+ P(A + 6Aq) + tlo|*PAJAP\ATALP + 1|o|* PATP>(A2)"

0 0

X' (¢ + 9)Px(t + 9)d9 + / X' (t—7+ QPx(t—7 + 9)d?

-7

x Plx(t) + /

-7

=x"()[(A + 644) P + P(A + 0Ay) + 76> PAAPIATALP + t]6]* PAZP,(AS)"

0 0
x Plx(t) + / V(x(t + 8))d9 + / Vx(t—7+ 9))dd (21)

-7

Following Razumikhin condition, if V(x(9)) <&V (x(¢)) V& € [t — 2, t] for some &> 1, the time
derivative of the Lyapunov—Razumikin function satisfies

d
o V(x(t)) <x"()[(A + 6Ag)" P + P(A + 6Ag) + t|o|*PA,AP,ATALP
+7lo|*PAZPA(AZ)" P + 27eP)x(1). (22)

To find an appropriate £>1 and 6> 0 such that for V(x(89)) <eV(x(¢)), V9 € [t — 27, t] one has
V(x(t)) < —oV(x(r)) let us proceed as follows. If the condition of the theorem is satisfied then
there exists ;>0 such that

(A4 6Ay) P + P(A + 6Ag) + 1olo|* PA,APATALP + 74|6|* PAZP,(A2) P
+ 270(1 + 28,)P<O0.

Take e =1 + 6;, then

(A + 6Ag)' P + P(A + 6Ay) + 70|o|*PAJAP,ATAT P + 7|6|* PA2 P2 (A2) P
+ 21'08P< —2511’0P

SO
V() < — 28,70V (x(1)).

Given a fixed o € C if stability is guaranteed for some 7 then it is guaranteed for 0 <7 < 7y,
since the delay r multiplies only positive (semi)definite terms, hence the inequality (18) is
satisfied for all smaller values, completing the proof.

It should be noted that stability results of this section are based on the transformed model (19),
which involves additional dynamics [25], hence are only sufficient for stability of Eq. (13). The
stability conditions of Theorems 2 and 3 are therefore inherently conservative, as they account
also for dynamics not present in the original single-delay Eq. (13). Moreover, apart from
additional dynamics stemming from Eq. (19) the use of Razumikhin stability results adds to
conservatism. For retarded functional differential equations Lyapunov—Krasovskii results give
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necessary and sufficient conditions for stability [25]. The necessity is afforded by a fairly general
structure of Lyapunov—Krasovskii functional, as compared to relatively simple Lyapunov—
Razumikhin functions. Generally, level of conservativeness and convergence rate estimates
depend on the precise form of the Lyapunov—Krasovskii functional [25]. In order to establish a
simple connection to delay-free results [12,13], this paper employs Lyapunov—Razumikhin
functions rather than Krasovskii functionals. Gained simplicity is paid by conservative nature of
results. For large delays Razumikhin sufficient conditions, however, come close to being
necessary as well [36].

The following corollary presents a connection between Theorem 3 and properties of an
asymptotically stable system in delay-free case.

Corollary 1. Assume asymptotic stability of system (13) in the delay-free case, =0,
characterized by the Lyapunov inequality

(A4 06Ay) P+ P(A+06Ay) < — 0, (23)

where Q= Q" >0. Choose symmetric positive definite matrices P; ' <P,P; '<P, with
P=P">0 a solution of Eq. (23). Then the condition for asymptotic stability (18) is certainly
satisfied if

—Q + 79lo*PAAP,ATATP + 74 |o|* PAZ P2 (A2) P 4 270 P <O. (24)
This guarantees asymptotic stability for delays less than the delay margin

70 < |0~ " [|6?PAAPIATALP + |o|* PAZPA(AZ) P + 2P Q2| . (25)

Proof. The first condition of Theorem 3 is satisfied with the choice P! <P, P;'<P. Then it
follows that the second condition of Theorem 3

(A4 6Ag) P + P(A + 6Ag) + tolo|* PALAPLATAL P + 10|6]* PAZP,(A2)T P + 220P <0
is satisfied if
—Q + 19lo*PAAP,ATAT P + 14 |o|* PAZ P2 (AZ) P 4 270 P <O.
This is surely so if one has
100~ "*[|6]?PAAPIATATP + |o|* PAZPy(A2) P + 2P| Q1 <1,
meaning
10llQ "2 [|6]*PAGAPIATALP + || PASP,(AD) P + 2P| 07 V2| <1,

whence the condition (25) on the delay follows, completing the proof.

The stability conclusions depend both on ¢ and 7. Relation (23) defines a region in the
complex plane, a subset of a synchronizing region, when delays are absent. In that case the
stability margin given by Q>0 allows for stability under delays. The delay margin bound (25)
implicitly provides an estimate of the delay-dependent synchronizing region S.(r < 7j). Note
also, that since Theorem 3 and Corollary 1 guarantee asymptotic stability for all delays z less
than the delay margin 7y, the delay-dependent synchronizing regions estimated by those stability
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results satisfy the inclusion property
Sc(12) E8c(71) for 71 < 15. (26)

Taking 7; = 0 gives the delay-free synchronizing region which contains all delay-dependent
ones S.(r>0) and is in that sense the largest.

Remark 1. In Corollary 1 one needs to choose matrices P, ' <P, Py !'<P. The delay-
dependent synchronizing region estimate depends on those matrices, and there is a possibility of
optimizing this choice, as mentioned in [21]. However, a more straightforward choice can be
made. Having matrix P as a solution to the Lyapunov inequality (23), one can choose
Py=pP~', P,=p,P"", with # ,>1. Then the delay margin bound (25) becomes

70 < |0~ "2 [B161*PAAP~'ATALP + p,|o|* PAZP~ 1 (A2) P + 2P| Q13| 7!

5. Cooperative control design for synchronization under delays

This section applies results of Section 4 to the original problem of synchronization for multi-
agents systems on directed communication graphs with uniform control signal delay.
Conclusions presented below extend results of [3,17], to LTI agents on directed graphs, and
results of [12,13] to the case of a uniform delay in controls. Design methodology for the
cooperative feedback control is proposed, guaranteeing synchronization with a delay margin.

With guaranteed delay-dependent synchronizing region for a given delay margin, all the scaled
graph matrix eigenvalues must be in that synchronizing region. On the other hand, knowing the
scaled graph matrix eigenvalues one can find an upper bound on the delay margin in the system.
Corollary 1 introduces a bound on the delay margin which is a decreasing function of the
modulus of ¢, whence one expects a bounded delay-dependent synchronizing region. Bounded
synchronizing region restricts the graph topology in a way qualitatively similar to discrete-time
synchronization case [15]. This property is also similar to a tradeoff between rate of convergence
to consensus and robustness to delays found in single-integrator agents on undirected graphs,
first mentioned in [3]. The distributed feedback design proceeds by choosing first the feedback
gain matrix K, which determines the delay-dependent synchronizing region, then the coupling
gain ¢ >0 is chosen such that it scales all the graph matrix eigenvalues into it.

5.1. An estimate of the synchronizing region for local feedback gain stabilizing a single-agent
system with a nonzero delay margin

The optimal Riccati feedback gain stabilizes the single agent system without delays and allows
for synchronization under fairly mild conditions [12,13]. This approach is extended here to
agents with delay in a sense that a single-agent system is stabilized with a delay margin 7(, and
then a guaranteed delay dependent synchronizing region S.(z) is found for that particular
stabilizing feedback.
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Theorem 4. Let (A, B) be stabilizable. Choose the local feedback gain as

K=R"'B"P, (27
with P>0 a real symmetric solution of the algebraic matrix equation
ATP + PA+ Q—PBR™'B"P + 1o(PA,AP,ATATP 4 PA2Py(A3)"P +2P) =0 (28)

where A;= —BK= —BR"'B'P, >0 and P;>0, P,>0 symmetric matrices chosen to
satisfy

pPrl<p, P;'<P.

Then the single-agent closed loop system is asymptotically stable with the delay margin 7 and
the guaranteed synchronizing region for the delay margin 7 is determined by inequalities

Rec>1/2 (29)

(1—2Rec)Q ~T>PBR~'BTPQ~'/?
+ 07 T2((zl6|* —70)PAAPATALP + (z]0]* —79)PAZP2(A2)" P
+ 2t —10)P)Q <1 (30)
Proof. If the real positive definite symmetric solution of Eq. (28) exists, with the feedback gain
(27), the closed loop system matrix A +A; = A —BR~ BT P satisfies
(A—BR™'B"P)'P+ P(A—BR™'B"P)
+ 70(PA4AP1ATATP + PAZPy(AZ)' P+ 2P)= — Q—PBR ™ 'B"P<0,

guaranteeing stability of the closed loop single agent system (o = 1) with the delay margin 7.
The synchronizing region for the delay margin 7, generally different than 7z, follows by Theorem 3
as

(A—oBR™'B"P)'P + P(A—0BR™'B"P) + t(|o|"PAJAP\ATALP + 0| ' PAGP, (A7) P + 2P)

= A"P + PA—2Rec(PBR ™ 'B'P) + 1(|o"PA;AP|ATA[P + |o|* PATP>(A7) P + 2P)
= —Q+ (1-2Re0)PBR ' B' P—10(PAAP|ATALP ++ PAGPy(A}) P + 2P)
+1(lo PAAPIAT AP + | PATP2(A))" P + 2P)
= —Q+ (1-2Re0)PBR™'BTP + ((tlof* —10)PA;AP | ATAGP
+(tlol* —70)PATP2(A3) P + 2z —10)P)

For stability the above matrix expression needs to be negative definite, which is equivalent to
—I+ (1—2Rec)Q~"?PBR™'B"PQ~/?
+0~T2((z]0]* —10)PAAP,ATATP + (z|o|* —10)PAZ P, (A2)" P
+2(r—19)P)Q~'? <0.

Condition (29) guarantees stability when delays are neglected. This concludes the proof.

Note that a real positive definite solution to Eq. (28) surely exists under the conditions of the
theorem for the delay margin 7 sufficiently small, as it equals the solution of the ARE with the O
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matrix appropriately redefined by subtracting the resulting term multiplied by 7. For sufficiently
small 7y the Q matrix thus redefined is still positive definite.

5.2. An estimate of the delay-dependent synchronizing region for Riccati local feedback gain

The following result relates stability properties of the Riccati local feedback [12,13] in the
delay-free case to its delay-dependent synchronizing region. This result is a special case of
Theorem 4 for a design choice 7o = 0.

Corollary 2. Let (A, B) be stabilizable. Choose the local feedback gain as

K=R 'B'P, (31)
with P>0 a real symmetric solution of the algebraic Riccati equation

ATP+PA+Q—-PBR 'BTP=0, (32)

where Q = Q7 >0. Choose symmetric matrices P;>0, P,>0 satisfying P, ' <P, P;'<P.
Then the guaranteed delay-dependent synchronizing region S.(z) for Eq. (13) is determined by
inequalities

Reo>1/2, (33)

(1—2Rec)Q " ">PBR~'B"PQ~'/?
+ 70" "?[|6?PBKAP{ATK"B"P + |o|*P(BK)*Po(K" B")*P + 2P| Q™ '/* <I. (34)

In case of matrix B not being a square matrix of full rank, which is commonly so and certainly
true for SISO systems, the delay margin bound (34) simplifies as detailed in the following
corollary.

Corollary 3. In case B matrix is not a nonsingular square matrix the delay-dependent
synchronizing region is determined by Eq. (33) and

<10~ "?[|o|*PBKAP,ATK"B"P + |6|*P(BK)* Po(K"B")’P + 2P| 0~ /2| 7. (35)
Proof.
(1—2Rec)Q~"2PBR-'B"PQ~ 1/
+1Q~"*[|6?PBKAP\A"K"B"P + |6|*P(BK)*Po(K" B")’P + 2P| 0~ /> <1
10~ "2(|6|*PBKAP,ATK" B"P + |o|*P(BK)* Po(K"BT)*P + 2P] 0~ '/?
<I+ (2Rec—1)Q~"?PBR~'B"PQ~'/? (36)
is certainly satisfied if
7|0~ T/?[|6|*PBKAP\ATK" BT P + |6|* P(BK)* Po(K" BT)*P
+2P10 2| < A [1 + (2Res—1)Q~T2PBR~'BTPQ~ 1/2}
o|Q~"*[|6|?PBKAP,ATK"B"P
+lo[*P(BK)*Po(K"BT*P + 2P| Q2| <1
+ (2Reo — D)Apin(Q~T/2PBR~'BTPQ /)
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Here the assumption 2Rec—1>0 was tacitly used. This furnishes a bound on the delay
margin

< 1 + (2Res— DAuin(Q~"*PBR™'BTPQ "%
T b
10~ "/?{|o|*PBKAP\A"KTBTP + |o*P(BK)*Po(K" BT’P + 2P| Q2|

which implicitly determines the delay-dependent synchronizing region S.(zr). But if
Amin(Q~T2PBR™'BTPQ~1/?) =0, the expression (34) simplifies to Eq. (35).

Remark 2. When the quadratic form determining stability in Eq. (36) is evaluated at the
nontrivial kernel of BTPQ~'/? Eq. (34) reduces to 72||Q~7/2PQ~'/?|| <1, which is surely
satisfied under Eq. (35). Therefore condition (35) guarantees stability, albeit on the complement
of ker(BTPQ~ 1/ 2) one has a less conservative condition (34), with A< ., instead of A,,,. Hence
one has the condition

=@l PP~ 12)~!
1+ (2Res — 1)~ in(Q~7/>PBR~'BTPQ~'1?)

Tr =
"7 10 TP [loPPBKAPATKTBTP + 0| P(BK) Po(K"BTY’P + 2P] 0 1|
7 < min(zy, 72)

Both in Theorem 4 and Corollary 2 one can make the choice of matrices P;, P, suggested by
Remark 1, thereby simplifying the expression for the delay margin bound accordingly.

Remark 3. Theorem 4 and Corollary 2 have several important consequences. First, as |o| — 00
the delay margin bound (34), guaranteeing stability for Egs. (31) and (32), implies 7— 0.
Comparing this with an unbounded right half-plane synchronizing region of the delay-free
Riccati feedback [12,13] shows that to recover the unbounded right half-plane guaranteed
synchronizing region the delay margin must be zero. Nonzero delay margin results in a bounded
guaranteed synchronizing region. This boundedness restricts the graph matrix eigenvalues so that
they can be scaled into such a region [15].

It should also be noted that Eq. (32) has a unique solution whenever (A, B) is stabilizable,
(A, 0'7?) detectable, but Eq. (28) generally does not. Stabilizability of (A, B) remains a necessary
condition for existence of a stabilizing solution for Eq. (28), as feedback (27) stabilizes the
system (1) without delay as well. The existence of a stabilizing solution for Eq. (28) naturally
depends on 7.

5.3. The relation between the coupling gain and the delay margin for the Riccati feedback gain

This subsection reveals the relation between the delay occurring in the system and the value of
the coupling gain. The synchronizing region determines the lower bound of the coupling gain,
and that value, with the largest graph matrix eigenvalue modulus, then bounds the delay margin

from above.

Theorem 5. Let the graph satisfy the connectivity condition of Lemma 2. Choose the local
feedback matrix as the Riccati gain of Corollary 2. Then the multi-agent system (6) synchronizes

61



K. Hengster-Movric et al. / Journal of the Franklin Institute 352 (2015) 2002-2028 2017

for the choice of
1
c> : s
2 min ReM(L + G)

(37)

if the delay margin 7 satisfies the condition
(1—2Rec2))Q~"?PBR~'B"PQ~!/?
+ 10" [|ck|*PBKAPIATK" B'P + || *P(BK)* P2 (K" BT ’P + 2P| Q2 <1, (38)
for all c4;.

Proof. For synchronization, according to Lemma 1, all scaled eigenvalues of the graph matrix
(L + G), cAj, must be in the synchronizing region S.(z). The existence of a spanning tree with at
least one nonzero pinning gain connecting to a root node guarantees by Lemma 2 and conditions
of Theorem 4 that V; there exists a ¢

c=>

1
Rec; > = .
Rei, =7

Hence the lower bound on the coupling gain value ¢ for synchronization in a delay-free case
follows, as in [13]
1
c> - .
2 min ReA(L + G)

The delay margin 7 guaranteeing stability for the multi-agent system can be found as the
largest value that satisfies the inequality

(1—2Reo)Q~">PBR™'BTPQ~'/?
+ 10~ "2[|6|*PBKAP,ATK" B"P + |o|*P(BK)* Po(K" BTy’ P + 2P| 0~ '/ <1,

for scaled eigenvalues o =c4;, Vj. With such delay margin all the systems (12) are asymp-
totically stable to the trivial solution, guaranteeing, by Lemma 1, the cooperative stability of the
entire multi-agent system.

Remark 4. For guaranteed stability the delay in the system must satisfy the delay margin. Hence
a nonzero delay 7 enforces a bound on the guaranteed synchronizing region S.(z), which shrinks
with increasing values of the delay margin, Eq. (26). In delay-free case the synchronizing region
for Riccati local feedback contains the unbounded right half-plane [13]. The Riccati local
feedback gain of Corollary 2, Eq. (31), is thus robust with respect to delays, guaranteeing
synchronization in delay-free case as well as for sufficiently small delays. Conversely, for a fixed
nonzero delay margin, as the delay-dependent synchronizing region is bounded, there is an upper
bound on the coupling gain ¢>0 depending on the largest graph matrix eigenvalue modulus.
Given the lower bound for the coupling gain, Eq. (37), this constrains the graph topologies that
are guaranteed to allow for synchronization under that particular delay margin. Qualitatively
similar relation holds also for the feedback proposed in Theorem 4 where the bound on 7 is
determined via Eq. (30).

The synchronizing region estimate (30) points to the fact that graph matrix eigenvalues having
small real and large imaginary part, stemming from high frequency weakly damped oscillatory
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modes of the single-integrator consensus system without delays [1,3], are especially detrimental
to stability in presence of delays. In contrast, the graphs whose graph matrix eigenvalues have
relatively larger minimal real parts and smaller maximal modulus tolerate larger delay margins.

The upper bound on the coupling gain in relation to the delay margin should be compared to
the result in [1,3], for one-dimensional single-integrator agents. Note that this section presents
sufficient conditions only while [3] gives necessary and sufficient conditions, albeit for a simpler
system. The relation between the two conditions is expounded in Section 7.

6. Synchronization with a prescribed exponential convergence

Motivated by practical considerations where convergence rates are prescribed as a design
requirement, and a convergence result in [9] for delay-free systems, this section strengthens the
results of Sections 4 and 5 dealing with asymptotic stability to exponential stability. Exponential
stability of time-delay systems is studied in [25,36,37,38], to name just a few. Both Krasovskii
[37] and Razumikhin [36,38] sufficient conditions are known. Hence, to proceed along the lines
of Section 4 one starts with the following definition.

Definition 2. Given a complex retarded functional differential Eq. (13) the delay-dependent
synchronizing region for exponential stability with a prescribed convergence rate, @ € RT, is a
subset of the complex plane C depending on the delay 7

Sc(r,y) ={o € C: Ay(t) + cAyy(t—1)e.s.} (39)

with exponential stability characterized by the prescribed convergence rate.

A sufficient condition for asymptotic stability with exponential convergence rate for RFDEs based
on Razumikhin stability functions is detailed in the following theorem. Proof is given in [36].

Theorem 6. (Lyapunov—Razumikhin exponential stability result [36]). Let the conditions of
Theorem 1 be satisfied with A||x||” = a(]|x||) for some >0, peR, p>1, y>0, and

% V() < — V(D) if V(9)) < V(x(1)e’", Ve[t —1,1]. (40)

Then the trivial solution, x(#) = 0, is exponentially stable with the convergence rate y/p.

Linear delay differential systems, e.g. Eq. (8), satisfy the spectrum-determined growth assumption
[26,37]. Therefore in case of exponential stability the convergence rate is determined by the spectral
abscissa. Theorem 6 applied to Eq. (8) provides a Lyapunov—Razumikhin bound on the spectral
abscissa. The following result guarantees exponential stability with a prescribed convergence rate in
dependence of delays for the complex Eq. (13). It is considered a stricter version of Theorem 3.

Theorem 7. (Lyapunov—Razumikhin delay dependent exponential stability result for the
complex equation). Let the conditions of Theorem 3 be satisfied with

(A4 6A0) P + P(A + 6Ag) + 7olo|* PA,APLATALP + 10|6]* PALP,(A2) P
+ 270 P< —yP (41)

where y € RT. Then, for given ¢ € C, the trivial solution, x(f) =0, of Eq. (13) is exponentially
stable for 0 < 7 < 7y, with convergence rate y/2.
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Proof. Follows from Theorem 6 and the proof of Theorem 3. With the quadratic Lyapunov—
Razumikhin function one has p = 2 in Theorem 6. Provisions (40) of Theorem 6 on the interval
[t—27,1]; V(x(8)) < V(x(t))e** VI € [t — 21, 1], applied to the integral terms in Eq. (21), yield the
inequality

d ,
o V(x(t)) <x"()[(A + 6Ag)'P + P(A + 0Ay) + t|o|*PA,AP,ATAL P
+1lo|* PAZPA(AZ)" P + 27e™P|x(1)

instead of Eq. (22). By the condition (41) of the theorem, for 0 <7 < 7y

EVGn) < Vo),

thus, according to Theorem 6, completing the proof.

Exponential stability of the transformed model (19) with prescribed convergence rate is
sufficient to guarantee the same for the original system (13).

Note that Theorems 6 and 7 reduce to Theorems 1 and 3 in the limit y — 0. Result similar to
Corollary 1 is obtained if, following [9], one guarantees the prescribed exponential convergence
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Fig. 1. (a) First state variables, z = 0. (b) Synchronization error, 7 =0.
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rate for the delay-free system
(A + 6Ag)' P+ P(A + 6Ay)< —yP.

Then (A + 6A4)'P + P(A + 6A4) = —yP—Q, for some Q >0, and condition (41) of Theorem 7
is satisfied if

—Q + 19l6*PAAP,ATAT P + 1 |6|* PAZP2(A2) P + 270e* " P <0, (42)

which is certainly true given sufficiently small values of 7. The exact bound on the delay is not
as simple as Eq. (25) due to the transcendental character of Eq. (42).

Exponential stability with a prescribed convergence rate is stronger than asymptotic stability;
hence the synchronizing region satisfying the prescribed convergence rate (39) is contained in
the asymptotic stability synchronizing region for the same time-delay

Se(z, 1) SSe().

Due to the exponential terms the exponential synchronizing region estimate (41) is strongly
dependent on the values of delay 7 and the prescribed convergence rate y. As Theorem 7 shows,
the inclusion property (26) with respect to decreasing delays holds naturally for the estimates of
prescribed convergence rate exponential stability synchronizing region (41). Furthermore the
synchronizing region for greater convergence rates y is necessarily contained in that for smaller

a
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Fig. 2. (a) First state variables, 7= 0.1137. (b) Synchronization error, 7= 0.1137.
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ones
SC(T) }/1) S SC(Ta 7/2) for 71 = 72

These considerations reflect the robustness of exponential stability in dependence of delays.

Design methodology of Section 5 is applicable verbatim for synchronizing region with a
prescribed exponential convergence rate, Eq. (39). One only needs to consider the algebraic
matrix equation

ATP+ PA + Q—PBR™'B"P + 1o(PA,AP\ATAT P + PALP,(AZ)' P + 2% P) = —yP

guaranteeing exponential stability for the single-agent system instead of asymptotic stability
guaranteed by Eq. (28). Then an estimate of the synchronizing region for exponential stability
with the same convergence rate y but possibly different delays z follows similarly as in
Theorem 4 from the matrix inequality

—Q + (1—2Rec)PBR™'BTP + (z|6]> — 70)PAJAP,ATALP + (z|6]* —70)PA3P,(A2)" P
+2(ze¥T — 1 ™)P <0

It should be remarked that for the delay free case, 7 = 0 = 7 results of this section reduce to
those reported in [9].

If all the diagonal blocks in Eq. (11), i.e. all the systems (12) are exponentially stable with a
prescribed convergence rate, as guaranteed by the synchronizing region (39), then the original
system (7) shares the same convergence property. Therefore synchronization is guaranteed with a
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Fig. 3. (a) First state variables, = 0.444. (b) Synchronization error, v = 0.444.
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prescribed exponential convergence rate if all the graph matrix eigenvalues are scaled into a
pertaining synchronizing region.

7. Special case of single-integrator agents on undirected graphs

General stability conditions of Section 5 are specialized here to archetypal consensus systems
of one-dimensional single-integrator agents on undirected graphs [1,3,4]. For such systems
necessary and sufficient conditions for stability with delays are given in [3].

Let the system be given as

x,- =ax; + bu,-,

with a =0, b = 1. Furthermore, choose Q = 1 =R in the Riccati Eq. (32) so that P=1=K, and
¢ = 1 guarantee synchronization in the absence of delay. Then the closed loop system (5) is given as

xi(1) = —ei(t—71). (43)
This gives
5(t)= — (L + G)d(t—1), (44)
a
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where L 4 G is the symmetric graph matrix of the underlying undirected communication graph,
which is assumed connected. For system (44) to be asymptotically stably it is necessary and
sufficient that [1,3]

<7/ 2 max(L + G), (45)
The bound (34), with P, =f,P~ ', ,>1, in this case gives
(1=22) + z[|4]*B, + 2] <1. (46)

It can be seen that one has
£ <min {21,- J(p2} + 2)} <70/ 2max(L + G), 47)
J

where one has to take 4;(L + G)>1/2. This can always be satisfied by considering ¢(L + G)
with an appropriate coupling gain absorbed in the graph matrix L4G.

The tradeoff between fast convergence to consensus and robustness to delays, alluded to in [1]
by the necessary and sufficient condition (45) for single-integrator agents on undirected graphs,
applies here to guaranteed synchronizing region for LTI agents on directed graph topologies by
results of Sections 4 and 5.

r=0 Detail for 7 =0
1(x) v v v v 5 A4 v
% - - 4 S - -
80 } 1 4) 4
70 - - 3 5 - -
60 » 4 3} 4
’i’ w - - i 2 5 - -
& =
40 ¢ 1 2 1
30 1 4 1 5 > 4
20 ¢ 4 14 * . 4
10 & + 0s5 % .
. .
0 e 0 : ;
20 15 10 5 0 5 -2 1 0 1
R(s) R(s)

Fig. 5. Closed-loop poles, 7=0.
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8. Numerical example

The considered multi-agent system consists of 4 agents having the LTI dynamics

x:{—ol (ﬂ”ﬁ]”

The communication digraph topology is described by its Laplacian matrix and pinning gains
2 -1 0 -1
L 0 G =diag(1,1,0,0
|1 0 1 o |0 @700
o -1 -1 2
One has that A,;,(L+ G)=0.3820 and |A,.(L+ G)| =2.6457. For the design choice

0=0.211,, R=1 in the Riccati Eq. (32) the local feedback gain matrix, Eq. (31), and the
coupling gain satisfying Eq. (33) follow as

K=[0.1 06403],c=134.

r=0.1137 Detail for 7 = 0.1137
100 . v v v 5 v v
90 + 45
80 t : 4t
70 } - 35}
60 3
_— o
Z 5t — 25
& &7
40 + . 2t .
30 + : 15 |
20 f : 1t :
10+ - 05 F
° .
1 JL R — . LS 0 ‘o
20 15 -10 -5 0 5 -2 -1 0 1
R(s) R(s)

Fig. 6. Closed-loop poles, 7=0.1137.
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The nonlinear matrix inequality (34) is solved for P using the standard ARE solver in Matlab
applied in iterations. Given the largest scaled graph matrix eigenvalue magnitude, iterative
procedure is applied for increasing delay values as long as admissible solutions are being
obtained, yielding a delay margin estimate. The found solution equals

0.7043 0.1
0.1 0.6403 |’

and the choice P, = P, = 1.01P~ ! is made. The multi-agent system is then guaranteed to tolerate
delays smaller than the delay margin 7o = 0.1137. The exact delay margin for this cooperative
feedback, obtained by spectral domain analysis of the entire system, using QPmR algorithm [31]
is found to be 7 =0.4445.

Time dependence of first state variable for 4 agents, and the leader, is depicted on the
following figures for different delays. Pertinent synchronization error dynamics are also given.
One should note that greater delays give slower convergence and poorer transient. Figs. 1-3a and
b show stable synchronization dynamics, while Fig. 4a and b shows unstable dynamics for the
delay of 0.48.

The poles of respective closed-loop synchronization error systems, Eq. (7), for above
considered cases are depicted in Figs. 5-8, showing the upper half-plane only. Poles are
calculated using QPmR algorithm [31].
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Fig. 7. Closed-loop poles, 7 = 0.444.
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7 = (.48 Detail for 7 = (0.48
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Fig. 8. Closed loop poles, 7= 0.48.

9. Concluding remarks

This paper investigates synchronization of multi-agent systems with constant uniform control
delays. Agents are described by general LTI dynamics with delayed controls, which constitute
RFDEs. Classical stability results for RFDEs are applied with modification to complex RFDE
to guarantee a delay-dependent synchronizing region. The guaranteed synchronizing region
provides sufficient conditions for multi-agent system synchronization in the presence of delays.
Furthermore, the synchronizing region approach decouples the single-agent properties from the
underlying communication graph topology, dealing with graph effects by robust stabilization.
Following those lines a design procedure is proposed based on algebraic matrix equations,
guaranteeing cooperative stability. The guaranteed delay-dependent synchronizing region for
local feedback gains is found to be bounded in dependence on the delay margin, restricting the
values of admissible coupling gains. The bounded synchronizing region for delayed cooperative
feedback is to be contrasted with an unbounded synchronizing region of the delay-free case, and
compared to results known from the literature on a tradeoff between the rate of convergence to
consensus and robustness to delays. Stronger results guaranteeing exponential cooperative
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stability with a prescribed convergence rate are presented as a special case. Numerical example
validates the proposed design.
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4. H..-OUTPUT REGULATION OF LINEAR HETEROGENEOUS MULTIAGENT SYSTEMS OVER
SWITCHING GRAPHS

Farnaz A. Yaghmaie, Kristian Hengster Movric, Frank L. Lewis, Rong Su, Michael Sebek, H.-output
regulation of linear heterogeneous multiagent systems over switching graphs, International Journal
of Robust and Nonlinear Control 28 (13), pp. 3852-3870, 2018

This paper published in the Wiley’s International Journal of Robust and Nonlinear Control (IF:
3.856), in 2018, considers a more general class of multi-agent systems, namely those consisting of
heterogeneous agents, which do not admit a treatment via synchronizing region methods.
Furthermore, the canonical distributed control problem appropriate for such multi-agent systems
is output synchronization instead of state synchronization. Following the seminal 2009 paper by
Wieland, Sepulchre, Allgower, the Internal Model Principle is necessary and sufficient for
achieving this goal. However, the Internal Model Principle further hints at a general geometrical
structure of heterogeneous agents that may synchronize over general outputs. This insight is used
in control design via LMIs for such generalized agents to guarantee an output-synchronization L,
bound in case of unmodelled disturbances acting on the system. These results are perfectly
applicable in case of modelled disturbances as well, combining complementary geometrical
requirements on single-agent structure.

This chapter analyzes H,, output regulation of linear heterogeneous multi-agent systems. The agents are subject
to modeled and unmodeled disturbances and communicate over a switching graph. A sufficient condition that
guarantees H, output regulation is derived for the mentioned setup. This sufficient condition places
requirements on both the single-agent systems and the switching graph. The requirement on the single-agent
systems is an H,, -criterion which should be satisfied by a proper design of the controller. Meanwhile, the
switching graph needs to be maximally connected. Moreover, an upper bound is derived for the overall L,-gain
of the output synchronization error with respect to the unmodeled disturbances over a fixed communication
graph. Technical developments are illustrated by a simulation example.
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SUMMARY

In this paper we analyze Hso output regulation of linear heterogeneous multi-agent systems. The agents
are subject to modeled and unmodeled disturbances and communicate over a switching graph. We derive a
sufficient condition that guarantees H output regulation for the mentioned setup. This sufficient condition
places requirements on both the single-agent systems and the switching graph. The requirement on the
single-agent systems is an Hoo-criterion which should be satisfied by a proper design of the controller.
Meanwhile, the switching graph needs to be maximally connected. Moreover, we derive an upper bound for
the overall L£o-gain of the output synchronization error with respect to the unmodeled disturbances over a
fixed communication graph. We illustrate our technical developments by a simulation example. Copyright
© 2018 John Wiley & Sons, Ltd.

Received ...

1. INTRODUCTION

Output regulation studies control design schemes for a dynamic system such that the output of the
system tracks a reference trajectory while rejecting the effect of disturbances with known models
[1, 2]. Usually, the dynamics of the reference trajectory and the disturbance model are combined
into a single dynamic model named exo-system in the literature [1, 2]. Recently, output regulation
problem has been studied in multi-agent systems where distributed controllers are designed such
that the outputs of all agents track a common reference trajectory, while the information of the
reference is directly available only to a small group of agents [3]-[4].

One can solve such output regulation problem for linear heterogeneous multi-agent systems by
using the Internal Model Principle (IMP). One possible solution is to incorporate a p-copy of
the internal model of the exo-system, where p is the dimension of the output, to achieve output
synchronization to the exo-system’s output [5, 6, 7, 8, 9]. This idea is used in [5, 6, 7] to study
output regulation of linear heterogeneous agents communicating over an acyclic graph. Also, it is
used in [10] to study output regulation of linear, yet homogeneous, agents over a general graph. The
limiting assumptions of the acyclic graph and the homogeneity of the agents are removed in [8, 9]
which suggest an H-criterion to guarantee output regulation of linear heterogeneous agents over

*Correspondence to: Farnaz Adib Yaghmaie, School of Electrical & Electronic Engineering, 50 Nanyang Avenue,
Singapore 639798. Email: farnaz001 @e.ntu.edu.sg. Phone: +65 6790-6042. Fax: +65 6793-3318.
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a general graph. In [4], it is shown that the IMP is necessary and sufficient for output regulation of
linear heterogeneous agents communicating over a uniformly connected time-varying graph. The
properties of passive systems are used in [3] to prove that the IMP is necessary and sufficient for
output regulation of linear heterogeneous passive agents.

In the aforementioned results, either it is assumed that the agents are not subject to any
disturbances at all [4, 6, 7], or only modeled disturbances are considered [5, 8, 9]. However, in
practice, the agents are subject to both modeled and unmodeled disturbances where the dynamics
of unmodeled disturbance is unknown. Because of unmodeled disturbances, the IMP alone cannot
be used for disturbance rejection and H,, control methods are required. A significant part of the
research on H, control for multi-agent systems refers to H, state synchronization of homogeneous
agents using state-feedback [11, 12] or output-feedback [13]. In fact, considering homogeneous
agents, one can use a similarity transformation to bring the overall system of all agents into a
block diagonal/triangular form which simplifies the analysis of H., control [11, 12, 13]. Such a
transformation is not applicable to systems of heterogeneous agents.

In this paper, we study the problem of H., output regulation of linear heterogeneous agents
over switching graphs, where the agents are subject to both modeled and unmodeled disturbances.
This problem is challenging for two reasons. The first reason is related to the heterogeneity of the
agents. Due to the heterogeneity of agents, we cannot use the similarity transformation as it is used
in [11, 12, 13] to bring the overall system into a block diagonal/triangular form. We emphasize
that this approach significantly simplifies the analysis of H., control for homogeneous agents.
The second reason is related to the switching nature of the graph. Considering switching graphs,
one needs to prove Lo-stability for a linear system with switching dynamics which is not simply
equivalent to closed-loop stability. Indeed, one needs to obtain a condition to guarantee L,-stability.
Comparing with few results on H, output regulation of linear heterogeneous agents [14, 15, 16],
the communication graph in [14, 15] is fixed and the switching graph in [16] can only change over
a fixed set of topologies containing spanning trees.

This paper has two main contributions. Firstly, we consider a group of heterogeneous agents
in contrast to the homogeneous agents considered in [11, 12, 13]. We assume that the agents are
subject to both modeled and unmodeled disturbances and aim to achieve H,, output regulation in
comparison with [4, 9, 8] which do not consider unmodeled disturbances. Secondly, we allow the
agents to communicate over a general class of switching graphs. In comparison, [14, 15] do not
consider switching graphs and the switching graphs in [16] can change only over a set of topologies
containing spanning trees. We do not need those assumptions in our paper. We propose to achieve
these two objectives using the simplest form of the controller which is a static distributed output-
feedback controller in a general framework without requiring limiting assumptions like acyclic
graph [5, 6, 7], homogeneity [10, 11, 12] or passivity of the agents [3].

The rest of the paper is organized as follows: Section 2 discusses notation conventions and
reviews preliminaries. Section 3 defines the H, output regulation problem and brings the necessary
assumptions. Section 4 studies H., output regulation over fixed graphs and computes an upper
bound on the overall £,-gain of the output synchronization error with respect to unmodeled
disturbances. Section 5 studies H., output regulation over switching graphs. Section 6 contains
a simulation example and Section 7 concludes the paper.

2. PRELIMINARIES

2.1. Notation

The following notation will be used throughout this paper. Let R"*™ be the set of n x m real
matrices. I,, denotes the identity matrix of dimension n x n. We drop the subscript and denote the
identity matrix with I when there is no ambiguity. 1y is an N column vector of 1 and 0 denotes
a matrix of zeros with compatible dimensions. The Kronecker product of two matrices A and B
is denoted by A ® B. The positive (semi) definiteness constraint on the matrix P is expressed
as (P > 0) P > 0. The matrix A = [a;;] is nonnegative if a;; > 0, Vi,j. Let A; € R™>™i for

Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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i=1,...,N, where N is a positive integer. The operator Diag{A;} is then defined as
1:N

A0 ... 0

0 A ... 0
Diag{A;} = | . . A (D
1:N : 0 . :

0 0 ... Ay

The maximum singular value of a matrix A is denoted by o(A) and its kernel is denoted by Ker(A).
An eigenvalue of a square matrix A is denoted by A;(A). The spectrum of matrix A is denoted by
Spec(A) = {\;(A)} and its spectral radius is denoted by p(A) = max {|\;(A4)|}. The determinant
of a square matrix A is denoted by Det(A). The a modulo n is denoted by mod(a, n). The inverse
Laplace transform is denoted by £71(.).

2.2. Ly-norm, Lype-norm and Ly-gain

The following concepts and definitions are taken from [17]. For p € [1, +00), let £, = L}[0, +00)
denote the space of functions a(t) € R™ such that ¢ — |a(t)[? is integrable over [0, +00), where
|la(t)] is the instantaneous Euclidean norm of the vector a(t). The £,-norm of a(t) € £}[0, +o0) is

defined as
00 1/p
||a(t>||ap=(/ a<7>|pd7> P,
0

Let £, = L},[0,T] denote the space of functions b(t) € R™ such thatt — [b(¢)|? is integrable over
[0,T], VT < oc. The Ly.-norm of b(t) € L7,[0,T] is defined as

1/p

T
ol c,. = </0 Ib(T)pdT> < 400.

Clearly, £} C L7.. Given the system G : L7, — L7, the L,-gain of G is denoted by (3, (G) and is
defined as

1G(@)l e
Bp(G) = sup sup ———==. (2)
02740 |17,
The following technical results are in order.
Lemma 1 (modified version of Theorem 12 of [17])
Consider the following system
N
T = Z Hij(e;)
gt 3)

e; = fi(ri) + gi(wi)
where w; € L', Suppose all operators f; : Li — L7, g; : Lyt — L1 have finite £,-gains.

Assume that H;; : L7 — L7 is a linear operator and 3,(H; f;), 8,(Hijg;) are finite for all i, j.

€

Define the test matrix Q1 = [q1;] by
q1ij = 5p(Hijfj)-
Then the system (3) is £,-stable if p(Q1) < 1.

Proof
By definition of 8,(H;; f;) and 3,(H;;g;), there exist finite constants b;; and ¢;; such that

I Hij £ (ri)llcye < Bp(Hij fi)lI7illc,e + bijs
1 Hiig5(willz,pe < Bp(Hizgi)llwille,. + cij-

Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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Taking norm in (3) and applying the above result

N
I7illz,. < ZHHZJ )l Z (IHij £l e, + 1 Hijgs(wi)lle,.)
! )

2

< Bp(Hij £)lIrillc,e + Bo(Hijgi)lwsllz,.) + 7.

j=1
where 7; = Zj\;l (bi; + ci;). Define the total vectors

F=[1r1llcpes o vl Ts @ = lwillgpes oo lonlle,e )Ty 7= [r15 e 7] T
and let Q2 = [g24j], q2i; = Bp(H;jg;) Then (4) reads
(IN —Ql)FS QQ(IJ—FT.

Since p(Ql) < 1, all leading principal minors of Iy — @1 are positive and we have that (Iy —
Ql) contains all nonnegative elements (Lemmas 8 and 9 of [17])

F<(In—Q1) Qi+ (In— Q1) 'r
and hence, the £, stability is guaranteed if p(Q1) < 1. O

Lemma 2 ([9], Lemma 7)
Let @Q = [Q;;] with Q;; € C**™ where C™*™ is the set of n; x n; complex matrices. Let
Q = [||Qs;]|] be its block-norm matrix. Then, p(Q) < p(Q).

Lemma 3 ([9], Lemma 8)
Let @ be any nonnegative matrix and © = Diag{6;} be a positive definite diagonal matrix. Then
1:N

p(OQ) < max; 0;p(Q).

Lemma 4 ([18], Corollary 8.1.19)
Let A = [a;;] and B = [b;;] be nonnegative square matrices with compatible dimensions. If a;; <
bija VZ,] then, p(A) < p(B)

Lemma 5 ([19], Lemma 4.2-Barbalat’s Lemma)
If a(t) € L,[0,+00) for some p = [1,+00) and a(t) € Lo, then lim,_, o, a(t) = 0.

2.3. Graph theory

Given a piece-wise constant switching signal o : [0, +o0) — P = {1, ..., 0} and a set of o time-
invariant graphs G; = (V,&;), i =1,...,0, we define an augmented switching graph G, =
(V, &) € {Gili = 1,..., 0} with a ﬁnlte set of N + 1 nodes V = {vg,v1,...,un} and &) C
V x V. The node vg is associated with the leader and the nodes v; are associated with followers
i, i=1,.. N.

Let Go1y = (V,E5(1)) be a subgraph of Q_a(t) where V' = {vy,...,un} and E;) SV x V is
obtained from &, ;) by removing all edges between node vy and the nodes in V. Let E,(y) = [avi;(t)]
be the adjacency matrix of G, ;) with o (t) = 1if (vj,vs) € Erpy, 4,5 € {1,..., N} and a;(t) = 0
otherwise. Let G, (;) = Diag{g;(t)} be the pinning matrix with g;(¢) = 1 if there exists a link from

1:N

vg to v; at time ¢ and g;(t) = 0 otherwise. The graph is simple, i.e. a;;(t) =0, i = 1,..., N.

A directed path from node v; to node v; is a sequence of edges joining v; to v;. If there exists
a directed path from node v; to node v; then it is said that node v; is reachable from v;. The set
of neighbors of node v; is N;(t) = {v; : (vj,v;) € E;1)}. For graph G, ), the in-degree matrix
D, 1) is a diagonal matrix D,y = lzigg{di(t)} with d;(t) = >_,c n, @ij(t). The laplacian matrix

for graph G, ;) is defined as L) :'Dg(t) — Es(1)- A graph G, () is strongly connected if there

Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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exists a path from v; to v; for all v;,v; € V. If the initial and the terminal nodes of a path are the
same, the path is called a cycle. A graph without any cycle is named an acyclic graph. A directed
graph is a connected directed tree if every node except one node, called the root, has in-degree equal
to one. The root node has its in-degree equal to zero. A graph has a spanning tree if there exists a
directed tree containing every node in V. A graph is complete if there exists a directed edge between
any two nodes v;, v; € V, v; # v;.

3. SYSTEM DESCRIPTION AND THE CONTROL PROBLEM

Consider a set of N + 1 heterogeneous agents with N followers given as LTI systems

&; = Az + Biug + Qid + Piw;, )
yi = Cyz; + Hyd, (6)
2y = Dyxy + Jid, @)

in which z; € R™ | y;, € RP, z; € R? and u; € R™ denote the state, the synchronization output,
the measured output and the control signal for follower i = 1, ..., N. All followers are subject to
disturbances, where, d € R™¢ denotes a modeled disturbance whose model is given by

d = 9d, (®)

and w; € £3.[0,T] denotes an unmodeled disturbance. The leader’s dynamics is given by

€0 = X&o, 9)
Yo = R1&o, (10)
2o = R2&o, (11)

The & € R!, yo € R? and 2y € R? denote the state, the synchronization output and the measured
output of the leader. The motivation behind introducing two outputs y;, z; is to achieve
synchronization in outputs y;, by communicating the measured outputs z; where ¢ < p hence
decreasing the communication burden.

We suggest a distributed static output-feedback controller of the following form

u; = Kiezi, (12)
e = Y ay(t)(z —2) +gi(t) (20 — ), (13)
JEN;(t)

where e; is the local neighborhood error in z-outputs and K; € R™:*4. To reject the effect of the
modeled disturbance, the output regulation controller usually contains a term L;d, which would add
the term B;L;d to the agent’s dynamics in (5). Here, we assume that the resulting term B;L; is
absorbed in the matrix ); and we only consider a pure distributed output-feedback control (13).
The necessary condition for the rejection of the modeled disturbance is then given in terms of the
matrix Q; in the next subsection.

Define the y-output synchronization error and the z-output synchronization error as

dyi = Yi — Yo, (14)

Letz = [T, .., a2 )T, y =[], .. vX)T, 2 = [, ... 25T, w = W], .., 0wi]T, 5, = [551, ...,55N}T

and 0, = [0}, ...,67\]7 denote the overall vectors of z;, v, z;, w;, 8y; and §; respectively. Then,
the overall closed-loop system of all followers, their controllers, the modeled disturbance and the
Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
Prepared using rncauth.cls DOI: 10.1002/rnc
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leader is given by the following

&= Aqx + Baéo + Qud + Paw,

d = Sd,

€0 = X&o, (16)
0y = Cax + Hyd — 1y ® Ri&o,

0 = Dax + Jud — 1n @ Ra&o,

where
Ag = Dzag{Az} - Diag{BiKi}((Lg(t) + Ga(t)) ® Iq)Diag{Di},
1:N 1:N 1:N
Ba = ngg{BlKl}((Lo(t) + Ga(t)) ® Iq)l]\r ® RQ,
1:
Qa = [Q1, - QN]" - Dl?]%g{BiKi}((La(t) + Gowy) @ I, o TR,
Ccl = Dmg{cl}, Dcl = .DZG,g{.D,L}7 Pcl = 'Dzag{Pl}7
LN 1:N 1:N
Hy=[HL, . HYT, Ja=[JT, .. J57".

Usually, the dynamics of the reference trajectory (leader in this paper) and the modeled disturbance
are merged together into a single exo-system

m:ﬁgkmm=WﬁF a7

Now, we define the H, output regulation problem.

Problem 1
Consider a group of NV + 1 heterogeneous LTI systems defined by (5-11). Design the feedback gains
K such that with (12), the closed-loop system of (5-11) achieves the following properties:

1. For w = 0 and x¢ = 0, the origin of the system @ = Az is asymptotically stable.
2. For w = 0, we have ¢, — 0 as ¢t — +oo for all initial conditions z((0).
3. Forw € Lo, and T' < 400

T
Jo 16y]2dt

18
I |2t (1%

Properties 1-2 define the output regulation problem [20, 1] in absence of unmodeled disturbance;
i.e. w = 0. Property 1 states that the origin of the overall closed-loop system (16) needs to be
exponentially stable when the exo-system’s state is identically zero. Property 2 means that when the
exo-system is present, the multi-agent system achieves output synchronization to the output of the
exo-system. Property 3 concerns with H . -output regulation in presence of unmodeled disturbances.

3.1. Necessary assumptions for output regulation

We make the following assumptions throughout this paper.

Assumption 1
The leader’s dynamics X in (9) does not have any strictly stable poles.

Assumption 2
The triple (A;, B;, D;) is output-feedback stabilizable.
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Hs, OUTPUT REGULATION OF HETEROGENEOUS LINEAR MULTI-AGENT SYSTEMS 7

Assumption 1 means that the leader generates a reference trajectory which does not converge to
zero. We make Assumption 1, without loss of generality (Remark 1.3 of [1] and [4]), to exclude
the trivial case of synchronization to zero. This case is trivial because the agents do not need
to cooperate to achieve synchronization to zero. Note that the modes associated with the stable
eigenvalues of X would decay to zero and have no permanent effect on the asymptotic behavior of
the leader. Note also that a leader satisfying Assumption 1 can generate a large class of reference
trajectories, such as a combination of step, ramp and parabolic functions which are of interest in
applications. Assumption 2 is the standard assumption of output-feedback stabilizability of the triple
(A;, B;, D;). It means that it is possible to stabilize the pair (A4;, B;) by an output feedback with D;.
This assumption is necessary for designing a stabilizing output-feedback.

According to Lemma 1.4 of [1], the closed-loop system (16) achieves y-output synchronization
to the y-output of the leader in (9-11) for w = 0 only if there exists an invariant subspace for the
closed-loop system (16) where y; = yo, ¢t = 1,..., N

Aa Qu Byl |1 I L rg
0 S 0|, 0|=|, o {0 X}, (19)
0 0 X 0 I 0 I
I, Iy
[Ca 0 0] |L,, 0| =[-Hy 1y®Ri], (20)
0 I

where IT; € RX5 mixnd Iy € R naxUIf this invariant subspace also satisfies the z-output
synchronization condition, then

I, 1o
[Da 0 0] [L, O0|=[-Ju IN®Ry|. 1)
0 I

The above equations (19)-(21) read
[Aclnl + ch AclH2 + Bcl] = [HIS H2X} )
[Oclnl CclHQ] = [_Hcl lN & Rl] ) (22)
[Dclnl DclH2J = [_Jcl 1N 0y R2] .

Using the last equation in (22), the first equation in (22) is simplified to

[Diag{Ai}HlJr[ 1 QT Diag{Ai}Hz] =[S ILX]. (23)
1:N 1L:N

LetIT; = I, 117, ..., 11T ] and IT, = [I1Z}, 113, ..., TIZ ], where T1;; € R™*"4 and IIy; € R™*C
Hence, a set of necessary assumptions for y-output synchronization and z-output synchronization is
given by Assumptions 1-2 and the following.

Assumption 3
For eachi = 1, ..., N, there exist II; € R™*"a and IIy; € R"™*! such that
Al + Q = 118, Al = 11 X,
Cilly; = —H; Cilly; = Ry,
D;I1y; = —J;, DIly; = Ry, i=1,...,N. (24)

3.2. Coordinate transformations

In this subsection, we introduce two coordinate transformations. The first one decouples the agent’s
dynamics from the modeled disturbance and the second transformation reveals the shared invariant
subspace of the agents which allows synchronization to the leader.

Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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8 F. ADIB YAGHMAIE et al.

Let (24) hold. Introduce a new variable 64; = x; — II;;d. Then the dynamics of d4; and the output
synchronization errors dy;, ¢; read

dai = i — Tyid = Aizwi + Byu; + Qid + Piw; — 11;5d
= Aiz; + Biui + Qid + Piw; — Aillid — Qid
= Aibda; + Biu; + Pwi,
(Syi = Cix; + Hid — Ri& = C’l(a:l — th) + (Hl + Clﬂh)d — R1&
————
0 (25)
= Cida; — R1&o,
0zi = Diz; + Jid — Re&o = Di(w; — y;d) + (Ji + Dilly;)d — Ra&o
————
0
= D;dai — Ra&o-

The dynamics of the new variable §4; is completely independent of the modeled disturbance d.
Moreover, the output synchronization errors dy;, 0.; can be completely expressed without d. It
means that the agent’s dynamics in the new coordinates can be considered independent of the
modeled disturbance d. This is a direct result of the necessary assumptions on the left-hand side
of the output regulation equations in (24).

According to the top-right equation in (24), each single-agent dynamics A4;, i = 1,..., N has an
invariant subspace which is spanned by columns of ITy; € R"*!, Supplement the columns of ITy;
by a set of linearly independent columns of ¥; € R™* (=1 to form a complete basis of the single-
agent state space R™. Then in such basis, one has the transformed state [¢], v1]T € R™.

AR

bai = (Mo W4 EZ] =T EZ

K2

] : (26)
with (24) generally leading to

X F;
—1 A7 _ 1
VAT = [ ) MJ . 27)
Define z; = [65Ti, vIT, where 0¢; = & — &. Then the closed-loop dynamics of system (5) in the
transformed coordinates equals

6yi =Y —Y = ézfla
8. = 2 — 20 = Diy, (28)
u; = K; Qj (t)(f)jgfj - f)@l) - gl(t)f)ln’cl ,

JEN(t)

where

A.-— -1 . A.-— -1 ;
0 MJ,BZ.Ti B;, B =T, 'P,

éi = CZTl = [Rl Cl‘l/l} s Dl = DlTZ = [RQ Di\I/i] .

(29)

The description of the system in the new coordinates will be useful in designing the controller as
detailed in the following section.

Remark 1
In this paper, we use the coordinate transformation to transform the agent’s dynamics into the part
which is shared between the agents and the leader, (denoted by X in this paper), and the unshared
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Hs, OUTPUT REGULATION OF HETEROGENEOUS LINEAR MULTI-AGENT SYSTEMS 9

part. We use this transformation to study H ., output regulation of linear heterogeneous agents where
the agents are subject to both modeled and unmodeled disturbances and they communicate over a
switching graph. Such a transformation is also used in [21, 22] to study output regulation; however,
[21,22] do not consider modeled and unmodeled disturbances and the communication graph in [22]
is static.

4. H,, OUTPUT REGULATION OVER A STATIC GRAPH

In this section we analyze H,, output regulation over a static graph G = (V, €) and as such, we drop
the time variable ¢ from all expressions in this section. We obtain a single-agent sufficient condition
that guarantees H, output regulation and derive an upper bound for the overall £,-gain of y-output
synchronization error with respect to the disturbance w. At the end of this section, we show how to
design the controller gains such that the sufficient condition is indeed satisfied.

4.1. Single-agent sufficient condition for output regulation in absence of w-disturbances

This subsection gives a single-agent sufficient condition for output regulation in the absence of
w—disturbances. We show how to satisfy this sufficient condition by either specifying the structure
of matrix A; as detailed in this subsection, or a proper design of the controller gain K, as detailed
in subsection 4.3. The interest in the specific structure of A; is motivated by existing results in
distributed output regulation [7, 8, 9, 23, 5], which incorporate a p-copy model of X by some
hierarchical structure and suggest a state-feedback or an output-feedback. In contrast, we do not
incorporate a p-copy of the leader but instead, we find a structure of the drift dynamics A;; namely
F; and M, in (27).

For the developments of this section, we use a simple redefinition of the feedback gain. For a

graph G = (V,£), define the normalized adjacency matrix as Zy = [;742-] where (d; + g;) is the

normalizing factor of node i. Redefine the control gain as IA(Z» := (d; + ¢;) K;. Hence the control
(12) can be written as

u; = K; <Z ai(z5 — ) + gi(z0 — Zi))

JEN;

Qjj gi
= K;(d; + 9;) (Z 7 +Jg_ (z —2)+ - s (20 — Zi))

JEN;
2 Qij 9i
=K; I (z:—z)+ 20 — %
<j€ZNdi+gi(] ) drf'gi(o )>

Hence, we design K; and assume that the agents communicate over a graph with normalized edge
weights. Note that one can always compute the matrix K; from K; = ﬁgK ; locally. Define

X 0
0 0

Af = Ai — Blle“ A? = |:

AR, mo._ no_ | Fi
] —B,K;D;, C' == [0 I, _], L} := {M] . (30)

Theorem 1
Consider a group of linear heterogeneous systems defined in (5-11). Let the static augmented
communication graph G = (V,€) contain a spanning tree with the leader as its root node. Let
Assumptions 1-3 hold. If the controller gains K; are selected such that
3 c\—1p 1 1

|1D;(sI — A) "B, Ki||oo < o(Z4) Ve (31)
fori =1, ..., N, then the w—disturbance-free system (5-11) achieves y-output regulation and there
exists a 0 < ; < 400 such that

A 1A )

||CZ(S[—A§) Pz”oo <7, t=1,..,N. (32)
Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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10 F. ADIB YAGHMAIE et al.

Proof

First note that by output-feedback stabilizability of (A;, B;, D; ) in Assumption 2, the transformed
triple (A;, B;, D;) is output-feedback stabilizable and the pairs (A;, B;) and (A;, D;) are stabilizable
and detectable respectively. As a result, one can show that (A¢, B;) and (A$, D;) are stabilizable and
detectable. Set w; = 0, i = 1, ..., N. Then, the overall closed-loop system of (28) reads

z = (A— BDiag{K;}((L+ G)® I,)D)z = (A— BK((In — Z,) ® I;)D) & = Az,
LN (33)

where z = [z7, ..., 2] and

A := Diag{A;}, B := Diag{B;}, C := Diag{C;}, D := Diag{D;}, K := Diag{K;}.
1:N 1I:N 1:N 1:N 1:N

Now we prove that if (31) holds, the w—disturbance-free system achieves y-output regulation. That
is: 1. A,y is strictly stable and 2. §,, — 0 as t — oo according to properties 1-2 in Problem 1.

1. A,, =T YA,T, where T = Dmg{T} with T; from (26), is the similarity transformation.

The characteristic equation of Acl denoted by A reads

A = Det(sI — Ay) = Det(sI — T ' AyT) = Det(sI — A,,)

=Det(s] — A+ BKD — BK(Z, ® I,)D)

=Det(sI — (A — BKD))Det(I — D(sl — A+ BKD) 'BK(Z, ® 1,))
:Det(lzilt\l]g{sl — ASY)DetF(s),

where ./—"(8) =1- FQQ(S)(Zg X Iq), F22(8) = Diag{Figg(S)} and FiQQ(S) = Dl(SI —
1:N

Af)ilézkz
The stability of F(s) = I — Fa2(s)(Z4 ® I;) in a small gain sense implies that all poles of
Fi95(s) are stable. Because of stabilizability and detectability of (A¢, B;) and (A¢, D;), we
can then also conclude that all A(AS) have negative real parts. Hence, if we can prove the
stability of F(.S) in the small gain sense, then we can conclude that A,, is stable; i.e. A is
stable. By the small gain theorem, F(s) is asymptotically stable if p(Fr2(s)(Z, ® 1)) <1
Using Lemmas 2-3, p(Fas(s)(Zy ® I;)) < max; ||Fizz||sop(Z4). Hence, if (31) holds for
i=1,...,N, then A is stable.

2. Since A,y in (33) is strictly stable, then §, — 0 as ¢ — oo and the w—disturbance-free system
(5-11) achieves y-output regulation.

Next, we prove that (32) holds. According to Theorem 6.4 of [24], an LTI system with a Hurwitz
system matrix, is finite-gain £,-stable. The condition (31) guarantees asymptotic stability of A¢ for
i=1,..., N and as a result, there exists a 0 < =; < oo for¢ = 1,..., NV such that (32) holds. O

The next theorem suggests a structure of the drift dynamics A; that guarantees (31).

Theorem 2

Consider a group of linear heterogeneous systems defined in (5-11). Let the static augmented
communication graph G = (V &) contain a spanning tree with the leader as its root node. Let
Assumptions 1-3 hold. Given K; for i = 1,..., N, assume that P* > 0 and ¢; > 0 form a feasible
solution to the following LMI

(AMTPE + PEA? — oi(CM)TCP + ﬁZTDZ P-LB K;

i <0. (34)
T RT pL
Ki B; P 21,
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Hs, OUTPUT REGULATION OF HETEROGENEOUS LINEAR MULTI-AGENT SYSTEMS 11

Then, the w—disturbance-free system (5-11) achieves y-output regulation if the following structure
is imposed on the drift dynamics of each agent

n_ | Fi| _  Ti pLy—1/m\T
1= || = Fen e 65)

Proof
According to Theorem 1, the w—disturbance-free system (5-11) achieves y-output regulation if (31)
is satisfied. According to [25], the norm condition (31) is equivalent to

(Ai = BUGD)TPE + PE(A, — BURD) + DID, PYBR) _
KT B PE —21,

or

(A7 + LyCp)TPE + PR(AY + LyCP) + DI D: PEBIKS| _
KT BT P} S

Introducing V¢ = PEL?, the above inequality reads

(AD)TPE+ PHAY) + YiCp + (Viep)T + DID; PFBE) _
KTBTPE —2, | ST

Considering o; > 0 the above inequality is equivalent to (34) if L} is selected as in (35). (]

Remark 2
One can easily see that M; resulting from (35) is negative definite. Let

QF = (i = | g ]

112 122

Based on (35), M; = —%-QL,. Since Qf, is positive definite, the resulting M; is necessarily
negative definite and strictly stable. This explains that the unshared dynamics of the agents which is
parameterized by v; should be strictly stable for a possible y-output regulation.

Remark 3

In contrast to [7, 5, 6], which assume an acyclic graph in order to transform the resulting system
matrix A,, to an upper block triangular form, here we drop that limiting assumption by using the
small gain theorem to prove the asymptotic stability of the overall system matrix A,,. Our general
result in Theorem 1 (the norm condition (31)) contains the special case of acyclic graphs reported
in [7, 5, 6]. Corollary 1 shows that for acyclic graphs, the norm condition in (31) reduces to the
asymptotic stability of the single-agent system’s matrix A¢.

Corollary 1

Consider a group of linear heterogeneous systems defined in (5-11). Let the static augmented
communication graph G = (V,&) be acyclic and contain a spanning tree with the leader as its
root node. Let Assumptions 1-3 hold. Assume that the controller gains K; are selected such that
the matrices AS are Hurwitz for ¢ = 1, ..., N. Then, the w—disturbance-free system (5-11) achieves
y-output regulation.

Proof
For an acyclic graph p(Z,) =0 ([9]) and the condition (31) in Theorem 1 reduces to the
boundedness of ||D;(sI — AS)~!B;K;| which is guaranteed by asymptotic stability of A¢. Note

that we can always select K; to make A¢ stable by Assumption 2. O
Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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12 F. ADIB YAGHMAIE et al.

[0) . . P a
— X, = A'X; + BK;r; + P, s
Diag{s,, =C, ——
R 6
r 0. =DX, z
V4 o ®17 g

Figure 1. The representation of the overall closed-loop system of (28)

4.2. Calculation of the overall Lo-gain

In this subsection we prove that the sufficient condition (31) is also sufficient for H., y-output
regulation when w—disturbances are present and we calculate an upper bound for the overall £,-
gain. Figure 1 schematically represents the overall closed-loop system of (28). Let

Fi1(s) = Diag{Ci(sI — AS)™'P;}, Fi5(s) = Diag{Ci(sI — AS) ' B;K,},
1:N 1:N

Fy(s) = Dfﬁg{ﬁi(ﬂ — AS)TIBY, Fas(s) = 12?]%9{151(51 — A5 BK )

Then the transfer function from input w to J,, denoted by Fin(s), is
Frot(s) = Fui(s) + Fi2(s)(Zy ® 1) (I — F2a(s)(Zg @ 1)) Fau(s).

Let Fy0:(s)(4, :) denote the transfer function from input w to §,; which is given by the ith block row
of dimension p of Fiy(s).

Theorem 3

Consider a group of linear heterogeneous systems defined in (5-11). Let the static augmented
communication graph G = (V,€) contain a spanning tree with the leader as its root node. Let
Assumptions 1-3 hold. Assume that the controller gains K; are selected such that (31) holds for
i=1,...,N. Then,

1. The system of (5-11) achieves H, y-output regulation.
2. An upper bound for the £,-gain of §,, with respect to w is given by

L = v11 + 7120(Zg)v22721, (36)
Y11 = mMaxy;, Y12 = mMax ”éz(SI - Af)ilgikiHooa (37)

o1 = max [ Di(sI = A7) 7' Pilloo, 722 = 11 = Faa()(Zg @ 1)) ™| oo

3. An upper bound for the £5-gain of J,; with respect to w is given by

Li = [[Frot(8) ()l oo (38)
Proof
The proof contains three parts.
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Hs, OUTPUT REGULATION OF HETEROGENEOUS LINEAR MULTI-AGENT SYSTEMS 13

1. According to small gain-theorem, a sufficient condition for the Lo stability of the Fy,:(s)
is p(Faz(s)(Z, ® I,)) < 1. Using Lemmas 2-3, p(Fa(s)(Z, ®I,)) < max; ||Di(sI —
AS) ' BiKi||sop(Z,). Hence, if (31) is satisfied, then Fjo (s) is £2-gain stable.

2. Next, we obtain an upper bound for the £5-gain of the y-output synchronization error d,, with
respect to w

1ot (3)lloe <F11(8) oo + [1F12(5) 1T (Z) | (1 = Faa(5)(Zg @ 1)) loo [l 21 ()]l
<max [|Ci(s] — AF) "' Ploo + max || Cy(sI — AF) ™' BiKil 0 (Zg) %

(T = Foa(5)(Z © 1))~ oo max | Di(sT — AF) ™ P -

According to (32), [|Ci(sI — AS)"'P;||so < 7i. By Theorem 1 and Theorem 5.4 of [24],
~12, 21 and o5 exist and (36) follows.

3. The L»-gain of 6,; with respect to w is given by the H.-norm of the transfer function from
input w to d,; which is || Fyo:(5) (%, )| co-

O

4.3. Controller design

According to Theorem 3, (31) is a single-agent sufficient condition that guarantees H..-output
regulation. In this section we will show how to design the matrix K; such that (31) indeed holds.
Define

[ATPL + PEA;, 0 Dr A:QF+QFA;, 0 QDT
= = 0 -2, 0 |, 2= 0 —21, 0 . (39
i D; 0 ~1, D;QF 0 ~1,
U=[-D; I, 0],Vi=[BI'PF 0 0]=YE;, Yi=[BI' 0 0], (40)
[P0 0
E=0 I, 0 1)
0 0 I,
Theorem 4

Let Wy,, Wy, and Wy, be the orthogonal complements of U;, V; and Y; respectively. The single-
agent condition (31) is satisfied if and only if there exist matrices QF, PX > 0 € R™*" guch that

Wy Z¢Wy, <0, (42)
Wi ZWy, <0, (43)
kPl =1,,. (44)

The controller gain K; is then obtained as a feasible solution to the inequality

=+ VIKU + U KTV, < 0. (45)

Proof
According to [25], the norm condition in (31) is satisfied if and only if there exists a PZ-L > 0 such
that

(A; — B;K;D;))T P} + PF(A; — B;K;D;) PFB;K; DT

KTBTPE -2, 0 | <oO. (46)

D; 0 -1,
Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
Prepared using rncauth.cls DOI: 10.1002/rnc

87



14 F. ADIB YAGHMAIE et al.

According to the definitions in (39-41), the above LMI reads

= + VKU, + U, KTV, < 0. (47)

Using the Elimination of Matrix Variable Lemma [25], the above inequality is feasible if and only
if

WLz Wy, <0,

v (48)

Wy EiWy, <0.

As the columns of Wy, span Ker(Y;), one has that Y;Wy, = 0. Similarly, as the columns of
E;'Wy, span Ker(V;) = Ker(Y;E;), it follows that Y; E; E; ' Wy, = 0 and we can conclude that
Wy, = E;'Wy,. Then (48) reads
WY.E B Wy, <0,
WUiEiWUi < 0.
Introducing =Y = E; ', B!

3

AP+ (PE)TAT 0 (PP DT

E? = 0 _’Yzlq 0
Di(PiLr1 0 -1,
Let QF = (PL)~1, then (44) follows. N

According to Theorem 4, the single-agent sufficient condition (31) is satisfied if and only if there
exists a feasible solution to the set of two LMIs and one non-convex algebraic constraint in (42-44).
The following algorithm is suggested in [8] to find a feasible solution to (42-44).

Algorithm 1 Iterative solution to (42-44)

1: Initialization: Set k=0. Find a feasible solution Qf(o), PiL(O) to

wE=Owy, <o,
wEE Wy, <o,

Q'O 1, @
)
2: repeat
3: Set <I>§k) = Qf(k) and Tgk) = PiL(k). Find QiL(kH) and PiL(kH) that solve
min - Tr(Q "I 4 o[ * pFHD) (50)

wZ=rE . <o
wZ=k+y, <o

L, P

(2

4: until |T‘I,(Qf(k+1)'rz(k) + (I)z('k)PiL(kJrl) _ Qf(k)'rz(kfl) _ (bgkfl)PiL(k)N < Ethre

In the above, ;e is a convergence threshold. Algorithm 1 iterates over a linear programming
problem and it is proved in [8] that there exists a feasible solution to (42-44) if and only if the global
solution to the optimization problem in Algorithm 1 is 2n;. Hence, the solution 2n; for the cost
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function (50) in Algorithm 1 is both necessary and sufficient for the solvability of (42-44) and the
existence of a gain matrix K;. Once this condition is satisfied, the algorithm gives the converged
values of QF and PF and those are used in (45) to find the controller gain K;. Note that to implement
Algorithm 1 and to calculate K;, one only needs to solve linear programming problems and for
those, many standard solvers like MATLAB are readily available. For the proof of convergence see
[26].

5. H,, OUTPUT REGULATION OVER A SWITCHING GRAPH

In practice, the communication graph might not be connected at all times. The communication links
can be created or lost due to several reasons like packet loss, state-dependent networks, etc. In this
section, we consider switching graphs where the graph structure can change over a set of topologies
[27], and we study H, output regulation over such graphs. In the sequel, we define the new concept
of maximally connected switching graph.

Definition 1 - o

A switching augmented graph G, ;) = (V, € (;)) with the adjacency matrix E, ;) = [a;(t)] and the

pinning matrix G, ) = Diag{g;(t)} is maximally connected if there exists an 0 < h < 4-oc such
1:N

that
EF =] ma i ()],
[te[tk’t;ih] ai;(t)] .
GF = Diag{ max g;(t)}, Vtg, 0 <t < 400
1:N  t€[tk,te+h]
are the adjacency matrix and the pinning matrix corresponding to some rooted graph G = (V, £F)

(V,
with node vy as its root node. The rooted graph G* is called the maximal graph of G(¢) = (V,£(t))
over [tg, ty + hl.

Conceptually speaking, for a maximally connected graph, there exists a sufficiently long time
interval [¢,¢+ h] such that each agent receives information from the leader either directly or
indirectly through other agents during its duration h.

Remark 4
There are different categories of time-varying graphs present in the literature:

1. Frequently connected graph with period 7" if V¢, 3t* € [¢t,¢ + T), such that the graph is
strongly connected at t* [28, 29].

2. Jointly (Uniformly) connected graph: if the union of the switching graphs over a time interval
forms a strongly connected graph [4, 30].

3. Periodically switching graph: if the graph switches among a set of topologies periodically
[31].

It is instructive to compare now maximally connected graphs with the above-defined types. 1.
Frequently connected graph is completely different from maximally connected graph in the sense
that the frequently connected graph needs to be strongly connected at some time in each interval
while the maximally connected graph does not. 2. On the other hand, the maximally and jointly
connected graphs are indeed similar in topology but differ in their edge weights. The edge weights
in the maximal graph are obtained as the maximum of the weights of the switching graph while
in the jointly connected graph those are obtained by averaging of the weights. 3. Periodically
switching graph switches between elements of a fixed set of graph topologies periodically while in
the maximally connected graph, the set of switching topologies might be different from one period
to another. We emphasize that here we define the edge weights by the maximum operation instead
of averaging which is commonly used in the jointly connected and periodically switching graphs
[4, 30, 31]. Finally, note that the above definitions are given for the graph of followers and they can
be easily extended to the augmented graph by replacing the condition of “strongly connected” with
the condition of “existence of a spanning tree with the leader as the root node”.
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Theorem 5

Consider a group of linear heterogeneous systems defined in (5-11) communicating over the
augmented graph G,y = (V,€,(1)). Let Assumptions 1-3 hold and A; be marginally stable. Let
Go(1) be maximally connected over [tg,t; + h] for k= 0,1,...,+00 where to =0, tx41 =t + h
and 0 < h < +oo. Let Zj, be the normalized adjacency matrix of the maximal graph of G, ;) over

[tk tr + h] and 7. = 1/max; p(Zx). If the controller gains K; are designed such that
| Di(sI — A B K| oo < 72, (53)
for¢ =1, ..., N, then the multi-agent system (5-11) achieves H, y-output regulation.

Proof

We first prove the Lo-stability and then, the y-output regulation for the w—disturbance-free system.
The proof of L,-stability: We prove the Lo-stability of the overall closed-loop system (5-

11) over [tg,tr + h] for k=0,1,..., +oo. Let QF denote the normalizing factor of node i in the

maximal graph G* = (V, S’“) Let af; = mathgtStk+h @ij(t), g% = maxy, <y<i,+n 9:(t), QF =

S¥ ok +gF and Z, = [ ¢). Let K} =
as

1
r, = @ Z aij(t)§zj7

b jEN;(t)
i = AT, + BiKir; + P, (54)
0. = zi — 20 = Dy,
Oyi = Yi — Yo = Ci7;.
Let Fyoo(s) = Di(sI — AS) ' B;K; and fig0(t) = £71(Fipa(s)) be a system with input r; and
output d.; and fas(t) = lzilf\lfg{fm( )} Let Qi(t) = (Zy(t) ® I) faz(t) = [q4j(t)], where q145(t) =
a”(t fi22(2).

Set k = 0. According to Lemma 1, the £,-stability of the closed-loop system (54) is guaranteed
by p([B2(q1i;)]) < 1. Now, we use (2) to calculate B2(q1;;)

ij(t
o) 862825 (1)l| o
2(q1ij) = sup sup —=————
Y rsom20 Imi(0)llz..

S ij(t) 1 T(; 2 2 0.5
1050 G5 ew. = ol [ st

b

To show the L,-stability of the overall closed-loop system (54) over [0, h], we assume «;;(t) =
0, t > h. Then,

T T
B2(q1i;) = = sup sup (Jy 02;(r)ad;(1)dr)> <L Sup sup (fo 0%,(1)(af;)?dr)"d
2\415 < —
’ 90 r20m0  ri(®)lca 0 P d T I Olles,
L 165 (B)llco, 1
; Sup Sup T = s 05).
=S 0, o)

Hence we have 52(q1;;) < QO oy Ba(fiz2) = 910 ;| Fj22(s)|loo Where the last equality is due to the
fact that the L£o-gain of a stable linear system is equivalent to its H,, norm [24]. According to
Lemmas 1-4, a sufficient condition for £,-stability is

0.
ag; 1
p(1B2(01:9)]) < p([| Fizzlloo o)) < max | Fiazllocp(Zo) <1, = [ Fjzalloe <~
Q;
p(Zo)
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One can repeat the above procedure for ¢ € [ty,t; + h], k = 1, ..., +00. The Ls-stability condition
for the kth time interval is given by || Fjaz||co < 1/o(Zx). As a result, the system is Lo-stable if (53)
holds.

The proof of y-output regulation: Next, we prove that the w—disturbance-free system, w = 0,
achieves y-output regulation. For this purpose, we prove properties 1-2 in Problem 1 by showing
that z; — 0 and d,; — 0 as ¢ — +4-oo for a generally nonzero exo-system’s state. The requirement
d4; — 0 is exactly property 2 in Problem 1 and z; — 0 implies property 1 when &, =0, d = 0. To
see the latter, if §; = 0, d = 0, by the definition of the coordinate transformations in Subsection 3.2,
we have 7; = Tj_lmj for T} in (26). In other words, when £, =0, d =0, Z; — 0 implies z; — 0
which is property 1.

The L,-stability of the overall closed-loop system (28) generally implies that z;, d,; € L. To
show Z; (L‘)7 dy;j(t) = 0 as t — +o0, we use Lemma 5 (Barbalat’s Lemma) and we only need to
prove that #;, 6,; = C;#; = C;A;7; + C;Bjuj,j = 1, ..., N are bounded. In an interval 0 < At <
h < +o0 where the communication graph is fixed, we dlvide the nodes into two subgroups: the
first subgroup, denoted by V3, containing the nodes that do not have any incoming edge from
the neighbors and the second subgroup containing the remaining nodes Vo = V' \ V4. For j € V1,
we have uj = 0 and #; = A;7;, 6,; = C;A;Z; remain bounded because A; is marginally stable.
The remaining nodes, j € V3, are 1nterconnected and the closed-loop system of them in (54) is
strictly stable by means of (53). This guarantees boundedness of z;, r; for j € V5 and subsequently
ii; = AST; + B;K;r;, 0,; = C;&;. This means that Z;, 6,; are bounded for all intervals where the
communication graph is fixed. Hence by Lemma 5, lim;_, 4 o0 Z;(t) = 0, limy_, 10 6,;(t) =0, j =
1,..., N and the w—disturbance-free multi-agent system achieves y-output regulation. O

Remark 5

The topology of the maximal graph might not be completely known in practice. In this case, one can
consider the maximal graph as an augmented complete graph where the subgraph of the followers is
complete and the leader pins to all the follower nodes. The reason for this is that any possible rooted
topology over a finite set of N follower nodes and one leader can be considered as a subgraph of
an augmented complete graph. Select the normalizing factor for each node i as QF = N. Then, the
normalized adjacency matrix of the maximal graph is given by Zy = %(1 N 1% — Iy). Since all
entries of Zj, are nonnegative, p(Z) € Spec(Zy) (Theorem 8.3.1 of [18]). One has

1 1
Ai (N(llej\ﬂr - IN)> N N{_L o —1, N =1}, (35)

N-1

and hence, the spectral radius of an augmented complete graph is given by p(Z;) = % In short,
one can use the conservative bound in (55) to guarantee the sufficient condition for H., output
regulation over switching graphs when the topology of the maximal graph is completely unknown.

Remark 6

The sufficient condition for H, output regulation over switching graph (53) is more stringent than
the one over a static graph (31). According to Theorem 5, the H.,-norm of the single-agent system
in (53) should be bounded by ~, = !/max,, p(Z;). This condition is harder to satisfy than (31) when
the topology of the maximal graph is not perfectly known in advance, because one then needs to
resort to a conservative estimate of ., like the one we bring for the completely unknown switching
graph in Remark 5. Moreover, similar to [4], the agent’s dynamics in the case of switching graphs
needs to be marginally stable to ensure that the agent’s trajectory remains bounded when there is no
distributed control acting on the agent (see the definition of V; in the proof of Theorem 5).

Remark 7

Similarly as for sufficient condition (31), one can satisfy the H criterion for switching graphs (53)
by designing the controller gains K, as detailed in Theorem 4, or by specifying the structure of
the drift dynamics A;, as detailed in Theorem 2, by using the upper bound 1/max; p(Zx) instead of
Yo(2y).-
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6. SIMULATION RESULTS

Consider a set of five followers and one leader. The leader’s dynamics and the modeled disturbance’s
dynamics are described by the following

0 1 10
Leader : X:{—l 0]7R1:[0 1:|,R2:|:1 1],
Modeled disturbance : S = 0 1
' ~|-10 o0}’
The followers’ dynamics are given as
0o 1 2 0 0 -4 2
fizs: A= 1|-1 0 3|,Bi=|1|,P=|1|,Q=|-15 3],
0o 0 -7 0 24 =5
1ot B B 5 _
Ci=|y 1 ¢ D=0 1 1], Hi=[-3 1-2 0], si=[-3 0],
0 1 1 1 2 1 -3 0
-1 0 0 2 1 0 —-11 -2
foa: A= 0 0 o 11'B=lo1l 2= Q=9 1|
0O 0 -1 -1 1 —1 -7 1
1 0 0 2
CQ:{O 1 1 J,Dzz[l 1 1 0),H=[-3 21 -3],J,=[-3 0].

Our aim is to design the controller gain in (12) such that the agents achieve H., output
synchronization to the output of the leader in (9)-(11) in presence of umodeled disturbances
w;, © =1, ..., N, while the effect of the modeled disturbance d in (8) is rejected. Simple calculations
reveal that

1 0 1 0 0

Hli =10 1 s H27; =10 1 N \I’z =10 , 1= 1,3,5,
_2 —1_ 0 0 1
1 07 1 0 0 O
0 1 0 1 0 0 .

Hlj 2 —1|> H?j 0 ol \II] — |1 0l J = 274
11 1] 0 0 0 1

The switching communication graph for mod (¢,2) < 1and1 < mod (¢,2) < 2 is depicted in
Fig. 2a and 2b respectively. According to Definition 1, the switching graph is maximally connected
and for h = 2

04 00 3
100 0 0
7 1 1 1
0000 1
0010 0

and p(Z;) = 0.9009. Feasible solutions to (42-44) for each follower are

0.590 0.165  0.048
Plys=10.165 0343 —0.032],
0.048 —0.032 0.542
0.918 —0.140 0.813 0.589
pL _ |—0-140 0754 0.035 0.457
2471 0813  0.035 3.576 0.661
0.589  0.457 0.661 4.114

Copyright © 2018 John Wiley & Sons, Ltd.
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1.986 —0.977 —0.235
Q35 = |—0977 3412 0288 |,
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1.931 0457 —0.629 —0.173
L | 0457 1562 —0.093 —0.272
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Leader 1 3 Leader f

(Bfl O f4 OfZ
(a) when mod (¢,2) <1 (b) when 1 < mod (¢,2) < 2

Figure 2. The switching communication graph
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(a) The first component of § yi> 1.6, Oy

yi» 1.€., 6yl (b) The second component of ¢

Figure 3. The output regulation error é,; over the switching graph in Fig. 2 fori = 1,..., N

After finding QF and PP, the gains K, are obtained as feasible solutions to (45) which are
K 1,3,5 = 4.5409 and Kg .4 = 0.3630. Each controller gain K is obtained from K; = K ;, which
are K1 3 = 1.5136, Ko 4 = 0.3630, K5 = 4.5409. For the simulation, we assume that all followers
are subject to the following unmodeled disturbance

o 2sin(5t), 30<t<35
L 0, otherwise.

Figure 3 depicts the H, output regulation of the multi-agent system in the mentioned setup. The
initial conditions for all followers and the leader are selected randomly.

7. CONCLUSION

In this paper, we have analyzed H, output regulation of linear heterogeneous multi-agent systems
subject to modeled and unmodeled disturbances over switching graphs. We have defined the
concept of maximally connected graphs and proved that the multi-agent system achieves H.,
output regulation if the switching graph is maximally connected. We have derived a single-agent
sufficient condition that guarantees H., output regulation and obtained an upper bound for the
overall £5-gain of the output synchronization error with respect to unmodeled disturbances when
the communication graph is fixed. In all aforementioned results, we have used the simplest form of
the controller (a static distributed output-feedback controller) in a general framework; namely, the
communication graph might be switching and cyclic, no p-copy of the leader is incorporated as a
part of the controller and no observer is designed to estimate the trajectory of the leader.
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5. DIFFERENTIAL GRAPHICAL GAMES FOR H.. CONTROL OF LINEAR HETEROGENEOUS MULTI-
AGENT SYSTEMS

Farnaz Adib Yaghmaie, Kristian Hengster Movric, Frank L. Lewis, Rong Su, Differential Graphical
Games for H,, Control of Linear Heterogeneous Multi-agent Systems, submitted to IJRNC, 2018,
pp.1-20.

Building further on the revealed necessary and sufficient geometrical structure of general
heterogeneous single-agents required for output-synchronization over general outputs, this
chapter shows how their synchronization and disturbance suppression problems can be cast in
the form of a N/2N player graphical games. Graphical games were introduced in the literature,
starting in 2010, to deal with homogeneous agent state synchronization and the corresponding
L,-bound, but as these novel results show, they are equally applicable in this more general
context.

Differential graphical games have been introduced in the literature to solve state synchronization problem for
linear homogeneous agents. When the agents are heterogeneous, the previous notion of graphical games cannot
be used anymore and a new definition is required. In this chapter, a novel concept of differential graphical
games is defined for linear heterogeneous agents subject to external unmodelled disturbances, which contain
the previously introduced graphical games for homogeneous agents as a special case. Using the new
formulation, one can solve both the output regulation and H,, output regulation problems. Proposed graphical
game framework yields coupled Hamilton-Jacobi-Bellman equations which are, in general, impossible to solve
analytically. Therefore, a new actor-critic algorithm is proposed to solve these coupled equations numerically
in real-time. Moreover, an explicit upper bound is found for the overall L,-gain of the output synchronization
error with respect to disturbance. These developments are demonstrated by a simulation example.
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SUMMARY

Differential graphical games have been introduced in the literature to solve state synchronization problem
for linear homogeneous agents. When the agents are heterogeneous, the previous notion of graphical games
cannot be used anymore and a new definition is required. In this paper, we define a novel concept of
differential graphical games for linear heterogeneous agents subject to external unmodelled disturbances
which contain the previously introduced graphical game for homogeneous agents as a special case. Using our
new formulation, we can solve both the output regulation and H output regulation problems. Our graphical
game framework yields coupled Hamilton-Jacobi-Bellman equations which are, in general, impossible to
solve analytically. Therefore, we propose a new actor-critic algorithm to solve these coupled equations
numerically in real time. Moreover, we find an explicit upper bound for the overall £3-gain of the output
synchronization error with respect to disturbance. We demonstrate our developments by a simulation
example. Copyright © 2018 John Wiley & Sons, Ltd.

Received ...

1. INTRODUCTION

The next generation of networked systems is currently emerging from a number of different
engineering domains. We already have examples of Internet of Things (IoT), Industry 4.0, smart
cities and various other cyber-physical systems characterized by the requirement to coordinate
efforts across large networks of different agents. In the near future, these systems are expected
to increase in importance, with an ever-widening range of applications. Main design goals there
are versatility, flexibility, easy real time reconfigurability, low communication burden, along with
robustness to component failures and resilience to disturbances. These complex interconnected
multi-agent systems create the need for novel team decision, distributed control, optimization and
online computation methodologies.

A multi-agent system is defined as a group of interconnected dynamical systems interacting to
achieve a desired collective behavior like state synchronization [1, 2, 3], output regulation [4, 5, 6],
formation control [7], etc. The canonical distributed control problem of state synchronization is
usually defined for homogeneous agents where it is possible to use the local state synchronization
error [1, 2, 3]. If the agents are heterogeneous, meaning that they have different internal dynamics,

*Correspondence to: Farnaz Adib Yaghmaie, School of Electrical & Electronic Engineering, 50 Nanyang Avenue,
Singapore 639798. Email: farnaz001 @e.ntu.edu.sg. Phone: +46-762909978.
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it is not generally meaningful to achieve state synchronization; instead, one may consider an output
regulation problem where a distributed controller is designed such that the outputs of all agents
synchronize to a reference trajectory while the effect of modeled disturbances, i.e. disturbance with
known dynamic model, is rejected. In these cases, the dynamics of the reference trajectory and
the disturbance model are usually combined into a single dynamic model named exo-system in the
literature [8, 4]. One possible solution to such output regulation problems is by the means of Internal
Model Principle (IMP) where the idea is to incorporate an internal model of the exo-system in the
dynamic controller of each agent [8, 9, 10, 4, 6]. If the agents are additionally subject to unmodeled
disturbances then the IMP alone cannot be used for disturbance rejection and H,, control methods
are required. A significant part of the research on H, control of multi-agent systems is on H,
state synchronization of homogeneous agents [11, 12] and more recently H,, output regulation of
heterogeneous agents [13, 14, 15].

In the context of multi-agent systems, various optimization methods are utilized to achieve the
required design characteristics. One has the conventional centralized optimization [16, 17] as well as
more recent distributed approaches [18, 19] aiming at flexibility, reconfigurability, and robustness.
The optimal control of a single dynamic system, also called a single-player game [20, 21], is
the simplest dynamic optimization problem. However, this approach is usually found lacking in
robustness to external disturbances acting on the system and possibly subsystem failures. The
optimal control of a dynamic system subject to unmodelled disturbance is termed two-player zero-
sum game where dynamic system player tries to minimize a cost function while the disturbance
player maximizes it [22, 23]. More recently, the idea of graphical game is introduced to capture
and exploit the locality and influences of dynamic systems on each other. In graphical games,
the dynamics and the objective function of each player are influenced by other players in the
neighborhood. A graphical game for homogeneous agents i.e. agents with the identical internal
dynamics is suggested in [18] to achieve state synchronization using local state synchronization
error. This concept is extended to H,, graphical game where the agents are subject to external
disturbances [19]. These graphical games provide a suitable platform for distributed optimal
controller designs for the identical agents. The choice of individual player objective function, as
discussed above, ensures that the multi-agent system achieves the desired collective behavior e.g.
state or H,-state synchronization [18, 19].

Reinforcement Learning (RL) is concerned with learning optimal policies from interaction with
an environment [24]. In RL, a decision-making system modifies its control policy based on the
stimuli received in response to its previous policies to optimize the cost. In this sense, RL implies
a cause and effect relationship between policies and costs [25], and as such, RL based frameworks
enjoy optimality and adaptivity. Over the past few years, dynamic programming is utilized to
develop RL techniques for adaptive-optimal control of dynamic systems, see [20, 22, 23, 17, 18, 19]
to name a few. Hence, RL is by now fairly standard in solving the single-player optimal and robust
control problems [20, 21]. However, as of recently, RL can also be used to tackle even more
complicated optimization structures like multiple interconnected dynamics system, namely a multi-
player game, where a single centralized dynamics contains the dynamics of all players [16, 17].
Likewise, RL methods have also been successfully applied in graphical games [18, 19]. Moreover,
faced with complicated coupled design equations arising from such problems, RL remains the
only viable method applicable in real time. Such recent approaches are particularly appropriate
for problems arising from the domain of multi-agent systems.

In this paper, we aim to develop a novel graphical game framework for linear heterogeneous
multi-agent systems. For this purpose, we bring together distributed control of heterogeneous
multi-agent systems, graphical games, and reinforcement learning techniques. There are four main
contributions in this paper. (1) We define the novel concept of graphical games for heterogeneous
agents as opposed to homogeneous agents considered in [18, 19]. This allows us to achieve
output regulation among heterogeneous agents. Graphical game for heterogeneous agents is also
considered in [10], however, the communication graph in [10] is required to be acyclic (i.e. there
is no-loop in the graph). This restrictive assumption significantly simplifies the formulation and
decouples the controller design of each agent from the others. (2) We assume that the agents are
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subject to unmodeled disturbances and define an H, graphical game for heterogeneous agents. The
only reference pertaining to H., control of multi-agent systems in the graphical game framework
[19] considers only homogeneous agents. (3) H., graphical game for heterogeneous agents results
in coupled Hamilton-Jacobi-Bellman equations that are difficult to solve analytically. We use RL
and develop new actor-critic networks to obtain solutions to these equations. In contrast, the actor-
critic networks in [18, 19] can be used only for homogeneous agents. (4) We obtain an upper bound
for the £,-gain of output synchronization error with respect to unmodeled disturbances; in contrast
to [19], which does not calculate the upper bound but only contends its existence.

The rest of the paper is organized as follows. In Section 2, we discuss notation conventions and
review preliminaries. In Section 3, we define the H,, output regulation problem. In Section 4, we
define the novel graphical games for linear heterogeneous agents. In Section 5, we present our results
regarding H., output regulation using graphical games and derive the resulting overall L5 gain of
output synchronization error with respect to disturbances. In Section 6, we suggest a distributed
online procedure for solving the H,, output regulation graphical game. We demonstrate the validity
of theoretical developments with a simulation example in Section 7. We conclude the paper in
Section 8.

2. PRELIMINARIES

2.1. Notation

The following notation will be used throughout this paper. Let R”*™ be the set of n x m real
matrices. I,, denotes the identity matrix of dimension n X n and 1y is an N column vector of 1. 0
denotes a matrix of zeros with compatible dimensions. The Kronecker product of two matrices A
and B is denoted by A @ B. The positive (semi) definiteness constraint on the matrix P is expressed
as P >0 (P >0). Let A; € R**™i for 4 =1,..., N, where N is a positive integer. The operator
Diag{A;} is defined as

1:N

A0 ... 0

0 A ... 0
Diag{A;} = | . . I (1)
1:N : 0 "L :

0 o0 ... Ay

The maximum singular value of a matrix A is denoted by 5(A) and its kernel is denoted by Ker(A).
An eigenvalue of a square matrix A is denoted by A;(A).

2.2. Ly-norm

Forp € [1,+00), let £, = L}]0, +00) denote the space of functions a(t) € R™ such thatt — |a(t)[?
is integrable over [0, +00), where |a(t)| is the instantaneous Euclidean norm of the vector a(t). The
L,-norm of a(t) € L3[0, 00) is defined as

la(®)le, = ( / ) a<7>|pd7)1/p < 4.

2.3. Graph theory

Suppose that the interaction among the followers is represented by an undirected graph G = (V)
with a finite set of N nodes V' = {v1,...,un} and a set of undirected edges € C V x V. E = [aj]
is the adjacency matrix with a;; =1 if (v;,v;) € € and «;; = 0 otherwise. Since the graph is
undirected, the adjacency matrix is symmetric. The graph is simple, i.e. a;; =0, =1,..., N. A
path from node v; to node v; is a sequence of edges joining v; to v;. If there exists a path from node
v; to node v; then it is said that node v; is reachable from v;. The set of neighbors of node v; is
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4 F. ADIB YAGHMAIE et al.

N; = {v; : (vj,v;) € £}. For graph G, the in-degree matrix D is a diagonal matrix D = Dzag{d }

with d; = >, jen, Qij- The laplacian matrix for graph G is defined as L = D — E. Suppose that
matrix G = Dzag{gz} shows the pinning from the leader (vy) to the followers (vy, ..., vn). Then,

gi =1 if there is a link between the leader and follower ¢ and g; = 0 otherwise. Denote the
augmented graph by G = (V,£) which is obtained by attaching node v, and its outgoing edges
to G. Graph G shows the interaction among the followers and the leader.

A graph G = (V, ) is connected if there exists a path from v; to v; for all v;,v; € V. If the initial
and the terminal nodes of a path are the same, the path is called a cycle. A graph without any cycle is
named an acyclic graph. A graph is a connected tree if every node except one node, called the root,
has in-degree equal to one. The root node has its in-degree equal to zero. A graph has a spanning
tree if there exists a tree containing every node in V.

3. H,, OUTPUT REGULATION PROBLEM

Consider a set of N + 1 heterogeneous agents with N followers given as LTI systems

& = Ay + Byuy + Piw;, ()
Y = Cixy, 3)
z; = D;xy, 4
and a leader given by
€0 = X&o, (5)
Yo = R1o, (6)
2o = R2¢o, (N

in which z; € R y; € RP, z; € R? and u; € R™: denote the state, the synchronization output, the
measured output and the control signal for follower i = 1, ..., N. The & € R!, yo € RP and z, € RY
denote the state, the synchronization output and the measured output of the leader. All followers are
subject to external unmodeled disturbances w; € L£,. The motivation behind introducing two outputs
Yi, 2; 18 to achieve synchronization in outputs y;, by communicating the measured outputs z;.

We suggest a distributed static output-feedback controller of the following form

u; = Kie, (®)
€y = Z aij(zi — 25) + gi(zi — 20), )
JEN;

where e,; is the local neighborhood error in z-outputs and K; € R™:*%. Define the y-output
synchronization error and the z-output synchronization error as

dyi = Yi — Yo, (10)
(Szi:ZZ‘—Z(). (1])
Letz = [z], ... 2}y = i, ... uf]" 2 = [=1, o 28] T w = [l o w7 6y = [001, - ,5§N]T
and ), = [5Z1, - 5ZN]T denote the overall vectors of x;, y;, 2;, w;, 0y; and J; respectively. Then, the

overall closed-loop system of all followers, their controllers and the leader is given by the following
T = Acl‘r + Bcl§0 + Pclwa
§o = Xéo,

12)

5y =Cuz — 1y ® R1&,

02 = Doz — 1y ® Ra&o,
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where
A = Diag{A;} + Diag{B;K;}((L + G) ® I;)Diag{D;},
1:N 1:N LN
By = —Diag{B;K;}((L + G) ® I)1y @ Ry,
1:N

Cea = Diag{C;}, Do = Diag{D;}, P, = Diag{P;}.
1I:N 1:N 1:N

Now, we define the H, output regulation problem.

Problem 1 (H, output regulation problem for linear heterogeneous multi-agent systems)

Consider a group of N + 1 heterogeneous LTI systems defined by (2-7). Design the feedback
gains K; such that for Vx;(0), i = 1, ..., N, the closed-loop system of (2)-(7) using (8) achieves
the following properties:

a. For w = 0 and &, = 0, the origin of the system & = Az is asymptotically stable.
b. For w =0, we have §, — 0 and 6, — 0 as ¢ — +oo for all initial conditions &,(0).
c. Forwe LoandT >0

T 2
gyw _ foT||5y||2d7' . (13)
o Iwli3dr
Properties a.-b. define the output regulation problem [26, 27] in absence of unmodeled
disturbance; i.e. w = 0. Property c. concerns H,, control in presence of unmodeled disturbances
[30]. According to [13] the set of necessary assumptions for y-output and z-output regulation in
absence of disturbances w is given by the following.

Assumption 1 ~ o
The augmented graph G = (V, £) contains a spanning tree with the leader as its root node.

Assumption 2
The leader’s dynamics X in (5) does not have any strictly stable pole.

Assumption 3
The triple (A;, B;, D;) is output-feedback stabilizable.

Assumption 4
For each i = 1, ..., N, there exists a matrix II; € R™*! such that

AL = 1L X,
Cill; = Ry, (14)
D;II; = Rs.

3.1. Coordinate Transformations

In this subsection, we introduce a coordinate transformation which is useful in formulating the
output regulation problem and the graphical game in Section 4. Building on Assumption 4,
supplement the columns of II; in (14) by a set of linearly independent columns of ¥; e R * (=1
to form a complete basis T; = [II; ¥;] € R™*" of the single-agent state space R™:. Then in such

basis, one has the transformed state [¢], ]|
zi= [l W] H =T [ﬂ : (15)
K2 K2
Define the following matrices
X X F . By . Py;
1 _ i _mp-lp _ |D1 _m-1p _ |11
A =T AT = [0 J\Jj , B;:=T "B; = [Bzz] , P=T "F = [132:] . (16)
Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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6 F. ADIB YAGHMAIE et al.

Define the local neighborhood error in &;s
N
ee, = Y (& — &) + 6i(& — &)- (17)
j=1

Let ¢; = [eETi, vI1T. Then, the dynamics of system (2) and the control (8) in the transformed
coordinates ¢; read

N
€ =Aie; + Biu; + Pw; — Z%‘j(ﬁjuj + Pjw; + F,v5), (18)
=1
N
u; =K;Roee, + (di + ;) K; D Vv — K Zaz‘ij‘I’jVjv (19)
j=1

where
(20)

Equation (18) describes agent i dynamics in the new €] = [e/ , /] ]-coordinates. The following

technical lemma can be used to simplify the dynamics in (19).

Lemma 1
One can always select ¥, in (15) such that ; = 0 in (16).

Proof A
From the definition of A; in (16)

X F
AL W] =0 W] [ ) MJ |
Hence, one has A;V; — U, M; = II; F;, which is a Sylvester equation. Using the Kronecker product’s
property, this is equivalent to (I, ® A; — MI ® I,,,)vec(V;) = vec(Il;F};), where 7; = n; — . If
one wants F; = 0, then one should select

vee(¥;) € null(Iz, @ A; — MZT ® In,). 21)

Let A\ € spec(A;), A € spec(M;). Then, (M — i) € spec(I, ® Aj — MT ®@1,,,). Since
spec(M;) C spec(A;), we have 0 € spec(l, ® A; — MI @ I,,,) and it is always possible to satisfy
(21). For a more general result, please see Theorem 4.4.14 of [28]. O

Using Lemma 1, we hereafter assume that we have selected ¥; such that F; =0 fori=1,..., V.
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3.2. Closed-loop system and node error dynamics for graphical game

In this subsection, we define the node error dynamics which are suitable for graphical games
formulation for heterogeneous agents fully developed in Section 4. To do so, we express the closed-
loop system of (18) using the control (19)

ée, =Xeg, + (di + 1) BriKiRoeg, + (di + ¢:)2B1iK;DiWv; + (d; + g;) Priw;

N N
— (dl + gi)f?liKi Z Oziij\I/jVj — Zaij.élejRgegj

=1 =1
N i N i N N 22)
=Y ai(ds + g;) By KDy Wivs + ) i ByK; Y agDiws — Y aiPyw;,
j=1 j=1 =1 Jj=1
N
Vi =Aiv; + Boi K Roee, + (di + gi) Bai K;D; Wi + Pojw; — By K; Z a;; DV,
j=1
Define
N
Bi = —Ki Z O[iij\IJjVj + (dl =+ gz)(K'LDz\I}z — Ki)yi, B = I:ﬁ?, veny ,B%]T, (23)
=1
Uop, = KiRoee, + (di + gi) Kivi, (24)

so that u; = u,p, + B;. In (23)-(24), K; € R™*(7i=1) i5 a gain matrix which has no effect on the
design of the controller but we introduce it to facilitate the following theoretical developments of
the optimal design. The signal 3; in (23) contains the term —(d; + ¢;) K;v; and u,,, in (24) contains
(d; + g;)K;v;. Clearly, this term has no effect on the design of the controller because Uop, and j3;
always appear added together.

By definitions in (23)-(24), the closed-loop system (22) can be represented as

N
¢ = Aie; + Biuop, + Pw; + Bi3; — Z @i (Bjuop; + Pw; + B;B;). (25)

j=1

We call (25) the node error dynamics for graphical games for heterogeneous agents. It is important
to point out that (25) is in a standard form of the dynamics usually considered in the graphical game
framework [19, 18], i.e. it depends on the states, policies and disturbances of other agents in the
neighborhood. Note however that while the agents in [19, 18] are homogeneous, the dynamics in
(25) are heterogeneous.

Remark 1

Note that ;s and the related (;s stem from agents heterogeneity and they pose additional
complications for control design that do not arise in identical agents. In this more general setup
with heterogeneous agents, we develop the graphical game in Section 4 in the sequel, whereas the
existing results along similar lines consider only identical agents. For a special case of identical
agents, our formulation indeed reduces to the familiar one in [19, 18].

In Section 4, we use (25) to develop the graphical game and devise the appropriate controls. In
Section 5 then, we bring additional conditions guaranteeing that the results of Section 4 solve the
original Problem 1.

4. GRAPHICAL GAME FOR LINEAR HETEROGENEOUS AGENTS

In this section, we use the machinery of graphical games and define an H,, graphical game for
linear heterogeneous agents. Using this graphical game framework, we ultimately solve our H,
output regulation problem of Section 3.

Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
Prepared using rncauth.cls DOI: 10.1002/rnc

102



8 F. ADIB YAGHMAIE et al.

4.1. H., graphical game formulation

As it can be seen from (25), the dynamics of each agent depends on the neighboring agents.
In a similar way, we define the £ condition for agent ¢ such that it contains the policies and
disturbances of other agents in its neighborhood. Let u,,_, = {uop;, j € Ni}, w_; = {wj, j € N;}
and 5_; = {f;, j € N;}. Define the L,-condition for the dynamics (25) as

T N
T T T
/0 {Gi Qi€ + uopiRiiuopi + E QiU Rijuopj }dT <
j=1

(26)
T N T N
Wgw/ {w! Spawi + Y aijw] Syijw; Hdr + 751/ (BT Saiifi + > i8] Sai;B; }dr,
0 =1 0 o

where @Q; >0, Ry; >0, Ri; >0, S145 > 0, S145 > 0, S245 > 0, S245 > 0, ¢, >0, v3, >0 and
T > 0. The Lo-condition in (26) is equivalent to the optimization of the following quadratic
performance index

“+oo
Ji(ei(o)a Uop; s Uop_ ;5 Wiy, W—i,s ﬁi; Bfi) = / Li<€i7 Uop; s Uop_;y Wiy W—i, Bia ﬁ*i)dT
0

+o0 N
T T T 2 [T
= / {e] Qiei + uly, Ristiop, + > aijul, Rijuiop, — 72, [w] Syiiws 27)
0 .
Jj=1

N N
+ Z aijw; Srijwi] — ¥4, 18] Saii + Z ij B} Sai; B5) b
j=1 =1
In (27), we have two players: the control player u,,, which tries to minimize the performance index
and the disturbance player {w;, 8;} which tries to maximize it. The optimal value of this zero-sum
graphical game is defined as

V;*(GZ(O)) = znin wm%x Jl(61(0)7 qui?u:p_i7 Wi, Wiia 51'7 Biz)
op; ir04

. (28)
= max min Ji(ei(0)7uopmu:p,iawiawiiaﬂivﬁii)
wi,Bi Uop;
where, uj, . and {w*;, 3*,} are the optimal control and disturbance policies of the players in the

neighborhood of player 7. For the fixed control and disturbance policies u,,, and w;, 3;, the quadratic
value function is defined as

+o0 N
Vi(€i(t), Uop,» Uop_;» Wiy w—is Bi, B—i) = / {e] Qiei + Ufpi Riiuop, + Z aijUij Rijuop,
t .
J=1

N (29)

N
— W lwl Stawi + ) el Siijwj] = 13,187 SaiiBi + Y B Saii B} dr.
j=1

j=1
We make the following assumption regarding the performance index.

Assumption 5
The performance index (27) is zero-state observable.

Assumption 5 guarantees that no solution can identically stay in zero cost other than the zero
solution [29]. It is a necessary assumption to prove stability of disturbance-free system under
optimal control [30]. Now, we are ready to define the H, graphical game for linear heterogeneous
multi-agent systems.

Problem 2 (H, graphical game for linear heterogeneous multi-agent systems)
Consider a group of N + 1 heterogeneous LTI systems defined by (2-7). Design u,,, to solve
optimization problem (28) with respect to dynamics (25).

In the sequel we solve the H,, graphical game problem.
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4.2. Solution of the H, graphical game

When the value function (29) is finite, using the Leibniz’s formula, a differential equivalent to the
value function is given in terms of the Hamiltonian

H; = Li(€;,Uop, s Uop_; s Wis w_is B Bi) + VVié; =0 (30

where VV, = g‘e/? . At the equilibrium, one has the stationarity conditions

OH; | [—

. 0, = ugy, = =5 R B VV;, @31
H; 1

Ofi 0, wp = a2sil PTVY;, (32)
80.)1'

OH,; 1

3, =0,— 8 = JyBQSQZleTVV (33)

Substituting the optimal policy (31) and the worst-case disturbances (32)-(33) into (30) yields
coupled Hamilton-Jacobi-Bellman (HJB) equations

N
1 - 1 _ .
€ Qiei + ZVVZ-TBiRiilBZ-TVVZ- +3 > i VV] B;R;'Ri; Ry B VV;

j*l
1
_7521’ [ 4VVTP51111PTVV + Za”’}/&y VVTP SljislszuEPTvv]
Jj=1
o b 4o TR a1 T al B (34)
— 5,710 YV BiSy BIVVi 4 Y g 'YV BjSy3.5i; 855 B WVl

j=1

1 1 1
+VVZ-T[AZ'€¢—§BiR BV + V_QPS PI'vV; + W;QB Syt BIVV;]

1

pPr VV+ 5, B;S;;B] VVi}] = 0.

253

N
- VVZ.T[Zaij{ B R'BIVV; + *yf WP ST P
=1

Based on (34), the HIB equation of player ¢ depends on the HIB equations of other players in its
neighborhood. It is in general impossible to solve the coupled HJB equations (34) analytically [30].
Later in Section 6, we use RL techniques and develop a numerical procedure to bring the solutions
in real time. For further developments in this section however, we assume the solutions are available.

Let V;* be the quadratic optimal solution to (34) and u, (V;*), w(V;*) and B; (V;*) in (31)-(32)
be the optimal policy and the worst-case disturbances in terms of V,*. In the next theorem, we prove
that such V;* satisfies the Lo-condition (26).

Theorem 1
Suppose V,* is a quadratic positive semi-definite solution to (34) for¢ = 1,..., N. Let Assumption 5
hold. Using the optimal policy u}, (V;*) in (31),

1. The disturbance-free system (25) (w; =0, 8; =0, « = 1, ..., N) is asymptotically stable.
2. For all disturbances w;, w_;, 8;, B_; € Lo, the L-condition (26) is satisfied.

Proof
The proof contains two parts. In the first part, we prove the stability of the disturbance-free system
(25) and in the second part, we prove the L£,-condition (26).
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1. For any smooth value function V;, the Hamiltonian is defined as

Hi(ei, Vi, top, , Uop_ ;s wis Wi, i, Bi) =
N
T T T 2 [T
€; Qi€i + Uy, Rijtiop, + E QijUop, Rijtiop; — ey, [wi Stiiwi
Jj=1 35)

N N
dVi
+ Z aijw;‘-rsuj'wﬂ - v}i (8] S2ii i + Z Oéijﬁfsmjﬁj] + e

Jj=1 j=1
Let V;* be a smooth positive semi-definite solution to (34). Completing the squares leads to

Hi(eia VV;*, Uop; s u:p,i y Wi wiiv Bia 5iz) =
T
Hi(e’h vvi*v uZpi’uZp,pw;’kv W*—iv ﬂz*7 Biz) + (uopi - uZpl) Rii(uopi - u:pf)

- ’7.52,,1. (wi — w:)TSm(Wi —wy) — ’Y?;i (Bi — 5;)T5’2u‘(ﬁi - B7).

Selecting u,p, = u},, (V;*), one has

N
G?Qiﬁi + u:;;l;i Riiuzpi + Z aiju:‘;g; Riju’o‘pj — ’}/?VI_ [W?Suiwi
=1
N ’ N (36)
av;
T 2 14T T
+ Zlaijwj Stijwji] — 75, 18; S20Bi + Zl ;i B; S2i585] + d; <0.
= i=

Setw; =0, w_; =0, 3;, =0, 5_;, = 0. According to (36)

N
dVi* < T «T * *T *
W < 7(61' Qi€ + ’LLOPiR“'UO;m + Zaijuopj Rijuopj) <0.
j=1

Because of Assumption 5, one can conclude from the above inequality that the disturbance-
free system (25) is asymptotically stable.
2. Integrate (36)

T N
Vit (ei(T) = Vi*(ei(0)) + / {e] Ques + uih Rigulyy, + > cijus) Rijudy, =72, (0] Srawi
0

J=1
N N
+ Z Oéijwjrslijwj] - 7/231- [BE Sa:i8; + Z aijﬁjrsmjﬁj}}dT <0.
Jj=1 j=1
Select €;(0) = 0. Since V;*(¢;(0)) = 0 and V;*(¢;(T)) > 0, (26) is satisfied.
O
Remark 2
Assuming a quadratic structure for the value function V;* = 0.5¢ P/¢;, the control signal (31) reads
uopi = —Rile?Pigq = —R;lngPZg |:65L:| = Kﬂegi + Kigl/i.
The above equation is useful in finding the controller gain K;. Recall the definition of policy up,
in (24)

Uop, = KiRaeg, + (di + gi) Kivi.
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In order to calculate K; from K;; = K; R,, the following standard condition is required
R
Rank(Rz2) = Rank K. . 37)

Qne can satisfy (37) by e.g. selecting any invertible R, similar to [2, 3]. Then, K; = K;1 R5 Land

K, = ﬁ.&-g. For convenience we assume,

Assumption 6
R, is invertible.

4.3. Nash equilibrium solution

In an H,, graphical game, we are interested in convergence to a Nash equilibrium (NE). The game
has a well-defined NE if

Ji(uZpiauZp,iawiawyﬂ—iv ﬁia Bi;) < Ji(uZpiau:p7i7w:<7 wiia 61*7 ﬁiz) (38)

< Ji(uopi ) u:p,i ) wjv wiiv ﬂz*v 5iz)
The following theorem shows that a positive solution to (34) also guarantees convergence to an NE.

Theorem 2
Let V;* be a quadratic positive semi-definite solution to (34) for ¢ = 1,..., N such that the closed-
loop system of

N
¢ = Ajei + B, + P + Bif; =Y ij(Byus,, + Pyws, + B;B;) (39)
j=1

is asymptotically stable. Let Assumption 5 hold. Then,

1. The control signal and disturbances (31)-(33) form an NE.
2. The optimal value of the game is then V;*(¢;(0)).
3. The optimal control (31) solves Problem 2.

Proof

1. First, we show that (31)-(33) form an NE. Rewriting (27) and adding zero

+o0 +oo
Ji:/o Lid”/o Vidr + Vi(e:(0)) — Vies(+00))

“+ o0
= Hi(€i7 v‘/Lv Uop; s Uop_; Wiy W3, ﬂ’ia 5—i)d7 + ‘/z(ez(o)) - ‘/Z(EZ(—FOO))

0
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Let V;* be a smooth positive semi-definite solution to (34). By completing the squares one has
—+oo
Ji =Vi(ei(0)) = Vi(ei(+00)) + / {Hi(ei, VVI' ugp,s gy s wiswli, 57, 62)
0

+ (top, — Up,) " Rii(top, — uly,) + Y atij(top, — uy, ) Rij(ttop, — 1y,

N N
*T * T *
+2 E :aijuopj Rij (quj - uopj) - E aijv‘/i Bj (U’Opj - uopj)

J=1 j=1
— Ve, (Wi — w) T Spis(ws — wf) — 2, Z aij(wy; — wi) S1ij(w; — wi)
— 29, Zauw St (w Za”VV Py(w; —w?)
j=1
— 75, (Bi — B7)" S (Bi — B mZ% — B3) S2i5(B; — BY)
- 75 Zauﬁ Soi; (B — ZozUVV B,( B }dr.

Since (39) is asymptotically stable, V;*(e;(+00)) =0. Set u,p, = u}
¥, V4§ € N, in the above equation. Then (38) follows easily.
2. Next we obtain the optimal value of the game. Set u,p, = ug, , w; = w;, B; = B then,
T = Vi (e(0)).
3. Itis concluded from part 2.

. — gk L —
py Wi =Wy, Bj =

O

Remark 3

Theorem 2 shows that the controls uj, in (31) lead to the desired NE satisfying the £, condition
(26) and thus solve Problem 2. Note however that Problem 2, and indeed all the developments of this
section, consider u,,, and /3; as independent signals, whereas those are in fact inseparably linked in
the actual control signal (19). This fact requires additional conditions, elaborated further in Section
5, guaranteeing that the control design proposed here solves the original Problem 1 of Section 3.

5. Hy, OUTPUT REGULATION USING GRAPHICAL GAME

In Section 4, we shown that V* in (34) solves Problem 2, (see Theorem 2). Building on
developments of Section 4, in this section, we give conditions guaranteeing that the graphical
game solution V;* and the control designed from it can indeed be used to solve the H., output
regulation problem (Problem 1). Moreover, we give an upper bound for the overall £,-gain of output
synchronization error with respect to disturbances; i.e. L,

The overall system of (23)-(25) can be represented as in Fig. 1. There, we have two interconnected
subsystems. We name the upper block subsystem the nominal system, whose description is given
in (24)-(25) and we call the lower block subsystem the interconnected system whose description is
given in (23). This representation is useful as we can use a version of small-gain theorem (given
below) to prove L,-stability.

Theorem 3
Let H; and H, be two subsystems, whose inputs are wu;,w and wug,w and outputs are yi, yo,
respectively. Let wy, wa € Lo, and assume that H; and Ho are interconnected as depicted in Fig. 2
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w é = Aie; + Biugp, + Piwt Bify — X ayj (Ejuopj+1_3jwj+§]’ﬁj)

€
B Uop; = KiRaeg; + (d; + g)Kiv;
o= (T =1

B = (Diagy.n{K}(L +E)®1quag1:N{Di1/1i}
— Diagy.n{(d; + gDK:DI0  I]e

Figure 1. The representation of the nominal and the interconnected systems

NN
Uy Hy V1
AYZ uZ
H, W
| —

Figure 2. The interconnected system

and
lyillc, < Lullwlle, + Lizlluillc,s  Ny2llc, < Loallwllz, + Lot lluz|lz, - (40)
If L1509 < 1,theny; € L5 and

lyallce < (1= LiaLor) ™" (L11 + LiaLao)|lw| .- 41)

Proof
According to (40)

ly1llz, < Lullwllz, + Lizlluillz, < Latllwllc, + Lazllyellc,
< Lullwllz, + Lia(Lazllwll e, + Lot llyallz,)-

Hence
(1= LioLo)||tall g, < (L11 + LiaLog||w|| 2, )-
By the small gain theorem, the £5-gain stability is guaranteed if L15L2; < 1 and (41) follows. [

The following theorem presents one of the main results of this paper; it specifies the set of
conditions such that V;* in (34) and the control based on it solve the H, output regulation problem
(Problem 1). Define
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S, = max {(\/a;;51i;),0(v/ S1ii)}s  Bm,; = max {7(\/aijS2;),0(\/S2i)},

1,jEN; i,jEN;
1

Ly = mx(3(C)) s

Loy = max & (K;)a (L + G) max &(D; ;) + max & ((d; + g;)K;)

N N
Ly, = ZQ(\/ Qi) 1, Sk, Liz= Z 293, B

i=1 i=1

(L+G)® 1, 0
T, = 0 I .
XY, ni—NI
(42)
Theorem 4

Let Assumptions 1-5 hold. Let V;* be a quadratic positive semi-definite solution to (34) and u, (V")
in (31) be the optimal policy. Assume that the controller gain K; is obtained according to Remark
2. If either (i) 6(K;)a(D;¥;) and &(K;) are sufficiently small or (ii) 7, is sufficiently small for
i=1,...,N, then,

1. An upper bound for the £,-gain of output synchronization error ¢, with respect to w is given
by

Ls,w = Ly(1 = LiaLoy) ' Ly1. (43)

2. Distributed control (8) solves the H, output regulation problem (Problem 1).

Proof

1. Consider subsystem H; from Theorem 3 as the overall system of (25). This subsystem has
two inputs w and 3, where w is the disturbance input and § is related to the subsystem Ho,
and one output e. First note that we always have

T T N
/ a(\/Qi)?||ei||3dT S/ €] Qi€i +ul, Ritiop, + Y cvijul, Rijtioy, dr.
0 0 X
j=1

Using the above inequality in accordance with (26),

T T N
/ lelZdr = / S B
0 0 =1

N T T
<3 o (VAR5 / ||w||2dT+Z 00>+ 62, / 16]2dr
0 0

i=1

Hence, the £, gain of € with respect to w and [ reads

N N

lellzs < 4| D a(+/Qi)=242,S > a(VQi) 3,82,

i=1 =1

Bllz.- (44)

Next, we consider the subsystem Hs from Theorem 3 as (23) with input € and output 3.
According to the definition of 3 in (23), the £, gain of S with respect to € reads

1B, < (maxa((d: + i) Ki) + maxo(Ki)a (L + G)max 5 (Di%y))|wle,.  (49)
Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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By substituting (45) in (44)
llellz, < (1= LiaLor) ™ Lagwllz, (46)

By Theorem 3, € € L, if L12L2; < 1 which is satisfied by either of the conditions (i)-(ii) in
the body of the theorem. Let &; = [§., ]| where ¢, = & — &. Let € and & be the overall
vectors of ¢; and z; respectively. Then,

¢ =T,z (47)

where T}, is given in (42). Using (46)-(47), the Ly-gain of the output synchronization error
0y, = Cizi — R1&o = CyT;z; in (12) with respect to w reads

[16yllcs < Ly(1 = LiaLo1) ™' Lut|lw| z,, (48)

which gives the upper bound in (43).
2. To prove that (8) solves the H, output regulation problem, we need to show that the three
properties in Problem 1 hold.

a. By (46)-(47), x € L. Because of the linearity of the system and by setting w = 0, one
can conclude that  — 0. Using the definition of z7 = [¢; — &, 4], by setting & = 0,
we have z; — 0.

b. By (48), d, € Lo. By linearity of the system and w = 0, we conclude that J, — 0.
Similarly, we can show that §, — 0.

c. The £,-gain of §, with respect to w is given in (48) and its finiteness is guaranteed by
the conditions (i) or (ii) in the body of the theorem.

O

Remark 4

In Section 4, the designed control u,,, and the signal 3; were considered separate while they are
linked in the actual control signal (19) owing to heterogeneity of the agents. Theorem 4 reconciles
development of graphical games in Section 4 with the original problem and takes the linkage of
Uop, and B; in the actual control signal (19) into consideration. This requires additional conditions
(given in the body of Theorem 4) that do not appear for homogeneous agents. Note that conclusions
of Theorem 4 indeed reduce for identical agents to the cases familiar from the literature [18, 19].
Note also that the graph in our result is not required to be acyclic [31].

6. ONLINE SOLUTION TO H., GRAPHICAL GAME

As we dicussed in Section 4, one needs to obtain solutions to the coupled partial differential HIB
equations (34) to solve the graphical game problem. It is in general impossible to solve these
equations analytically. However, RL has shown promising results in solving such complicated
coupled equations numerically and is the only viable method applicable in real time. In this section,
we propose a numerical RL procedure to design the controller gain K; and to obtain solutions to the
coupled HJB equations (34) in real time. Note that because of the heterogeneity of the agents in our
paper, the RL frameworks in [18, 19] cannot be used.

Our online learning structure uses four adaptive networks. The first network approximates the
value function and is named the critic network. The second one approximates the control policy and
is named the actor network. The third and fourth networks approximate the disturbances w; and ;.

Assume that the value function V;(e;(¢)) is smooth. Then, according to Weierstrass higher-order
approximation theorem, one can approximate V;(e;(t)) by

Vi(e)) = WEd;(e;) + ¢4,

Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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in which, @, is a basis function vector with p,, neurons, W; is the optimal weight and ¢; is the
approximation error. The weights of the critic network, which provide the best approximation to
(34), are unknown. Let Wi denote the current estimate of the critic weights. Then, the approximated
value function is given by

Vi(e:) = W i), (49)
and the approximated error of the Bellman equation is
Hy= L+ WIV®é; = ey, (50)

Next, we define an actor network to approximate the optimal policy
1 _ o
Tlop; = —§R;13f VOIW N, (51

where W;_y denotes the current estimate of the actor weights. Also, we use two additional networks
to approximate the worst-case disturbances (32)-(33)

1
O = 5% e ST PEV®I Wigan, (52)
N 1
Bi = 53, 5. Sou BI VO Wipsn, (53)

where WHQ ~ and Wi+3 ~ denote the current estimates of the weights of disturbances w; and f;
respectively.

The following theorem presents another main result of this paper; it gives the tuning laws for
the adaptive network weights such that the HJB equation (34) is solved numerically, and closed-
loop system of (25) the weight estimation errors W W; — I/V“ WZ+ N=W;— WH_ N, W,+2 N =
W; — Wl+2 N W1+3 N=W,;— WZ+3 n are Uniformly Ultimately Bounded (UUB) [18].

Theorem 5
Consider Problem 2 and let the conditions in Theorem 4 hold. Assume that the value function, the
policy and the disturbances are estimated by (49) and (51)-(53) respectively. Assume that

N
oirn = VO {Ase; + Billoy, + Pitv; + Bif; — Z aij(Bjiop, + Pij + BB}, (54)
=1

is Persistently Exciting (PE). Tune the weights of the critic network as

X O;
W; = —a; A e (55)
(140, NOitN)
Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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where soHpi is obtained by inserting (51)-(53) in (50). Tune the weights of the actor and disturbance
networks as

2 _ _ o 1- 4 5Z-T o
Wisn = — aisn{(S1iWipn — T1iGl yWi) — ZDiWH-N Ny,

Sq

1 & 5T (56)
B.R- ~15 % i+ N 2
- ]21 Oéjiv(I)iBiRiileiRii1BZ-TV(I)ZTVV7;+N Tjnsj W;1,
i IR R 1 oo l N
Witan = = aison{(S2iWitan — Toi0i nWi) + 175uiE2z'Wz‘+2N m W;
1 _ _ 5T 57
N Z’y’;’j Z iV P;Sy;; 8158y P VO Wigan TZ;N Wi},
Jj=1 Sj
i Sa. T o =T 13 I o7 TN
Witsny = — ai+3N{(531‘Wi+3N - T3i0i+NWi) + Zvﬂi E3iWiisn W
L (58)

N =T
1 _ _ . T R
+ 1. > ;i VO B;Sy;! Saji Sy B VT WHgN#*N W;},
J=1 i

SJ

where,
Oi+N T
7 s Ms, =1+0; NOitN,
1+ 0% yoirn A (59)
D; =V®,B;R;;'BIV®!'  FEy =V®,P,S;,|PTV®!l FEs =V®,B;S,, BI'val,

214

Oi+N =

and a; > 0, aQ; N > 0, Aj4oN > 0, Tu > 0, Sli >0, Tgi > 0, Sgi >0, Tgl > 0, 531 >0,1=
1,..., N are the tuning parameters. Then,

1. The closed-loop system of (25), the weight estimation errors Wi, V~Vi+ N, W,;+2 ~ and W,;+3 N
are UUB. A

2. g, is UUB and W; converges to the approximated solution of the HIB equation (34) for
i=1,..,N.

3. Top,, Wi, P; converge to the approximated NE.

Proof
The proof is similar as in [17]. O

Remark 5

The tuning laws (55)-(58) in Theorem 5 are fully distributed and they depend only on local
information available to each single-agent. Hence those are indeed applicable on undirected graphs,
satisfying Assumption 1. The tuning laws (55)-(56) bring solutions to coupled HIB equations (34)
and the applicable controls (19) in real time for heterogeneous agents. Additional adaptive networks
(53) are used to estimate the 3; signals stemming from agent heterogeneity. These networks are
absent for homogeneous agents, see [18, 19].

7. SIMULATION RESULTS

Consider a group of five followers and one leader communicating with each other according to the
graph shown in Fig. 3. The edge weights in the communication graph are all set to one. Consider
the followers’ dynamics as

Copyright © 2018 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2018)
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h fy

Leader f5
A h

Figure 3. The communication graph

0 1 0 0 0 0
. -1 0 0 L N 1
T; = X5 U; Wi
0 0 -7 2 —-0.2 0
0 0 0 -4 0 0]
10 0 0
yi:{l 11 1}x zi = zi,  for i=1,3,5,
0 1 0005 0
0 1 0 0.1 0
@2: -1 0 0 z; + 1 u; + |1 Wi,
0 0 -2 0.2 1
1 0 0.001
yl:[l 1 _1}% %= @, for i=2,4.
0 1 -0.003

Consider the leader’s dynamics as

o = [_01 (1)} S, wo=[1 1&, 2= {(1) (1)] &o-

According to the followers’ and the leader’s dynamics one can find that

II; = , U = , fori=1,3,5 and 1II; =

S O =
o = O

0 o 0

, U, = 10|, fori=24.
10 1
0 1

S o o
O O = O

We use four adaptive networks as detailed in Section 6 to solve the differential graphical game
for H,, output regulation in real time. The weights in the £o-condition (26) are selected as

Q: =101, Sy; =11, Sy; =11, Ry =05, Sy; =0.05I, Sy =0.05I
Rij =005, 7, =15, ~5 =08, i=1,.,5 j€N;.

We select the tuning parameters as
ai =1, aj4N = aiyan = @ipan = 0.1, S1; = So; = S3; = 11, Ty; =To; = T3 = 11, i = 1,..., 5.

The graphical game is implemented according to Theorem 5 and the gain K is obtained as shown
in Remark 2. The worst-case disturbances in (52) are applied to the agents and are shown in Fig. 4a.
The y-output synchronization errors for followers 1-5 are shown in Fig. 4b. Our simulation example
illustrates feasibility and efficiency of adaptive networks for solving coupled HIB equations (34)-
those networks perform sufficiently fast to be run online for reasonably large systems.
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(a) The worst-case disturbances w;, i = 1,...,5

10

8
6
4 —33 ]
2
0
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1 I I I I I
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t

(b) y-output synchronization error d,;, i = 1,...,5

Figure 4. H output regulation results

8. CONCLUSION

In this paper, we have defined H., graphical games for linear heterogeneous agents. Because of
heterogeneity of the agents, we have used the output regulation theory to define the node error
dynamics properly. Our graphical games formulation has two important properties: firstly, the agents
are heterogeneous and secondly, unmodelled disturbances are present. This allows us to solve output
regulation and H,, output regulation problems. We have obtained an upper bound for the £5-gain
of the output synchronization error with respect to disturbances which has not been hitherto derived
in the graphical game framework. We believe that the current developments shed some light on the
problem of graphical games with heterogeneous agents.
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6. DISTRIBUTED OBSERVER AND CONTROLLER DESIGN FOR SPATIALLY DISTRIBUTED SYSTEMS

Xueji Zhang, Kristian Hengster-Movric, Michael Sebek, Wim Desmet, Cassio Faria, Distributed
observer and controller design for spatially distributed systems, IEEE Transactions on Control
Systems Technology, pp. 1-13, 2017

This chapter appears originally published in the IEEE Transactions on Control Systems Technology,
(IF: 4.883), in 2017. Its main motivation is to address the pressing industrial concerns over
vibration suppression in emerging smart materials and structures. In order to satisfy the ever
stricter environmental criteria the manufacturers are looking into light-weight constructions that
usually have decreased inherent vibration damping; hence the need for smart materials or piezo-
composites that are able to do the job. Results presented in this paper show a successful
application of distributed estimation via cooperative consensus for each actuating agent to gain
an estimate of the overall environment, which is then used for its control. Measurements from
different sensing agents are fused by the network to achieve this. Separation principle is found
not to hold for this dynamic regulator architecture so some care must be exercised in specifying
the observers’ and controllers’ parameters to guarantee overall observer convergence and system
stability. The measurements considered here are only partial, but otherwise assumed to be of
perfect accuracy.

This chapter tackles networked distributed observer and controller design problems over directed graph
topology for spatially interconnected systems. Traditional centralized design methods suffer from a lack of
adaptability to graph variations incurred by network reconfiguration, communication failures, and redundant
sensors integration. In this paper, to handle the foregoing limitations imposed by centralized design, state
observers are designed in a distributed manner facilitated by pinning control precepts. On the one hand, this
novel approach adds fault tolerance with respect to communication link failures. On the other hand, the
proposed approach brings flexibility of integrating additional sensors into the network. In addition, this
approach affords a reduction of computational cost. A sufficient condition to guarantee stability of the closed-
loop system is derived. The controllers, though in the end implemented in a distributed way, are designed in a
centralized framework, where linear-quadratic-regulator theory is adopted to handle the fact that separation
principle fails to hold in the networked observer and controller design. Numerical simulation results of a
piezoelectric actuated smart flexible system are presented, and the effectiveness of the proposed design is
thereby verified.
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Abstract— This paper tackles networked distributed observer
and controller design problem over directed graph topology for
spatially interconnected systems. Traditional centralized design
methods suffer from a lack of adaptability to graph variations
incurred by network reconfiguration, communication failures,
and redundant sensors integration. In this paper, to handle
the foregoing limitations imposed by centralized design, state
observers are designed in a distributed manner facilitated by
pinning control precepts. On the one hand, this novel approach
adds fault tolerance with respect to communication link failures.
On the other hand, the proposed approach brings flexibility of
integrating additional sensors into the network. In addition, this
approach affords a reduction of computational cost. A sufficient
condition to guarantee stability of the closed-loop system is
derived. The controllers, though in the end implemented in
a distributed way, are designed in a centralized framework,
where linear-quadratic-regulator theory is adopted to handle
the fact that separation principle fails to hold in the net-
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smart cities, automated highway, and Internet of Things have
paved the way for a more intelligent future world. With
rapid advances and integration of computing, communica-
tion, and smart sensing technologies, small-size and low-cost
sensing devices empowered with embedded processing and
communication capabilities have been deployed in a wide
range of environments [1]-[4]. These technical achievements
have attracted researchers from a variety of disciplines to the
emerging field of networked control systems [5]-[7], and their
synonymous cyber-physical systems in which cyber networks
interact with humans and physical plants intensively [8]-[10].

The nascent networked/distributed control systems exhibit
many advantages. First, communication via a network pro-
vides the potential to improve the overall system performance
compared to purely decentralized control architectures, since
fusion of global information enables the distributed control
stations (decision makers) to gain deeper insights into the con-
sidered plant and thereafter make more intelligent decisions.
Second, it reduces the implementation costs and complexity:
for large-scale plants—a large number of system states and
inputs/outputs or a geographically distributed plant—it might
be costly to have a complete network with all-to-all links [11]
or send all sensory information to a centralized controller,
which would require a high communication bandwidth. Peer-
to-peer networks, instead, can mitigate the communication
overhead since each node or agent in the network com-
municates (transmits and/or receives information) only with
its neighborhood. Physical wires are further eliminated in
wireless actuator and sensor networks [12], [13]. Furthermore,
with redundant communication links, networked/distributed
control architecture can add the fault-tolerance property or
retain graceful degradation in the case of single components
(like sensors, actuators, and control stations) failures [5].
In contrast, a centralized controller might suffer a potential
catastrophic failure. Additionally, the networked system bene-
fits from scalability or flexibility if extra components such as
actuators, sensors, or even control stations are integrated into
the network in a plug-and-play fashion.

Versatile as it is, networked control paradigm induces many
challenges as well [5], [6], of which distributed estimation/
observation of system states is a fundamental problem,
especially when observer-based control strategies are exploited
to improve the system performance. In the past decade, a vari-
ety of related results have been reported [14]-[17]. In partic-
ular, with the theoretical framework of consensus protocols
introduced in [18] and [19], consensus-based estimation has
been extensively reported for linear systems (see [20]-[29]).

1063-6536 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1.  Networked architecture equipped with distributed actuators and

sensors over a large-scale plant.

Effort has also been devoted to tackling multiagent sys-
tems with nonlinear dynamics for consensus reaching and
tracking [30]—[34].

In this paper, we design networked observers that fuse state
estimates and controllers for linear-time-invariant spatially
interconnected plants. Examples of such plants are furnished
by large-scale flexible structures such as aircraft fuselage,
truss bridges, and lattice towers. Mechanical and structural
vibrations could be detrimental to the functioning and safety
of these plants, hence effective vibration suppression is desired
in many occasions. A schematic of the architecture in the
networked control context is depicted in Fig. 1. Each agent
possesses all or some of the following functions: sensing,
actuation, communication, and information processing. Design
of state observers and controllers for all the agents is a crucial
problem for the considered networked architecture. As is
widely known, observability is a measure for how well internal
states of a system can be inferred from the knowledge of
external system outputs [35]. In the networked system shown
in Fig. 1, each measurement can have a different contribution
from different system internal states. For example, a sensor
placed at a given location on a flexible structure can detect
some vibration modes more easily than others [36]. Hence,
in this paper, each observer builds part of state estimates
based on its local measurements, and the remaining part based
on the consensus algorithm. Specifically, each observer has
a communication matrix with a predefined structure depend-
ing on its local observability. Facilitated by the concept of
synchronizing region in pinning control theory [37], [38], a
distributed design procedure for the observers is proposed. The
controllers, though in the end implemented in a distributed
way, are designed in a centralized framework, where linear-
quadratic-regulator theory is adopted to handle the fact that the
separation principle fails to hold in the networked observer
and controller design.

This paper differs from the spirit of many prior results.
Our scheme allows the sensors in each agent to observe
only some portions of the total plant states and requires
only global observability, i.e., observability from all outputs
taken together. This should be contrasted with [15], where
each agent necessarily observes all the unstable states of the
system. However, unlike [15], we do not consider the process
and measurement noises, as this paper mainly focuses on the
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convergence and stability of designed distributed observers and
controllers. Since we want all the observers’ states to reach
consensus asymptotically and to track the plant states, in con-
sequence, each observer needs to estimate the total plant states,
which is different from [25] where heterogeneous subspaces of
the plant state are estimated among the distributed observers.
On the one hand, we do not need to consider the projection
matrices to match the heterogeneous subspaces of states of
neighboring observers. On the other hand, however, we do
require global observability of the network of distributed
observers. Compared to [29], we do not guarantee optimality
in any sense, but our proposed approach is distributed since the
observer design equations are single-agent based. This leads
to scalability or flexibility in terms of integrating additional
sensors to the existent network and robustness to communi-
cation link failures as long as the connectivity requirements
are satisfied. An additional merit of our distributed approach,
in contrast with [29], is reduction of computational effort,
as the total computational complexity grows linearly with
the number of agents, while for each single agent, the effort
depends only on the order of the plant. An early-stage work
along these lines has been reported in [39], which relies on
an assumption [39, Assumption 1] adopted for mathematical
simplicity. This assumption presumes that the internal states
of the considered plant can be decomposed into disjoint
groups according to the measured outputs, and it is found
to be at odds with some important realistic cases, in par-
ticular flexible structures. This paper therefore attempts to
relax this assumption, so that the design procedure can be
more successfully applied to vibration damping for flexi-
ble structures. The main contributions of this paper are as
follows.

1) The communication graph topology is separated from
the observer/controller design. And the requirements on
graph topology are relaxed from (connected) undirected
graphs to more general directed graphs, compared with
[15], [28], and [34].

2) Since the observer design is single-agent based, it leads
to flexibility in terms of integrating additional sensors
to the existent network and graceful degradation in case
of communication link failures as long as connectivity
requirements remain satisfied. These properties are not
expected in [29].

This paper is organized as follows. Necessary mathematical
preliminaries and problem formulation are given in Section II.
Distributed observer design without considering controls is
elaborated in Section III. Distributed controller design is
analyzed in Section IV. Numerical simulations of vibration
reduction for a representative smart flexible structure are
presented in Section V. Finally, Section VI concludes this

paper.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. Preliminaries on Graph Theory and Notation

The communication topology for state estimates is
represented by a directed graph [40]. A directed graph
G = (V,E&, A) consists of a set of nodes V £ {1,2,..., p},
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a set of edges £ C V x V, and an associated adjacency matrix
A =Ta;;]. An edge (i, j) is graphically depicted by an arrow
with the head node i and the tail node j, indicating that the
information flows from node j to node i. Each entry a;; of A
is the weight associated with the pair (i, j), and in this paper,
it is taken that a;; = 1 if (i, j) € &; a;; = 0, otherwise. We
consider simple graphs with no self-edges, namely, a;; = 0
and Vi € V. The set of neighbors of node i is denoted
as N; £ {j|(i, j) € &). Define the in-degree of node i as
d; & Z‘}’:l ajj and in-degree matrix as Dj, £ diag{d;}. The
graph Laplacian matrix is then defined as £ £ Dj, — A.

A sequence of successive edges in the form of
{(, k), (k,D),...,(m, j)} is a directed path from node j to
node i. A directed tree is an acyclic directed graph with
a root node such that there is a unique directed path from
that root node to every other node in the directed tree.
A spanning tree of G is a directed tree that contains all the
nodes of G [40]. A directed forest is a disjoint union of
directed trees. A spanning forest of G is a directed forest that
contains all the nodes of G. A graph H is a subgraph of G
if V(H) € V(G), E(H) € £(G) and A(H) is a restriction
of A(G) [40]. A square matrix is an M-matrix if all its off-
diagonal elements are nonpositive and all its eigenvalues have
positive real parts [41], [42].

Throughout this paper, ® is used to denote the Kronecker
product [43]. 1, denotes a vector of dimension of p with
all entries equal /. I, denotes an identity matrix of dimension
p x p. 0 stands for a zero matrix with a compatible dimension
in context. 0,,x, denotes a zero matrix with dimension m x n.
A(A) denotes the eigenvalue of the matrix A. Re(4) represents
the real part of 4. Amin(A) and Amax (A) are adopted to denote
the minimum and maximum eigenvalue of a real symmetric
matrix A, respectively. |V| denotes the cardinality of the set V.

B. Problem Formulation

The considered dynamics of the plant is in the form of

x(t) = Ax(t) + i Biui(t) = Ax(t) + Bu(t) 0
i=1

yi(t)=Cix(t),i =1,2,...,p

where x € R” is the state of the plant, u; € R™ and i € V,
are the control inputs of agent i, y; € R” and i € V are the
system outputs which are measurements by different agents,
and

B=[B B Bp,] e R
u= [ulT u2T u[T,]T e R™.

To allow for a distributed design in Section III, we need
to transform A € R"™ " to a block diagonal matrix. For
example, one widely used technique is Jordan decomposition
[44]. In fact there always exists a nonsingular real matrix
Il = [IT; T ... II;] € R™" such that ATl; = II;A; and

All = HA, where

Ay

Ay

c Rnxn, I, € RX%

Ay

A; € R"*m jg the Jordan block which has one of two
forms [45]. However, it should be pointed out that the Jordan
decomposition here serves only as an example for the block-
diagonalization of the real matrix Aj; it is by no means the
unique approach. The main motivation for focusing on block-
diagonal system matrices here is our consideration of the
eigenmodes in flexible structures. For the problem considered
in this paper, we suppose that IT is given or can be found
without difficulty such that A = IT-'AII is block diagonal.
With the linear transformation x = Iz = Zi:] I1;z;, where
7= [le zzT le]T e R", z; € R", and Zé:l n; = n, the
dynamics of the plant becomes

2(t) = Az(r) + f Bju; (1)
i=1
yi(t) = CiIlz(t)

eV. (2)

Herein, B; = I1~! B;. Furthermore, for conciseness and clarity
of notation, throughout the rest of the paper, we define the
set S £ {1,2,...,1}. In addition, we make the following
assumption.

Assumption 1: Cjj = Cill; # 0, where i € V and
J € 8, if and only if the state group z; is observable from the
measurement ;.

Remark 1: In general, Assumption 1 is a strong assumption:
if z; is observable from y;, certainly C;; # 0, but not
necessarily vice versa. Assumption 1 is equivalent to saying
that a state-group permutation alone can bring the system to a
Kalman decomposed form [46]. This is trivially satisfied if all
A blocks are distinct and have the dimension of 1: n; =1
and Vj € S. For A; blocks of dimension larger than 1, this
assumption is reasonable in this paper due to two facts; the first
one is that Assumption 1 is approximately satisfied by flexible
structure dynamics, as we consider the eigenmodes which are
dynamically independent, and this induces a partition of each
output C; into C;; matrices; the second fact is that even if
Assumption 1 is only approximately satisfied, in the sense
that if C;; # 0 but small in magnitude, such C;; can be
neglected completely for design, and hence the pertaining z;
is classified as unobservable from output y;. Our proposed
design in Section III is robust enough to withstand putting
such z; simply in the set of unobservable state groups (see
the discussion in Section III-B).

Definition 1: The observable set of agenti,i €V, is defined
asO; 2 {j e S|Cij # 0}; the unobservable set of agent i € V
is defined as O; £ {j € S|j € O;}.

Definition 2: The converse observable set of z;, j € S, is
defined as D; L{e V|C;j # 0}; the converse unobservable
set of z; is defined as D; £ {i € V|i ¢ D;}.

Note that Definition 1 and Definition 2 are conjugate:
j€0i+<=ieDj;jeO0;<icD;.
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Assumption 2: The system is globally observable
@ UOQU...UOPZS.

This simply means that the entire system is observable from
all outputs taken together.

As introduced in Section I, p agents are assigned to the
plant. The structure of agent i, i € V, is in the form of

2i(0) = AZi(1) + Li(i(0) — $i(1))

+Fi ( ZN aik (Zr(t) — ﬁi(f))) + BU: (1)
keN;

yi(t) = CiTIz; (1)

Ui(t) = K2: (1)

[ ui(t) = K;Zi (1)

where z; € R" is the state estimate vector of observer i,
L; € R"™Pi is the Luenberger-like observer gain [47],
Fi € R™™" ig the communication matrix, and B = II"!'B.
Note that z; has a different dimension from z; € R", since
Zi is the state estimate of the total system; while z; is a
subset of the system states. Note also that all the observers
share the same drift dynamics A which equals that of the
plant. This way, each observer replicates the dynamics of
the entire plant and if synchronized to the plant state, they
would all continue to track it with no need for further
communication. The agent i estimates the system states via
two information sources: one is the local measurement y;,
accounted by the term L;(y; — J;), and the other is the
state estimate from neighboring agents, appearing in the term
E'[Zke/\fi aix (Zr (t)—2z; (1)]. It is considered that the controller
in each agent generates an estimate-based local control action
to the plant, u;(¢), as shown in (3). Herein, K; € R™*" is the
local feedback matrix to be designed for agent i. Ui € R™ is
the estimation, by agent i, of the overall control action applied
to the plant, and it is constructed based on the local state
estimate: U,- = KZ;, where K € R™*" is the global feedback
matrix

3)

k=[kT k7 ... kI". (4)

Remark 2: Different possibilities for U,- exist, for exam-
ple, neighboring estimates could be used. However, in all
such distributed cases, unless all the local state estimates Z;,
Vi € V, reach consensus, each control estimation Ui is
different from the actual control action u applied to the system.
This mismatch leads to a feature not appearing in the conven-
tional centralized observer and feedback design. Specifically
speaking, the controller design is not completely separated
from the observer design, making the problem complex as
elaborated later in Section IV.

Note that even though in (3) the local control action u;
appears for each agent, in practice depending on matrix B or
B, it is allowed that some agents apply no control actions, as
long as the following global controllability holds.

Assumption 3: The pair (A, B) (or equivalently the pair
(A, é)) is controllable.

Assumption 4: The communication graph G, given a priori,
satisfies the following condition: for any j € S, the
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subgraph G;, formed by the nodes belonging to D;, has
outgoing edges pinning into all the roots of a spanning
forest of the subgraph ?j, formed by the nodes belonging
to D e

Remark 3: Note that we consider general directed graph,
whereas many existing results [15], [28], [34] focus only on
undirected graphs.

In summary, the problem addressed in this paper is to
design distributed observers (parameters: {L;}, {F;} in (3))
and controllers (parameters: {K;} in (3)) to achieve asymptotic
state omniscience [48] and stabilization, namely

lim (Z;(r) —z(t)) =0,Vi € V
e (5)
lim z(z) = 0.
t—00
III. DISTRIBUTED OBSERVER DESIGN

This section proposes a distributed design for the distributed
observers. Observers are designed here without applying any
control actions u;s and also without control signal estimates
l},-s, namely, in (3) let K; =0 and Vi € V.

A. Main Results

The dynamics of the autonomous plant becomes

2(r) = Az(t)

yi(t) = Cillz(t) = . Cijz;(1),i € V. (6)
j€0;

Accordingly, the dynamics of the observers then reads
i) = A2 (1) + Li (i (1) — $i (1))
> ai(Zk(t) — 2i(1))
keN;
yi(t) = CiI1Z;(t)

Similar to the internal states of the plant, states of each
observer are divided accordingly into / groups

+Fi - ieV. ()

Zil

A A <i2 n . ~ n; .

Zi = eR", VieV, z;; eRY, Vjel. ®)
Zil

We rearrange the states of each observer i, i € V, such that
the new state vector Z7°" is a tandem of observable state vector
Zio € R0, containing z;;s, for j € O; and unobservable state
vector Z;5 € R"™9, containing z;;s, for j € 0O;. Specifically,
for each Z;, there is a permutation matrix 7; such that E?ew =
[Zio Ziz]l = T;z;. Correspondingly, in the new coordinates, the
dynamical and output matrices are

~ ~ A;
T,‘ATi_lzTiATiT=|: io :|
Ais

CiHTiT = [Cio Opixnfa:l :

©)

Remark 4: After this permutation of state groups, the plant is
in Kalman decomposed form, as made possible by Assump-
tion 1. It can be concluded that for z;,, a Luenberger-like
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observer can be designed relying only on the local mea-
surements y; to estimate the corresponding part of the plant
states.

However, to make the state z;5 converge to the correspond-
ing part of system state which is unobservable for agent i, the
local measurements are to no avail, so the observer i needs
information from the communication network. The dynamics
of each component of Z;5, Z;;, is considered separately. Hence,
we propose to decompose the dynamics of each observer i,
i eV, in

[2io(0) = AioZio(t) + Lio(yi (1) = 5i (1))
2ij (1) = AjZij (1)

+Cij( 2 ain Gk (1) — ﬁij(t))),j c0o; (10
keN;
ﬁi(t) = Z Cijzij (t) = Ciozio(t)

L Jj€0;

Herein L;, is the observer gain matrix, ¢; > 0 is the scalar
coupling gain, and F; € R"/>*"/ is the communication matrix.
For the observer i, L;,, {c;} and {F;},j € O; are the
parameters to be designed. The rationale of decomposing the
dynamics of each observer as shown in (10) is to allow for a
distributed design later.

Remark 5: In (10), ¢; and F; can take a more general
form, reflected by notation ¢;; and F;;. However, with the
first subscript omitted here, different observers share some
of the design parameters. For example, if O; N Oy # @,
then for j € O; N O, observer i and k will share
the same parameters cj, F;. The motivation for omitting
the first subscript is to adopt the synchronizing region
theory for distributed design as illustrated later in this
section.

For system integration, it is worth to explicitly relate (7)
with (10) via the following equations:

L = TiT[ Lio } (11)
Oniaxpf
- _ 7T 0"[0 XNjo 0"[0 Xnjg .
i = l [Onioxnio diag{Cij} i (12

For convergence analysis, define the observation error of
observer i for the state z; as

dij £ 2ij — zj. (13)
For observer i, stack all the d;; values with j € O; together,
and denote them as d;,. These are the observation errors of
observer i for state groups z;s which observer i estimates
locally.
Proposition 1: The dynamics of d;,,i € V is
51'0 = (Aio -

Lioci0)5i0o (14)

The proof is immediate from (6) and (10).

Proposition 2: For j € O;, the dynamics of d;; is

5,']' = Aj&,‘j +Cij Z a,-k(ékj — 5,'j) = Aj&,"
keN;

+FeiFi | D anldy — o)+ D aix(dy — i)
keN;, keN;,
keﬁj kEDj

= Ajoij +cjF; Z aikOj — Z aikjj
keﬁj kEM

+cjFj Z a;jkOkj -
kED_i

15)

The proof is immediate from (6) and (10). We denote the
last term in (15) as v;j = ¢; F; 2. ajxdy;.

keD;

Fixing j, stack all the J;;s with i € 5j, denoted as
05j € R"i|Pjl. These are the observation errors with respect
to state z; for all those observers that do not estimate z;
directly, relying not on the local measurements but rather on
the information from the network.

Proposition 3: The dynamics of d5;, j € S, is

55j:(Ilfj‘®Aj—Cj£j®Fj)55j+l)j (16)
where v; is a stack of v;;s with all i € 5j. L is obtained via
deleting the kth row and column from the original Laplacian
matrix £ of graph G, for all k € D;.

Proof: From (15), we know for i € D j (or equivalently
i €0

8 = Aoy +cjFj | D andy — D aindij

_keﬁj kEM
+cjFj Z ajkOj
kED_i
= Ajdij —cjFj | didij + D (—ai)dy | +vij. (17)
L keﬁj
The coefficients appearing in the term [did;; +

zkeﬁ, (—aik)okjl, di, and —ays, form the ith row of
L with the i th columns removed for i, € D;. Fixing j,
stacking o;;s for all i € D ;j to construct J5;, one immediately
gets (16) from (17). [ |
Remark 6: Note that for construction of dz;, we only select
dijs with i € D;. However, the dynamics of d;; is also
influenced by d;;s with i € D;, and all such ¢;; values are
included in v; in (16), hence the constructed £; is a square
matrix.
Lemma: Under Assumption 4, L; constructed in (16) is a
nonsingular M-matrix. O
Proof: From the original graph, a group of nodes (i € V
and i € Dj) is excluded. The effect of these excluded nodes
on the remaining ones, as reflected by £, is the same as if the

121



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

remaining nodes were pinned by a single leader, with appro-
priately summed pinning gains.! In the latter instance, the
pertaining pinned Laplacian matrix is a nonsingular M-matrix
if the single leader pins into all the roots of a spanning
forest [49]. In the former, original, instance, this condition is
equivalent to the excluded group of nodes pinning with their
outgoing edges into all roots of the spanning forest of the
subgraph G j» formed by the nodes belonging to D j- According
to Assumption 4, L; is a nonsingular M-matrix. [ |
Then, define the total observation error for observer i as
J0; = Z; — z. Put these observation errors for all observers
together in a compact form 6 = [{ &; ... 5}1".
Proposition 4: The dynamics of ¢ is given by

5= A0 (18)

where A, = diag{A - L,y — F - (L ® 1), and
F = diag{F;}.

Proof: From (6) and (7), the dynamics of J; can be
derived as

8 = (A — L;C;I)6; + F; - Z air (o — 0;).
keN;

19)

The proof of Proposition 4 is immediately completed by
stacking the dynamics of all the J; values together. [ |

Propositon 5: A is Hurwitz iff the dynamics of d;,, Vi € V,
and Jd5;,Vj € S are asymptotically stable.

This result can be easily proved by noticing that the com-
ponents of ¢ include all the components of J;,, Vi € V, and
05;,Yj € S, and vice versa.

The following theorem proposes a distributed design of the
parameters for all the observers to estimate the plant states
when no controls or their estimates are present.

Theorem 1: Under Assumptions 1, 2, and 4 the following
hold.

1) Let each L;,, i € V, be selected such that the matrix
Ajo — L;i»Cj, is Hurwitz.

2) Let Fj = R;'Pj, j € S, where Pj = PT > 0 € R"/*"
is the unique positive definite solution of the following control
algebraic Riccati equation:

T 5 5 5 p—1p A
Aij+PjAj—PjRj Pi+0Q0;=0 (20)
where Qj >0 e R"*" and ﬁj >0 e R"*" are given.

3) Let ¢cj, j € S, satisty the condition

jes @0

Cj = =5,

24 R;

with iRJ_ = ming Re(4 k), and 4, are the eigenvalues of L;.
Then with the dynamics of (6) and (7), tl_l)rgo (z; (1) —z(1))=0,
Vi e ). O
Proof: Since each matrix A;, — L;,Cj, is Hurwitz, the
dynamics (14) of all the d;,, Vi € V is asymptotically stable.
Under Assumption 2, all dj,s Vi € )V consist of all
Okjs, where Vj € S and Vk € D;. Therefore, v;; =
c;jFj zkepj ajxdxj in (15) vanishes asymptotically in time.

NI incoming edges a;x, k € D; of a pinned node i, are summed as if
originating from a single pinning leader, namely, ZkED/ ajf -
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Hence the stability of J5; is determined by the matrix 1‘5/_‘ ®
Aj—Cjﬁj@Fj in (16). '
Based on the Lemma, L; is a nonsingular M-matrix, hence
satisfying preconditions on pinned Laplacians for synchroniza-
tion [38, Assumption 1]. According to [38, Th. 1], the matrix
I@Z‘ ®Aj—c;L;®F; forall j €S is Hurwitz, if all F;s are
designed based on (20) and all ¢; values satisfy (21). Therefore
the dynamics of J5; for all j € V is asymptotically stable.
Given that the dynamics of both d;,,Vi € V and
05j,¥j € § is asymptotically stable, according to
Proposition 5, A¢ is Hurwitz. This completes the proof. M
Remark 7: Theorem 1 is one of the main results of this paper.
It provides a distributed observer design for A, to be Hurwitz.
One specific way of selecting L;, to obtain a Hurwitz matrix
Ajp — LiyCj, is by using LQR theory: let L;, = P,-C;Ri_l,
i €V, where P, = PT = 0 € R"%0o*"io ig the unique solution

1
of the observer algebraic Riccati equation

AioP; + PIAT + Qi — PICIR7'Cip P =0,

0 ioR; (22)
where Q; > 0 € R%*"o and R; > 0 € RPi*Pi are properly
chosen. Any other design of a stabilizing L;,, pole-placement
for example, is equally applicable.

Remark 8: In Theorem 1, (20) and (21) are chosen with
an eye toward the synchronizing region results familiar from
cooperative control theory. The aim in cooperative control is
to render matrices like A, Hurwitz. However, that cannot be
generally achieved by straightforward classical pole-placement
if the graph is allowed to vary or is imperfectly known.
Synchronizing region approach achieves asymptotic stability
while providing a certain level of robustness to varying graphs.
Namely, the subsystems, in our case A; values, are considered
separately from the detailed graph topology. In particular,
the distributed gain designed as in (20) and (21) yields an
unbounded synchronizing region, allowing for a wide class
of communication graphs. Hence this design can handle less-
than-perfectly reliable graphs, with possible agent or link
failures. Conventional pole placement would generally not
result in these specific properties.

Remark 9: Furthermore, the additional merit of this distrib-
uted approach is to reduce the computational effort needed
for design. The total computational complexity grows linearly
in the number of agents, while for each single agent, the
effort depends only on the order of the plant. This should be
contrasted with centralized designs existing in the literature
(see [29] and Remark 16 in Section V-A).

Remark 10: Nevertheless, other approaches to yield a
Hurwitz A, do exist; for example, as proposed in [28], let
M = [MIT,MZT,...,M;]T € R™" gsuch that the matrix
A — MC is Hurwitz, where C = [cr, CZT, R C;]TH, then
in (7) with L; = pM; and F; = y I, with a sufficiently large
positive scalar y, the matrix A, defined in Proposition 4 is
Hurwitz. However, note that the approach in [28] is restricted
to undirected graphs.

B. Discussion

In the practical design, one may encounter several issues
with the developed distributed method, and some of them are
thereby discussed more clearly in the following.
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1) Assumption 1 may be only approximately satisfied in
the sense that for agent i, the magnitude of some C;; is
nonzero but quite small, hence the corresponding state
group z; is costly to estimate. One realistic approach
to tackle this is to neglect small C;; values, considering
those states corresponding to small C;; values as being
in the unobservable set O;. Such terms would only
introduce a small vanishing disturbance which a properly
designed asymptotically converging observer is robust to
(see [50]). In such a case, after the design of distributed
observers, it needs to be checked if the resulting matrix
A— L;C;II is still Hurwitz. If it is not Hurwitz, then
Q; and R; in (22) should be tuned to make L;, smaller
in magnitude.

2) The instance of an observer i with all Cjjs, j € S,
relatively large does not cause problems for our
approach. This only means that the observer i can recon-
struct all the plant states based on its local measurements
y;. It sends its state estimates to the network, but does
not receive any state estimates from the network.

3) Theorem 1 also allows for some agent i to have C;; = 0,
Vj € S. In this case that agent does not have a local
sensing device and reconstructs all the states based only
on the information from the network. It would serve as
a linking node or a router in the network, and possibly
as an actuator as well.

Remark 11: The systems we focus on in this paper are
flexible structures which can be described to a high degree of
accuracy by linear models. However, in principle, the design
philosophy proposed in Theorem 1 is applicable to a class of
nonlinear systems along the lines of [32]-[34], if it is assumed,
similar to Assumption 1, that by pure permutation of state
groups, for every i € V, the plant dynamics can be cast into
the corresponding decomposed form. Particularly, one would
then have, similar to (10), for observer i

Zio = fioGio1) + 07 @io) Milyi (t) = hioGio(1))]
Zij = [iGij, 0+ciFi | Y ainGr () —2)) |, j € O
keN;

(23)
where O;(zj,) has full rank and is Lipschitz continu-
ous [51], M; € R"e is some finite gain vector. If conditions
of [51, Th. 1] are fulfilled, z;, would converge to z;,. And if

each f; satisfies special Quadratic condition [33] for Z;;,z; €

ker(P;R;' P))

Gij—z)" Pi(fjGij. ) — fi (), 1) <—Gij —2))T 0 Gij —2)
(24)

where Q j = Q]T > 0, then with sufficiently large c¢; and

F; = Iéj_lf’j, each z;; would converge to the corresponding
plant state z;.

IV. DISTRIBUTED CONTROLLER DESIGN

Section IIl proposes a distributed design for observers
without any controls acting, resulting in a Hurwitz matrix Ae.
In this section, we return to the original problem of (2)

and (3) building on results of Section III and considering
controls and their estimates. Here we propose a design of
feedback matrix K which stabilizes the original system while
the distributed observers maintain estimates’ convergence.

Proposition 6: When controls and their estimates are
applied, the dynamics of the global observation error ¢ for
all agents is given by

5= Acd+ Be(K)o (25)

where B¢(K) =1, ® BK +1, ® T(K) and
Y(K)=[-BiK\ —B2K> ... —BpK,].

Proof: From (2) and (3), the dynamics of ¢; = z; —z can
be derived as

8 = (A —LiC;I; + F;i z aik (o — dr)
keN;

p
+[3K5,' — ZéjKj&j. (26)
j=1

The proof of Proposition 6 is immediately completed by
stacking the dynamics of all the ¢; values together. |

Remark 12: When there are no control actions, the error
dynamics is given by (18), which is here considered as the
nominal case. Note that if K =0, B¢(K) =1, ® BK + 1,®
YT (K) = 0. As shown in (25), the mismatch between the real
control actions u and the estimated control actions ﬁi,i ey
generates a vanishing perturbation [50], for the dynamics of
observation error 0.

The following theorem gives a sufficient condition to solve
the problem (5) posed in Section II.

Theorem 2: Under Assumption 1-4, with the plant dynam-
ics described by (2) and the agent dynamics described by (3),
let the conditions in Theorem I be satisfied. If the matrix K
is designed such that /ij— BK is Hurwitz and ||K ||l <
(Zmin(Q)/2/AP(1 + )| Blloc Amax(P)), where P = PT >0
is the unique solution for the Lyapunov equation A7 P +
PA. = —Q with a given Q = QT > 0, then the dynamics of
plant (2) is asymptotically stable, and all the observers reach
consensus converging to the true plant states. 0

Proof: From (2) and (3), expressing z; as (z + J;), the
dynamics of z is

p
i=Az+ D BiKiz+0) = (A+ BK): — T(K)s. (27)
i=1

Define the augmented state vector ¢ = [z7,d7]7. Based
on (27) and Proposition 6, the closed-loop dynamics of & is

- [A + BK —Y(K) (28)

0 Ac + Be (K)i| <

This is a hierarchical system; if A + BK is Hurwitz, the
stability of the closed-loop dynamics is determined by the
matrix A¢ + B¢(K), i.e., the dynamics of (25).

A¢ is guaranteed to be Hurwitz by Theorem I. Based on
[50, Lemma 9.1, p. 341], the dynamics of (25) is asymptoti-

123



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

cally stable if

| Be(K)ll2 <y llIdll2
_ /lmin(Q)
T 2 (P)

(29)

Since

IBe(K)lloo = 11, ® BK +1, ® Y(K)lloo
<1y ® BK[loo + 11, ® Y(K)lloo
= |BK |loo + IT(K)lloos

and [ Y(K)lleo < 2/_ 1BiKilloo < plBlloollK lloc, one has
[Be(K)lloo < (14 p)IIBlloclIK [loo- Based on matrix analysis,
[Be(K)ll2 = /npllBe(K)lloo = /np(1 + p)lIBlloolIK [loo-
Hence if \/”p(l + PIIBlloollKlloe < (Amin(Q)/2/Amax (P)),
that is

Amin(Q)
2\/ np(1 + p)lIBlloc Amax (P)

is satisfied, then (29) holds and the dynamics of (28) is
asymptotically stable, which means z — 0 and 6 — O. [ |

Remark 13: Condition (30) reveals the fact that if the mag-
nitude of K is bounded under a certain level, the observation
error dynamics (25) remains asymptotically stable. However,
it should be noted that this condition is conservative.

To ensure the matrix A+ BK is Hurwitz, while not yielding
an unstable matrix A+ B¢(K), K can be designed using, e.g.,
the LQR framework for the system

[i(r) — Az(t) + Bu(r)

Koo <

(30)

u(r) = Kz(r) 3D

where K = —RIBTP, and P = PT = 0 € R™" is the
unique solution of the following algebraic Riccati equation:

ATP+PA+Q—-PBR'BTP=0 (32)
and @ = 0 € R and R > 0 € R™*™ are given matrices.

Remark 14: Any design of stabilizing K for the dynam-
ics (28) is, in principle, applicable. However, the LQR
approach is adopted here mainly because of its neat parameter-
ization with @ and R matrices. Through imposing a large R,
the control action would be limited to a safe range which
could not deteriorate the convergence of observation errors.
Note that eigenvalues of A, + B.(K) are continuous functions
of K, i.e., A(Ac+ B¢(K)). When K = 0, which is the nominal
case, the real part of the eigenvalues Re(A(A¢ + B¢(K))) =
Re(A(A¢)) < 0, if A¢ is designed based on Theorem 1. Hence
by imposing large R in (32), A¢ + B¢(K) is guaranteed to be
Hurwitz, due to the resulting small || K || 0.

Remark 15: Note that in (28), K relates both observer
[A¢ + B¢(K)] and controller (A + EK) design, imposing
their interdependence. The main results of this section reveal
a partial separation principle of sorts. LQR approach is
proposed to partially separate the observer and controller
design. Observers are designed without considering controls
in Section III, while controls are designed here as with perfect
state information (31). This differs from the spirit of [29]
where observer and controller design are inseparable.
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Fig. 2. Piezoelectric actuated beam clamped at both ends; four piezo actuators
are distributed along the beam.

TABLE I
PARAMETER TABLE
Parameter Value
beam length 0.5m
beam width 0.03m
Poisson ratio 0.33
beam thickness 0.003 m
beam density 2700 kg/m3
Young’s Modulus 69 x 10° Pa
Piezo type PZT 5H
actuator size 0.03 x 0.03m?2
actuator thickness 0.001m
1st resonance frequency 18.5 Hz
2nd resonance frequency 52.0 Hz
3rd resonance frequency 104.2 Hz
4th resonance frequency 176.2 Hz
5th resonance frequency 270.5 Hz
6th resonance frequency 380.9 Hz
n 0.112
¢ 2.769 x 10— 7

V. APPLICATION EXAMPLE

Active control of smart flexible structures has received
extensive attention in recent years. Exemplary applications lie
in the aeronautic, aerospace (satellites, telescopes, and so on),
and civil engineering (earthquake-resistant buildings, lattice
towers, and so on). This section gives numerical simulations
to demonstrate the efficacy of the proposed distributed design
of observers and centralized design of controllers applied
to vibration reduction of a flexible structure. Section V-A
describes a representative flexible structure and simulation
results are given in Section V-B.

A. System Modeling

We consider an example of a clamped aluminum beam
with four surface-bonded piezoelectric actuators as the rep-
resentative smart flexible structure. The distribution of the
piezoelectric actuators and sensors on the beam is depicted
in Fig. 2. The parameters of the smart structure are shown
in Table I. A detailed finite element (FE) model of the smart
flexible structure is built using a procedure similar to the one
in [53]. The beam is divided into 100 elements equidistantly.
The dynamics of the sensors is neglected. The piezoelectric
actuators are polarized in the thickness direction, and the
electric field is assumed to be constant along the thickness
of the actuator. The equation of motion of the smart flexible
structure is derived using the Hamilton principle, yielding

[M1G (1) + [D1§ (1) (1K1 — ©gp®,4074)q (1) = —Ogpu ()
(33)

where g denotes the nodal displacement vector, consisting of
transverse displacement and rotation of cross section of all the
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nodes [54], [D], [M], and [K;] are the damping matrix, mass
matrix and stiffness matrix, respectively. ® 44 and @y are the
piezoelectric coupling matrix and the piezoelectric capacity
matrix respectively, and u is the input vector of voltages
driving the piezoelectric actuators. The Rayleigh damping is
adopted in the model [55]

[D] = n[M] + (K]

where the values of # and ¢ are listed in Table I.

The FE model constructed has been cross-validated by LMS
Samcef Field, a commercial finite element modeling solver
suite from Siemens PLM Software. Velocities are considered
as the measured outputs

y(1) = Hog(1)

where H, is the location matrix for measurement channels.
In practice, velocity information can be obtained either by
noncontact laser Doppler vibrometers or by numerical inte-
gration of bandpass filtered outputs of accelerometers.

The first six vibration modes are extracted via mode dis-
placement method [56]. Specifically, consider the following
coordinates transformation:

(34)

(35)

q = (Der (36)

herein @, stands for the first six columns of @, where @ is the
matrix of the ordered natural mode shapes. Let x = [y, Gm]-
The dynamics of the piezoelectric actuated beam expressed
by (33) and (35) can be written into state-space representation

[)'c = Ax + Bu 37)
y=Cx
where
06><6 Ie
[ (@7 [M1®,) ™' O] [Kaug1®r —(cD,T[M]@,)‘I[D]]

_ 06><4

B [ CD (M (Dr ®q¢}
C = LoD, [Osxe Is]

and

—1
[Kaug] = [Ks] — ®q¢>®¢¢®g¢~

Obviously, A is not block diagonal, we block-diagonalize it
mode-wisely, by putting z = IT"'x in the form [36]

> ZG]T .

(38)

Then A = diag{A1, A2, ..., Ag} with A; = [0 1 — wlz —
2&iwi], w; and & are the ith modal frequency in radian per
second and modal damping ratio, respectively.

The 2-norms of C;; fori =1,2,3,4and j =1,2,3,4,5,6
are depicted in Fig. 3. The observability of modes compared
to the 2-norms of Cjjs is found to satisfy Assumption 1.
In particular, the second sensor is placed in the middle of
the clamped beam, hence it can observe only the first, third,
and fifth mode groups, which is consistent with the [|C2;]l2
profile in Fig. 3. Also, as discussed in Section III-B, when the

= [(qml» gm1)s s (qme, qm6)]T = [Zl,-.-

Sensor 1 Sensor 2

0.15 0.2

0.1

licll,
lc,,ll,
-

0.05 ’_‘
, = 1 ,
2 3 4 6

mode index j

=

mode index j

Sensor 4

Sensor 3
0.15 0.015

0.1 0.01

lc,,ll,
lCl,

, Pt | I N 1
2 3 4 8 6 1 2 3 4 5

mode index j

mode index j

Fig. 3. [ICijllp. i =1,2,3,4 and j = 1,2,3,4,5,6.

Fig. 4. Communication topology.

magnitude of some C;; is relatively small, for the distributed
design, one can treat that corresponding state group as being
in the unobservable set O; as long as Assumption 2 still holds,
because this will only introduce small vanishing disturbances
to Luenberger-like observers. Hence the observable set for
each agent is allocated as follows: O = {1,2}, O» = {1, 3},
O3 ={1,2}, and O4 = {4, 5, 6}.

The communication topology of the four agents is shown
in Fig. 4. It can be verified that the given graph satisfies
Assumption 4. The corresponding Laplacian matrix is

1 0 0 -1
-1 1 0 0
L=y 1 2
0 0 —1 1

Obtaining L;,i € S is straightforward; for example, fori = 3,
D3 = {2}, by eliminating the second row and column from L,
we get

1 0 -1
L3=|0 2 -1
0o -1 1

L1y, L2y, L3y, and Ly, are here designed based on (22): for
i=1,2,3, Qi =1Iy,, Ri =1x1073; fori =4, Q4 = I,
Ry =1x1072 F}, F>, F3, Fy, Fs, and Fg are designed based
on (20): for i = 1,2,3,4,5,6, O; = R = L. In (21),
/IRI = Ag, = Ag, = Ap, = Ag, = 13 Ag, = 0.3820. For
J =1,2,3,4,5,6, {c;} Values are chosen as ¢; = 10 to
reach the estimates’ consensus fast enough. L; values and F;
values are constructed based on (11) and (12), respectively.
A¢ 1s checked if it is Hurwitz following the observer design.
The controllers are designed based on (32), and Q and R are
assigned as Q = I1p and R = 3 x 1077 I4.

Remark 16: Note that as mentioned in Remark 9, the
complexity of our design procedure depends linearly on the
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Fig. 5. State observation error of agents in time-domain.

number of agents, while for each single agent, the complexity
depends only on the order of the plant. To carry out a fair com-
parison with [29], we have resorted to linear matrix inequality
method to solve algebraic Riccati equations involved in the
above design (see [57]). The computational complexity for
agent i, i € ), and the total system is

Ji = 0(n},) +510@) = 0(?) (39)
P
Jowl = D _Ji+0@*) < (14 p)O@®).  (40)

i=1

Note, in practice, the design of ¢; values in (21) is to choose
a sufficiently large number, and hence its computational cost
is negligible. Whereas the computational complexity for the
centralized design in [29] is

K[ 1 p
J =0 (%) + O(ngpi)
14 14
+ o(nzm,-)+ O(nZZd,-) 41
i=1

i=1
where n* = n(p+1). Apparently, in our distributed design, the
computational complexity scales better with a growing number
of agents. In fact, the computational complexity for each agent
does not depend on the total agent number p.

B. Simulations

Numerical simulations are run in MATLAB/Simulink envi-
ronment. The initial condition for the plant states is arbitrarily
chosen as z(0) = [0.005, 1,0.005, 1,0, 1,0, 1,0, 1]77. All ini-
tial states for the observers are set to zero. As depicted in
Fig. 5, the local observation error ¢; = Z; — z,i = 1,2,3,4
converges to zero within 2 s. The voltage transient to drive the
piezoelectric actuators is shown in Fig. 6. To demonstrate the
damping performance, an open-loop measurement and closed-
loop measurement are compared in Fig. 7. The slow decay of
the measurement signals for the open-loop case is due to the
inherent low damping of the flexible beam.

100
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Fig. 7. Comparison of measurement signals in time-domain between open-
and closed-loop.

1) Failure of Communication Link @ — ®: To demon-
strate that our distributed approach is robust against varying
graphs to a certain degree, we consider a communication
failure from agent 4 to agent 3. From Fig. 4, we know that
the remaining graph still satisfies Assumption 4. The local
observation error §; = Z; —z,i = 1,2, 3, 4 is given in Fig. 8.
Compared with Fig. 5, no critical degradation in terms of con-
vergence time is observed, indicating the robustness property
of the design approach. It is natural to deduce that the more
redundant communication links are, the more robust the NCS
will be.

2) Integrating an Extra Agent to the Network: This simula-
tion scenario is to present how to integrate extra sensors to the
network with only a small number of additional parameters to
design. We consider adding an additional agent 5 with sensing
capability into the well-established network. The sensor is
added to measure the location 0.20 m from the left clamped
end in Fig. 2. The augmented graph is depicted in Fig. 9.

We only need to design parameters for agent 5. The
2-norms of C;; for j =1,2,3,4,5,6 are depicted in Fig. 10.
The observable set for agent 5 is allocated as Os = {1}.
Ls, is designed based on (22) with Q5 = I, Rs = 1 x 1073.
Note that even though the graph topology has changed, c;
values for j = 1,2,3,4,5,6 still satisfy the condition (21),
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VI. CONCLUSION
Fig. 10.  Profile of |Cs;ll2, j = 1,2,3,4,5,6. In this paper, distributed observers and controllers are

since their values are initially chosen large enough. Ls and Fs
are constructed based on (11) and (12), respectively. The new
A¢ 1s checked if it is Hurwitz after this additional observer
design. Note that the flexibility demonstrated in this example
stems from inherent robustness of the synchronizing region
design.

3) Distributed  Estimation on a More Complex
Graph: This simulation scenario is to verify the proposed
distributed estimation scheme on a more complex directed
graph, specifically one comprising 11 agents. The sen-
sors are distributed on the beam with the nodal index
5, 15, 25, 35, 45, 50, 60, 70, 80, 90, 95, respectively.
The observable sets are allocated as: O = {5,6}, Oy =
{1,2,3,4}, O3 = (1,2}, Os ~ O7 = {1}, Oz = (1,2},
Oy = {1,2,3}, O10 = {1,2,3,4,5,6}, O11 = {5,6}. The
graph topology is shown in Fig. 11, and it can be easily
verified that it satisfies Assumption 4. As shown in Fig. 12,

designed for a class of spatially interconnected systems. Each
observer estimates the system states via two information
sources: one is the local measurement and the other is the
shared state estimate from the neighboring nodes. By virtue
of synchronizing region methods in pinning control theory,
the observers are designed in a distributed fashion. This leads
to flexibility in integrating additional sensors to the existent
network and graceful degradation in case of communication
link failures as long as the connectivity requirements remain
satisfied. The observer-based feedback laws are designed in a
centralized fashion, though in the end they are implemented
locally. LQR approach is adopted due to its neat parame-
terization to partially separate the interdependent design of
distributed observers and controllers. Numerical simulation
of a piezoelectric actuated smart flexible system verifies the
efficacy of the proposed approach. A reduction of the compu-
tational cost is given as an additional merit of our distributed
approach, compared with existing centralized design. More-
over, the robustness of our proposed approach is demonstrated
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by a simulated communication link failure. By adding an
extra sensor to the simulated network, we also present the
flexibility of integrating additional sensors into the existing
architecture, which only requires to design a small number
of additional parameters. To demonstrate the effectiveness of
our proposed distributed observer design on more complex
graphs, distributed estimation performance with 11 agents on
a generalized directed graph is examined.
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7. DISTRIBUTED ESTIMATION ON SENSOR NETWORKS WITH MEASUREMENT UNCERTAINTIES

Stefan Knotek, Kristian Hengster-Movric, Michael Sebek, Distributed Estimation on Sensor Networks
with Measurement Uncertainties, submitted 2018, pp. 1-13

Previous chapter brought compelling results on distributed estimation and control of distributed
parameter systems, assuming partial measurements of perfect accuracy. Naturally this is too
strong a condition, albeit one that is satisfied in practical cases to a fairly sufficient level, as indeed
attested by physical experiments. Still, if several measurements of differing reliability are available
one can attempt sensor fusion taking into account the varying precisions of individual
measurements. This then ideally improves even on the most precise measurements. Results show
appreciable disturbance suppression. The considered distributed observers can be used for
control purposes along the lines of the previous section.

This chapter brings an innovative estimation scheme for large-scale distributed systems. The plant is
considered affected by process disturbance and measurements are corrupted by measurement noise. The
proposed approach fuses measurements of differing reliability so that all nodes reach consensus on the plant’s
state estimate. This architecture is flexible to addition of new nodes and to a certain extent robust to node or
communication link failures. This follows from a protocol which allows existence of nodes that do not measure
anything, but nevertheless contribute to the data fusion in the sensor network. Hence, in spite of limited
observability of individual nodes, data fusion over sensor network allows each node to obtain the full estimate
on the plant’s state. Structured Lyapunov functions are used to prove the convergence of the estimator. The
proposed distributed observer design is validated by numerical simulations.
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Distributed Estimation on Sensor Networks with
Measurement Uncertainties

Stefan Knotek, Kristian Hengster-Movric, and Michael Sebek

Abstract—This paper brings an innovative estimation scheme
for large-scale distributed systems. The plant is considered
affected by process disturbance and measurements are corrupted
by measurement noise. The proposed approach fuses measure-
ments of differing reliability so that all nodes reach consensus
on the plant state estimate. This architecture is flexible to
addition of new nodes and to a certain extent robust to node
or communication link failures. This follows from a protocol
which allows existence of nodes that do not measure anything,
but contribute to the data fusion in the sensor network. Hence,
in spite of limited observability of nodes, data fusion over sensor
network allows each node to obtain the full estimate on the
plant’s state. Structured Lyapunov functions are used to prove the
convergence of the estimator. The proposed distributed observer
design is validated by numerical simulations.

Index Terms—distributed estimation, networked systems, sen-
sor networks, sensor fusion, large-scale systems

I. INTRODUCTION

A recent boost in computational power paved the way to
decentralization, distribution and development of networked
systems. Networking allowed creation of the Internet, which
laid the foundation to a new phenomenon of smart networks
called Internet of Things, interconnecting smart devices all
over the world and building up smart ecosystems in public
and private sphere, e.g. intelligent buildings, smart cities, smart
power grids, etc.

Networked systems hence also attract considerable research
attention in control theory, where they give rise to Networked
Control Systems (NCS) [1]-[3] and their synonymous Cyber-
Physical Systems, in which cyber-networks intensely interact
with physical plants and humans [4]-[6]. This integrates two
complementary fields; the control theory and the algebraic
graph theory [7], into an emerging field of distributed sys-
tems. These systems are composed of agents networked by a
communication topology. Every agent uses its own information
and information from its neighbors in the network to reach an
agreement on states with all other agents, called consensus.
Distributed consensus and synchronization are introduced in
[8]-[11]. These protocols ensure synchronization of states
of all agents to one common value. Other, more advanced,
distributed protocols for controllers and observers using state
or output-feedback in continuous and discrete-time can be
found in [12]-[14]. Distributed NCS have a wide range of

S. K, K. H. and M. §. are with Department of Control Engineering,
Faculty of Electrical Engineering, Czech Technical University in Prague. E-
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application in formation control of mobile robots, satellites,
and vehicles [15], energy generation in micro-grids [16], esti-
mation with the use of sensor networks [17], synchronization
of coupled oscillators [18], reaching the agreement in human
social networks [19], to name only a few. See the books [20],
[21] for a comprehensive treatment.

The design of distributed observers is motivated by previous
developments in centralized estimation. Very early results in
this direction bring the Wiener filter in continuous [22] and
discrete-time [23], for estimating the target of a stochastic
process. To extend the Wiener filter to non-stationary processes
a Kalman filter was developed [24]. A simplified version of the
Kalman filter, without the statistical framework incorporating
models for measurement and process noise, gave rise to the
Luenberger observer [25].

Limitations of the centralized approach prompted a demand
for data fusion over sensor networks. This led to the birth
of first decentralized Kalman filters presented in [26]—[28],
offering fast parallel processing and increased robustness to
failures. A drawback of these approaches is that they require
an all-to-all coupling of nodes, i.e. their network topology is a
complete graph, which leads to increased communication load,
computational complexity and thereby to scaling problems on
large-scale networks. For example, in [26] every agent works
as a sensor and an actuator, and for control purposes it uses
pure measurements of all nodes in the network, without any
sensor fusion. This approach is not robust to changes of the
network topology due to agent failures, because the controller
design is centralized; requiring recalculation of the controller
following any network change. In contrast to [26], each node
in [27] computes its own local estimate of an unknown state
vector and then assimilates all the local estimates into a single
final estimate of the plant state to accomplish globally optimal
performance.

The computational complexity and scaling issues of the
decentralized Kalman filter are improved upon by the dis-
tributed Kalman filter (DKF). DKF relaxes the requirements
on communication topology such that each node exchanges
information only with its neighbors and it also offers pos-
sible redundancy in case of node failures. One of the first
scalable DKF providing data fusion over a sensor network
is introduced in [29]. It is based on consensus filters [30],
and dynamic average consensus [31], which solve the dis-
tributed estimation of a dynamic signal with and without
measurement noise, respectively. Both approaches presented
in [30], [31] use averaging consensus to estimate value of a
time-varying signal. A distributed filtering algorithm presented
in [30] consists of a network of micro-Kalman filters, each
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embedded with a low-pass and band-pass consensus filter. A
recent work on distributed filtering of noisy measurements [32]
proposes three algorithms based on Bayesian sensor fusion.
It consider two types of nodes: sensing node which perform
the measuring task and non-sensing nodes which mediate
between sensing nodes. Extension of the DKF algorithm from
[29] for application to heterogeneous sensor models with
different outputs can be found in [33], which offers a popular
and efficient consensus-based framework for distributed state
estimation. Stability and performance of this DKF algorithm
are thoroughly investigated and new optimal solution of DKF
are developed in [34]. All the above mentioned approaches
consider undirected network topologies, except [32] which
considers directed networks. The most recent work in this
field, [35], presents an optimal information-weighted DKF,
which implements a novel measurement model considering
noise in communication channels. The network topology in
[35] is assumed directed having a spanning tree with a target
node observable by at least one root node.

Different from DKEF, a distributed Luenberger observer for
directed sensor networks is introduced in [36]. In contrast to
[29], [33], [34], this approach allows for a completely dis-
tributed observer design. Moreover, it also allows insertion of
redundant sensor nodes into the network to increase robustness
of the distributed observer. The recent work [37] addresses
distributed estimation and control of large-scale flexible struc-
tures. It proposes a distributed Luenberger observer similar to
[36], however, in contrast to [36], it allows existence of two
types of nodes: sensing and non-sensing ones, similarly as in
[32].

In this paper, we present a novel distributed design for
sensor networks that uses sensor fusion to estimate states of
a plant. The introduced distributed observer addresses pri-
marily state-estimation of large-scale flexible structures such
as aircraft fuselages, truss bridges, lattice towers, etc, under
process disturbance and measurement uncertainties. Structural
vibration suppression is indispensable for proper longterm
functioning and safety of such plants. For the design of active
dampers for flexible structures, the state of the plant first
has to be know, which is the task of an observer. However,
implementations of centralized solutions are often expensive
and prohibitively complex on the larger scale. A solution is
offered by the nascent networked/distributed systems. First of
all, they reduce the implementation costs and complexity of
the entire design and application. Secondly, communication
via network provides a potential for improvement of overall
system performance, in contrast to centralized solutions. More-
over, node redundancy provides additional fault tolerance or
allows graceful degradation in the case of node failures. Thus,
the networked/distributed architectures handle the drawbacks
of (de)centralized approaches and enjoy many advantages,
such as robustness, flexibility and scalability.

In particular, this paper brings a judicious distributed Luen-
berger observer design which takes into account the precision
of the available measurements, similar to general Kalman
filter [38] and DKF in [33]. The proposed approach extends
the distributed Luenberger observer design [37] by consider-
ing process disturbance and measurement noises to achieve

reasonable sensor fusion while retaining a relatively simple
distributed design. Thereby it inherits flexibility, scalability on
large-scale sensor networks and robustness to node or commu-
nication link failures. Moreover, it relaxes the requirements on
the network topology in [37] to a graph having a spanning tree
with all sensing nodes in one strongly connected component,
similarly as in [35]. In comparison to DKF it is important
to point out, that we do not aim here for a design of an
optimal Kalman filter but rather a generally suboptimal, albeit
easier to implement, consensus-based distributed estimator that
nevertheless shares some desirable properties of the Kalman
filter. We do not assume communication channel noise as in
[35], but rather rely on digital communication channels with
data validation. The convergence of the presented distributed
observer is rigorously proven by structured Lyapunov func-
tions introduced in [39], [40].
The main contributions of this paper are:

e We consider a more general communication topology
than the previously proposed distributed observers.

« Nodes implement a local micro-Kalman filter to estimate
the observable fraction of the plant state.

o Nodes use information on process and measurement
noises and apply information-weighted fusion to reach
an agreement on the estimate of a plant state.

o The design and implementation of the proposed observer
is fully distributed, in the sense that each node designs
its local observer based on its own information and
information from its neighbors.

o Proposed design offers incorporation of redundant nodes
or insertion of new communication links to the network
to improve robustness to node or communication link
failures.

Our distributed estimators lend themselves to control appli-
cations along the lines of [37], though this development is not
pursued in this paper.

The paper is structured as follows. Section II introduces
preliminaries used throughout the paper. Section III states the
main problem. Section IV presents the dynamics of the dis-
tributed observer and proves its convergences. Final distributed
observer design is summarized and its similarity with the
Kalman filter is discussed in Section V. Numerical simulations
are given in Section VI. Section VII concludes the paper.

II. PRELIMINARIES

In general, we denote matrices with capital letters and
vectors with lower case letters. An element of a matrix A
is denoted as a;; while an element of a column or row vector
v is denoted as v;.

The set of m x n real matrices is denoted as R™*"™. A matrix
V = diag(v;),i = 1,..., k is a diagonal matrix with elements
of vector v € R¥ on the diagonal. A matrix M = diag(M;)
for M; € R™*™ 4 = 1,2,...,k, denotes a block-diagonal
matrix with k blocks M, ..., M} on the block-diagonal. Iy €
RN XN is the identity matrix. Operation A ® B denotes the
Kronecker product of matrices A and B, [41]. The smallest
and the largest singular value of a matrix M are denoted by
Omin (M) and oax (M), respectively. The same notation holds
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for eigenvalues denoted by Apmin (M) and Apax(M). Positive
(semi)-definite symmetric matrix is denoted by M = (=)0. If
not explicitly stated, the sum over all agents > +_, is denoted
by >, fori=1,...,p. An expectation of a stochastic process
v(t) is denoted by E[v]. Variance of a stochastic process is

ElvT].

A. Graph theory

Network topology is described by a directed graph G =
(V,€), where V = {1,2,...,p} is a nonempty finite set of
nodes and £ C V x V is a set of arcs. An arc is an ordered
pair of nodes (i,7), i # j, where i is the parent node and
7 is the child node, i.e. the information flows from node ¢
to node j. The graph G is undirected if (i,j) € & implies
(4,7) € &, otherwise the graph is directed. It is assumed that
the graph G is simple, i.e. it has no repeated edges nor self-
loops (i,7) ¢ &,Vi. The adjacency matrix E = [e;;] € RP*P
associated with the graph G is defined by e;; = 1 if and
only if (j,i) € £, otherwise e;; = 0. Note that the diagonal
elements satisfy e;; = 0. Denote V; = {i € V : e;; # 0}
as the set of neighbors of node 7. Let the in-degree matrix
D = [d;;] € RP*P be a diagonal matrix given by d;; = > ; €ij-
Then the graph Laplacian matrix is defined by L = D — E.

In the sequel, directed graphs are considered. A directed
path of length p from node 1 to node p is an ordered set
of distinct nodes {1,2,...,p} such that (I,l4+1) € & for
all I € [1,p — 1]. A directed graph is strongly connected if
there exists a directed path between any two nodes. A node
is termed isolated if it has no parent node. Hence, in strongly
connected graphs there are no isolated nodes. Directed tree is a
directed graph with every node having only one parent except
one isolated node called a root. A directed graph contains a
spanning tree if there exists a subgraph which is a directed
tree containing all nodes in V.

The Laplacian matrix L has a simple zero eigenvalue iff its
directed graph contains a spanning tree. Denote by w € RP? the
left eigenvector associated with the simple zero eigenvalue of
L, ie. wI'L = 0. The pinning matrix G = diag(g;) € RV*N
associated with the graph G is a diagonal matrix given by
g; = 1 if the ith node is pinned, otherwise g; = 0, [21].

A graph is reducible if there exists a permutation matrix 7',
that transforms its Laplacian L to a block triangular form

TTLT — [ L1 Ly } . 1

0  Loo

If the graph is not reducible it is said to be irreducible. A
directed graph is irreducible iff it is strongly connected. A
spanning forest is a set of directed trees such that a set of
all nodes of these trees equals V. Let the directed graph
be reducible and let it contain a spanning forest. Then the
Laplacian of the graph can be reduced by a node permutation
to the Frobenius normal form [21]. If the graph contains a

single spanning tree then its Frobenius normal form equals

L+aG
Ly Ly, Limi1
TTLT = o ;@
0 me meJrl
0 ‘ Lm+1m+1

where all L;; blocks are irreducible. This paper addresses
graphs having a single spanning tree. Such graphs are either
irreducible (strongly connected) or reducible and contain at
most one irreducible leader group L., +1m+1- A special case
of the irreducible leader group is a single isolated leader. The
results presented for irreducible graphs naturally specialize to
connected undirected graphs.

The following two lemmas are useful in constructing Lya-
punov functions for cooperative control [13].

Lemma 1. Let L be the Laplacian matrix associated with
a directed, strongly connected graph G. Then L has a simple
zero eigenvalue and its left eigenvector has all positive entries,
i.e. w; > 0,Vi.

Lemma 2. For every strongly connected, irreducible graph G
there exists a positive diagonal matrix W = diag(w;) > 0
such that its graph Laplacian matrix L satisfies

LW + WL =0. (3)

If the graph contains a spanning forest with g; > 0 for root
nodes of all trees, then there exists a positive diagonal matrix

© = diag(0;) > 0 such that
(L+G)T0+6(L+G) 0. 4)

Proofs of Lemma 1 and the first part of Lemma 2 can be
found in [20]. The proof of the second part of Lemma 2 is
sketched in [40].

III. PROBLEM STATEMENT AND MOTIVATION

Consider a plant with a continuous linear time-invariant
(LTT) dynamics

#(t) = Ax(t) + Tw(t), )

where x(t) € R™ is the plant state, w(t) € R™ is the process
noise acting on states, A € R"*" is the system matrix and
I' € R™*™ is the process noise input matrix. Each node in a
sensor network has a linear sensing model

yi(t) = Cix(t) + &(t), i€V, (6)

where y;(t) € RPi is the ith node measurement corrupted by
the measurement noise &;(¢) € RPi and C; € RPi*™ is the ith
node observation matrix. Both w(t) and &;(t) are zero-mean
white Gaussian noises (WGN), uncorrelated in the sense that
Elgw™] = 0,Vi and E[&E]] = 0,Y(i,5),7 # j. Note that
unlike [36] some nodes in the network may be allowed not to
measure anything, for such node ¢, y; is not considered. Note
also that [36] does not consider noises while we do.

To implement estimation of the plant’s state vector = in a
distributed fashion, it is convenient to transform the system
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matrix A to a block diagonal form, A = diag(A;) €
R™*" A, e R%*™ 5 ={1,2,...,1}, where [ represents the
number of dynamically independent state-groups. There are
two generally known representations offering block diagonal
system matrix. They are the Jordan Canonical Form (JCF) and
the Modal Canonical Form (MCF). A transformation to MCF
is more common for models describing flexible structures [42],
while JCF is used for other general systems [43]. In case of
MCF for flexible structures, each block A; corresponds to
one eigenmode of a flexible structure and the blocks are of
the same dimension, i.e. n; = n;, ¥(,j). On the other hand,
blocks of the system matrix in JCF correspond to eigenvalues
of the system and the dimension of each block is given by the
algebraic multiplicity of the pertaining eigenvalue.

Hence, define a linear transformation z = Iz =
1 K
> 1 I;z; with a new state vector z = [2], 23 ,...,2[]" €
R™ composed of state-groups, z; € R"™, and a nonsingular

transformation matrix IT = [IIy,IIy,...,II;] € R™*™, such
that II transforms the system matrix A to a block diagonal
form. This transformation leads to a block-diagonal representa-
tion of the plant dynamics and the transformed sensing model

£(t) = A=(t) + &), (7)
yit) = Ciz(t) + &(t), i€V, )

where A = II-'ATI, C; = C;II and &(t) = IT~'Tw(t). Note,
that there always exists a matrix II, such that A =114l
and HjAj = AHj, [44]. Let E[(IJ(:)T] =Q and E[ngf] ==
denote covariance matrices of process noise &(t) and measure-
ment noise &;(t), where {2 and =Z; are assumed real, symmetric
and positive definite.

Before proceeding further, we introduce several important
definitions and assumptions adopted from [37].

Definition 1. S = {1,2,...,1} defines a set of state-groups.

Assumption 1. C;; = C;I1; # 0, where i € V and j € S, iff
the state-group z; is observable from measurement y;.

This assumption tells that pairs (A,C;),i € V can be
transformed to a Kalman Decomposed Form, [43], by a
permutation of state-groups. In general it holds that if the state-
group z; is observable from the output y; then C;; # 0 but
the converse is not necessarily true. However, the systems we
address in this paper satisfy Assumption 1 either completely
or approximately, [37].

Remark 1. Note, that Assumption 1 is trivially satisfied if
blocks A; are of dimension 1. For blocks A; of dimension
greater than one, n; > 1,j € &, it can be approximately
satisfied under both following conditions:

o if the plant is a flexible structure with independent
eigenmodes corresponding to blocks A;, it naturally leads
to a decomposition of C; into Cj;;

o if Cj; # 0 but is small in magnitude, then the jth state-
group can be considered as unobservable from ¢th node
output y; and Cj; can be set to zero C;; = 0 for the
purposes of the design. The distributed observer design
proposed in Section V is robust to such a change as long
as Assumption 2 below remains satisfied.

Definition 2. The observable and unobservable sets of state-
groups from ith node’s perspective, ¢ € V), are defined as
0; = {j € S|C;; # 0} and O; = S\O;, respectively.

Definition 3. The converse observable and unobservable sets
of nodes for jth state-group, j € S, are defined as D; = {i e
V|C;; # 0} and D; = V\D;, respectively.

Note, that Definition 2 and Definition 3 are complementary,
ie.j€0; <= i1€Djand j€O; < i€ D;.

Assumption 2. The plant state z is globally observable, i.e.
O1U0U---U0, =S8. )

This means that the LTI dynamics of the plant (5) is
observable from measurements of all nodes (6) taken together.
In other words, every state-group z; is observable at least
by one node, (from one output y;), in the network. Ideally,
however we want each state-group to be observable by several
nodes so to affect sensor fusion. Let us point out that all this
still allows existence of nodes that do not measure anything.
The main contribution of such nodes is in maintaining network
connectivity. These nodes can be also used for actuation
purposes, along the lines of the distributed controller design
in [37]. We refer to them as to non-sensing nodes. To all the
other nodes in the network we refer to as the sensing nodes.

Assumption 3. The communication topology is given by a
directed graph having a spanning tree with all the sensing
nodes contained in the irreducible leader group.

Remark 2. The irreducible leader group is a strongly
connected component of the graph given by its Laplacian
Ly, +1m+1 in the Frobenius normal form (2). It is important
to point out, that the irreducible leader group can additionally
contain also some non-sensing nodes.

Let each node in the network be endowed with the following
LTT dynamics

Gi=A%+ Gilyi — ) + Fi Y jepeij(3— ), (10)

where G; € R"*Pi is the local observer gain and F; € R"*"
is the distributed observer gain. The ith observer state vector,
2 = [&h,20,... 20T € R™, is, similarly as the plant’s
state vector z, partitioned into state-groups Z;;. Note that all
nodes (10) share the same drift dynamics A, which equals the
dynamics of the plant.

The node estimation dynamics (10) has a well known
structure, as those presented in [33], [34], [36], and [37].
It uses two information sources necessary for the proper
estimation of the plant state. The first is the measurement y;,
contained in the estimation term G;(y; — ¢;), originating from
the Luenberger observer design [25]. It ensures estimation of
observable state-groups j € O; by the ith node from its local
measurements. The second information source is given by the
state estimates of neighboring nodes contained in the local
neighborhood error term F; },y, €;;(2; — Z;). Its purpose is
to synchronize the unobservable state-groups j € O; of the
ith node with those of its neighboring nodes and effect sensor
fusion for the observable state-groups using information from
the network.
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Define an observation error as a difference between the
estimated state (10) and the true state of the plant (7)

mi(t) = 2i(t) — z(1). (11)

The goal of this paper is to design matrices G; and Fj; so that
the observation errors (11) are uniformly ultimately bounded
in the sense that the estimated states of all nodes converge to
the plant’s state within a bounded region whose size depends
on the noises, appropriately taking into account the reliability
of individual measurements.

IV. OBSERVER CONVERGENCE

For the convergence analysis of proposed estimation dynam-
ics (10), in this section we first consider the plant dynamics (7)
and sensor model (8) without noises, i.e. w = 0 and &; = 0, Vi.
Our goal is then to design the local observer gains G; and the
distributed observer gains F; so that the observation error (11)
in noise-free settings, having the dynamics

i = (A= GiCini + i Y ey eis(ny —mi),  (12)
asymptotically converges to zero
lim n;(t) =0, Vie. (13)
t—o0

For each node i we can reorder the state-groups Z;; in the
state vector Z;, such that the new state vector 2]V is a tandem
of observable Z;, € R™, containing observable state-groups
2;; for 7 € O;, and unobservable Z;; € R™°, containing
unobservable state-groups 2;; for j € O;. Hence, for every
node ¢ there exists a permutation matrix 77, T[l = TiT, such

that .
gew — [ “io } =Ti4.

T g 4
Correspondingly, in the new coordinates, the system and

observation matrices are in the Kalman decomposed form

Ao O
Al
Ci=CTI=[Ci 0].
Remark 3. The state vector of a non-sensing node is com-
posed completely of unobservable state-groups, 2} = 2; =
Zi5, hence no permutation of state-groups is needed. The
matrices (Ai = Ay = A C, = C; = 0) are then
already in Kalman decomposed form. The same would hold
for a sensing node observing all the state-groups, except that
(C‘Z =(C = C’Z) because its state vector would be composed

completely of observable state-groups, 2i°V = 2; = Z;,.

A; = T,ATF = {
1s)

Remark 4. The permutation of state-groups achieving (15)
is made possible by Assumption 1. It allows each node to
transform the drift dynamics A to the Kalman decomposed
form with respect to its sensing model C;. Each node can
then in principle estimate its observable state vector Z;, using
just its local measurements y;, by designing a Luenberger-
like local observer. For those states, the distributed gain is
used to improve the nodes’ local estimates for the observable
state vector Z;,. To estimate the unobservable state vector Z;5,
local measurements are to no avail. Therefore a node uses

communication with its neighbors to gather estimates on Z;5.
For this purpose every node designs its distributed observer
for unobservable state vector.

In order to show observer convergence on the considered
network topology, as detailed in Assumption 3, we proceed
first by proving the convergence for strongly connected graphs
representing, in general, the irreducible leader group. Then we
show convergence of the remainder of the network, considered
as pinned. Ultimately using those two results we conclude
convergence on the entire graph satisfying Assumption 3.

The following theorem brings the design of local observer
gains G; and distributed observer gains F; together with
conclusion on convergence of the observer dynamics (10) in
the noise-free case on strongly connected graphs.

Theorem 1. Consider a network of nodes given by a directed
strongly-connected graph G. Let each node with the sensor
model (8) implement the estimation dynamics (10) to estimate
states of the plant dynamics (7) in the noise-free settings 0 = 0
and &; = 0,Vi. Suppose that Assumptions 1 and 2 hold.

Let QQ; and U; be symmetric positive definite matrices.
Choose the local observer gain as
M CRUT ]

0 (16)

G, _T,.T[

where T; € R"™™ is the permutation matrix bringing the pair
(A, C;) to the Kalman decomposed form (15) and Mi_1 is the
solution of the observer algebraic Riccati equation (ARE)

M;7YAL + A M7 Qi — M LU Oy M7 = 0. (17)

201

Furthermore, define N; = oI, such that

Wmin ZiE'Dj )\min (MzQzMz)

! Wmax (p - |Dj|))‘ma7; (A] + A?)
and choose the distributed observer gain as
r—1
F=rf | M O T jeo, a9

0 diag(Nj_l)
with v > 0. Then each observer state %;(t) asymptotically

converges to the plant state z(t), in the sense of (13) for v
sufficiently large.

The proof of Theorem 1 is relegated to Appendix A due
to its length. Theorem 1 brings general methodology for the
design of local observer gains G; and distributed observer
gains F; for the strongly connected leader group.

Remark 5. From Theorem 1 it follows that both sensing and
non-sensing nodes, in the irreducible leader group at least,
share the same design of G; and F;. Moreover, all the non-
sensing nodes have the same distributed observer gain F; =
F; := diag(N j_l) and also, trivially, the local observer gain,
as it is identically zero, i.e. G; = G5 := 0.

Now consider the remainder of the network. It is given by
a graph generally having a spanning forest with root nodes
of all trees pinned by the outgoing edges of the irreducible
leader group from Theorem 1, (due to the assumed existence
of a spanning tree). According to Assumption 3, the nodes
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in the remainder of the graph are all necessarily non-sensing.
The node dynamics (10), for such nodes, can be written in the
form containing two local neighborhood error terms

B= A%+ Fo X err(Br — 21) + Fo X eniZi — %), (20)

The first term F5 ) epr (2. — Z;) serves to synchronize
the non-sensing nodes with their peers from the remainder of
the network and the second term Fj ) . eri(Z; — Zi) serves
to synchronize these nodes with the irreducible leader group.
Because the remainder of the network contains only non-
sensing nodes, the dynamics (20) has no estimation term.
Let g, = ), ex; represent the overall pinning gain from the
irreducible leader group to the kth node in the remainder of
the graph. In terms of the observation error dynamics (11), the
node dynamics (20) is then given by

e = A + F5 (3, err(nr — i) — gumie) + F5 3, enini,  (21)
which is considered as composed of the nominal dynamics

i = An 4+ Fy (X, err (e — 1) — grme),  (22)

and the interconnection term Fj Zi ex:2;. Note that the nom-
inal dynamics (22) is a special case of conventional leader
following consensus, also known as the cooperative tracking
problem, [21], with a static leader node representing a zero
reference.

The following result proves convergence of the nominal
dynamics (22) for nodes in the remainder of the network.

Proposition 1. Consider a graph with a spanning forest hav-
ing root nodes of all trees pinned. Let each node in this graph
implement the nominal dynamics (22) with F5 = diag(N j*l)
with N; as in Theorem 1. Then the nominal dynamics (22)
is asymptotically stable, i.e. the observation error ny(t) con-
verges to 0 as t — oo, for v sufficiently large.

Proof: By use of the Kronecker product, the nominal
dynamics (22) can be written in the form

0= ®An—((L+G) @ Fon,
where L is the Laplacian matrix of the spanning forest and

G = diag(gy) is the pinning matrix.
Define a Lyapunov function candidate in the quadratic form

V=nT(©%M)n>0, (24)

where © = diag(6;) > 0 is selected based on Lemma 2 for L+
G and M is positive definite symmetric such that M F5 = ~v1,,.
Then the time-derivative of the Lyapunov function candidate
(24) equals

(23)

V=n" (@ ® (MA+ AT M)
~y (0 +&) +(L+G)TO) e L) @)
with M = diag(N;) = diag(a; [, ).
An upper bound on the time-derivative of the Lyapunov
function (25) is

V < amaxbmactmas (4+ A7) ln])
= Vhain (L + G+ (L+G)O) ], (26)

which is negative if
amaxemaXAmax (A + AT)
Amin (@(E + @)+ (L+ G)T@) '

v > 27

As the time-derivative of the Lyapunov function (25) is neg-
ative for ~ sufficiently large, this implies asymptotic stability
of the nominal dynamics (22), and concludes the proof. H

Remark 6. Design details for G; and F; coincide in Theorem
1 and Proposition 1 as they should for a practical design.
Namely, a node need not know if it is in the irreducible leader
group or in the remainder of the graph.

The entire network is thus a hierarchically coupled system
given by the observation error dynamics for the irreducible
leader group and the remainder of the network

i = (A= GiCo)mi + F; Y2 esj(nj — i), (28)

Ne = Aﬁk + F5 (ZT err(m — nK) — gknk) + F5>, enini, (29)

which are coupled through the interconnection term
F5 3", exini. We use results of Theorem 1, Proposition 1, and
the well known results on hierarchically interconnected sys-
tems to show the convergence of the entire network satisfying
Assumption 3. The following theorem constitutes the main
result of this section.

Theorem 2. Consider a network of nodes with the sensor
model (8) implementing the estimation dynamics (10) to es-
timate states of the plant dynamics (7) under the noise-free
settings w = 0 and &; = 0,Vi. Suppose that Assumptions 1, 2
and 3 hold. Let conditions of both Theorem 1 and Proposition
1 apply to the irreducible leader group and the remainder of
the graph, considered as pinned. Then each node state Z;(t)
asymptotically converges to the plant state z(t), in the sense
of (13) for ~v sufficiently large.

Proof: The entire network is a hierarchically coupled
LTI system of the irreducible leader group (28) and the
remainder of the graph (29). The eigenvalues of hierarchically
interconnected LTI systems are given by the eigenvalues of
their autonomous subsystem blocks on the system matrix
block-diagonal, (which is a generally known result in lin-
ear systems). Theorem 1 shows the asymptotic stability of
(28) and Proposition 1 shows the asymptotic stability of the
autonomous subsystem (nominal dynamics) in (29), hence
implying stability of the hierarchically coupled system. [ ]

Alternatively, to show the convergence of the entire network,
a composite Lyapunov function could be constructed as in
[40].

If the process and measurement noises are not zero, it can
be shown based on Theorem 1 that the observation error
(11) is indeed uniformly ultimately bounded, [21], so that the
estimated state Z; converges to the plant’s state z within a
bounded region whose size depends on the noises.

Remark 7. Results of this section extend [32] by consid-
ering a general plant dynamics, while considering process
and measurement noises, unlike [37], that assumes perfect
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measurements. Moreover, different from [37], all nodes in
the irreducible leader group and the remainder of the network
implement the same observer dynamics (10) and design their
local observer gains GG; and distributed observer gains F; in the
same way, independently of each other. In particular, a given
non-sensing node need not know if it is in the irreducible
leader group or the remainder of the network. Theorem 1 and
Proposition 1 imply different lower bounds on  hence, for the
purposes of design, a more conservative one should be chosen
by all nodes to guarantee the stability of the entire network.

The general conclusions of this section provide a basis for
the specific design detailed in the following section. Theorem
1, Proposition 1 and Theorem 2 require several design param-
eters, @;, U;, o, and +, which are not specified yet. Their
choice influences the performance of the proposed distributed
observer dynamics. In the following section, we detail the
design procedure and address the specific choice of these
design parameters. Those pertain to distributed observers,
nevertheless they will be chosen, in fact, to emulate certain
desirable properties of the Kalman filter.

V. DESIGN PROCEDURE

This section proposes the distributed observer design, satis-
fying conditions of Theorem 2, for an individual node under
the original plant dynamics with process noise (7) and sensor
model with measurement noise (8).

Preliminary steps:

1) Choose v > 0 satisfying both following bounds
Amaz (A + AT)
)\min>0(WLm+1m+l + L£+1m+1w)

Y > Wmax ’ (30)

and
Amax (21 + AT
Amin (@(Ji +G)+ (L + G)T®> '

ii) Choose [, such that 0 < 8 < 1.
iii) Let every node ¢ know the values of €2, v, and 5.

¥ > i 31)

Design steps:

1) Every node i, O; # (), chooses its U; = Z; and Q; = Qo,
where €;, is found from

Qio

32
Qio1 (32)

TrLQ/J—;T _ |: QilQ :| )

Qs

2) Every node i,0; # 0, then calculates M[l as the
solution of the ARE (17).
3) Every node i, O; # 0, also calculates
wminAmin M M .
aijmax = ( 1QZ 7) T yJ S Oiv (33)
wmax(p - 1))\max (Aj + Aj )
and communicates the value of o; max L0 all other nodes
in the network. B
4) Every node k € D;,Vj, chooses its a; as

(34)

aj = min{1, Bon; . }

where o, = min{a;;, |i € D;}.

5) All nodes design their G; and F; according to Theorem 1.

The preliminary steps are the only centralized elements of
the design. Note that, in contrast to [33], [34], our communica-
tion scheme does not require communicating the covariances.
Neither we consider channel noise as is done in [35]. This
reduces the communication burden and improves stability.

Remark 8. The design procedure outlined above relies on
having @); > 0 as this is needed in Theorem 1. If, however,
there is no disturbance acting on the plant, {2 = 0, we propose
a slight modification of the design by choosing the design
parameter ); as Q; = el,,, , where € is a small positive scalar
chosen considering magnitudes of the noise covariances =;.

Furthermore, for purposes of the design, the assigned covari-
ance matrices (); and U; can be scaled equally by an arbitrary
constant, at least for asymptotically stable plants or unstable
plants with a,; > 1,Vj € U, O;. This scaling brings an
additional degree of freedom offered by the design to possibly
improve the estimator performance.

Note, that the choice of «; in (34) is conservative to satisfy
the upper bound on «; in (18). This conservativeness comes
from the choice of ;. in (33). If [D;| = 1, i.e. only one
node observes the jth state-group, then (33) is the same as
(18). On the other hand, if |D;| > 1, i.e. more than one node
observers the jth state-group, then (33) is more conservative
that (18).

According to (34), if the upper bound on «; is greater than
1, i.e. auj,,,. > 1, then a; = 1. Otherwise «; is chosen
such that 0 < a; < 1. There is no reason for «;; to be chosen
greater than 1, since the greater the «; the smaller the stability
margin guaranteed by the Lyapunov function in the proof of
Theorem 1. The exact value of ¢; is in this case determined
by the auxiliary design parameter 5.

The lower bounds on + in (30) and (31) imply (71) and (27).
The lower bound (71), following from Proof of Theorem 1, is
primarily determined by the indefinite term A,,q, (H + HT).
The block diagonal matrix (H+H?'') is composed of two types
of blocks (H;,+HL) and (H;;+HL). The first type, given by
Hip, = M;o(Aio — GiCio),i €V, j € O;, corresponds to the
observable state-groups of the ith node and the eigenvalues of
such a block are negative. Hence those do not affect the lower
bound on ~ in (71) and can be disregarded. The second type
(Hi5+HZY) is also a block diagonal matrix but with indefinite
blocks (H,; + Hg;) = amax(Af +A;), i€V, je O, where
Oimax 18 an upper bound on all «;. It yields a new numerator
of the lower bound (71) in the form

Amar(H + HT) S amax)\maz(Aj + Af) (35)

Taking into consideration an upper bound on ¢, (34), one can
put amax = 1. Then the new numerator (35) of (71) and also
the second lower bound (31), yield simplified lower bounds
(30) and (31).

Hereby we showed that the outlined design indeed satisfies
conditions of Theorem 1 and Proposition 1, guaranteeing
observer convergence as per Theorem 2.

Remark 9. The conservative choice of ;s brings robustness
to a sensor failure. If one node stops measuring and its previ-

137



ously measured state-groups are still measured by other nodes
in the network, the observation error dynamics remains stable
according to Theorem 2. This property allows incorporation
of redundant nodes to the network to increase robustness of
the distributed observer. Moreover, fixing of the upper bound
on o, (34), brings an additional benefit; it establishes definite
lower bounds on «y, which are independent of «;.

A. Theoretical analysis

This subsection provides further discussion on the properties
of the presented distributed observer design, in particular
reflecting on the similarities with the celebrated Kalman filter.

Remark 10. Design parameters (); and U; are chosen as
covariance matrices of the process and measurement noise to
emulate the Kalman filter design. Hence every sensing node
implements its local Kalman filter to estimate observable state-
groups of the plant given its local measurements and noises.
This brings local sensor fusion.

To elucidate this further, we analyze the behavior of the
local observer gain G; in dependence of the design matrices Q;
and U; given by noise covariances. Following the properties of
the Kalman filter, which are well documented, [38], [45], [46],
if for the ith node G; is chosen according to the solution M, '
of the ARE (17), then if U; increases while @); is fixed G;,
decreases in magnitude and if @); increases while U; is fixed
Go, defined in (58), increases in magnitude. In other words,
the more uncertain the plant state, the greater the weight given
to the measurements and vice versa; the more uncertain the
measurements, the less the weight given to them, or rather
greater weight is given to the plant state. This describes the
local sensor fusion that fuses the already known state estimate
with newly incoming measurement, akin to that of the Kalman
filter.

Let us recall properties of the ARE in the following result.

Lemma 3. By scaling both design matrices Q; and U; by some
positive scalar § > 0, for all i, O; # 0, the local observer
gain G; does not change but the distributed observer gain F;
scales with § for v fixed.

Proof: Multiplying the ARE (17) by the scaling gain ¢
yields
M, AL+ Ai M +6Qi—26M; ' CLU Cio MY = 0, (36)
(M) Ajy + Aio(OM; 1) +6Qi

— 268 )CE (5

Hence, by multiplying both @); and U; by § the solution ]\7[[1
of the ARE (17) scales as 4. Inserting the scaled terms into
(18) we get

U NCio(6M; ')y =0. (37)

0 1 Winin Amin (ZieDj M?QLMZ>
<o <= ,
77 0 Wiax (p — |Ds]) Amaa (A5 + AT)
which yields that the upper bound on «; scales as 1 /9 and
thereby NV j_l scales as . Inserting this scaling into (19) we
obtain

(38)

o [ SN 0

Fig. 1. A beam divided into 15 finite elements with a sensor network
consisting of 4 sensing nodes, {1,2, 3,4}, and 2 non-sensing nodes, {5,6}.

This shows, that by scaling @; and U, by 6, Vi € V the
distributed observer gain F; scales as §.

In contrast, this scaling does not affect the the local observer
gain G; because the contributions of M; ' and U; ' cancel
each other
(OM;7 1) Cio(3U;71)

J— i
G =T, K (40)

Remark 11. This has a clear interpretation in the context
of our design. The local observer gain G; effects the local
Kalman filter from the history of local measurements and state
estimate. If both the process noise €2 and local measurement
noise =; scale equally, the local observer gain G; will not
change but the distributed observer gain F; will increase, if ~
is kept the same. Simply, the more uncertain the measurements
for the state-group j the greater weight will be given to the
information coming from the network even for non-sensing
nodes.

Moreover, the restriction of the upper bound on all o to 1
brings an additional degree of freedom in the observer design
as it was already mentioned in Remark 8. It separates scaling
of the observable and unobservable parts of F;;. From the proof
of Lemma 3 it follows that scaling of {2 and =; by some §
scales only the block of F; corresponding to the observable
subsystem, as long as all «; = 1. This additional functionality
can improve overall performance of the estimator, however
it applies only to stable systems or unstable systems with
Qs > 1,Vj € Ule @L

Remark 12. The value of «; is chosen the same for all
nodes not measuring the jth state-group directly to design
their F;. But in fact, ; is determined by the nodes that do
measure this state-group directly, by (18). To be more precise,
«j is determined by the worst sensor sensing state-group j.
This means, if we have a faulty measurement somewhere in
the network, in average we have more corrupt sources of
information, the more the non-sensing nodes will listen to
the network. This increases network cohesion and ultimately
reduces the steady state error covariances.

VI. NUMERICAL SIMULATIONS

The proposed distributed observer design is numerically
validated on a model of a clamped beam adopted from [42,
Section 1.1.4]. The beam is 150 cm long, with a cross-section
of 1 cm?. It is divided into 15 elements, i.e. 14 free and 2
clamped (fixed) nodes as depicted in Fig. 1. Each node has 3
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Fig. 2. The 2-norm of the output matrices C,,; for the first four modes j
and all possible sensor positions k£ on the beam on the left and chosen sensor
positions on the right.
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Fig. 3. Frequency response from 6th input to 3rd output.

degrees of freedom (displacement in x and z axis, and pitch
in y axis. In general, the clamped beam model represents a
mass-spring-damper system which is described in nodal form
by a second order matrix differential equation

(41)
(42)

M{(t) + Dq(t) + Kq(t) = Bou(t),
Y= CoqQ(t) + Covd(t)y

where ¢, ¢, and ¢ are nodal displacement, velocity, and acceler-
ation vectors in R*2, M, D, and K are the mass damping, and
stiffness matrices in R*2>%42, B, € R#2x14 ig the input matrix
and Cyq, and C,,, are the output matrices in € R14%42 The
beam mass and stiffness matrices are given in [42, Appendix
C.2]. The damping matrix is given by Rayleigh damping in
the form D = M - 1075 + K - 1075, The sensor locations are
given by Coy = I14 ® Coq, Where coq = [0 1 0] and C,, is
a zero matrix. For purposes of a proper sensor placement we
first evaluate performance of all possible sensor locations. For
the distributed observer design we consider zero control input,
ire.u=0.

A transformation to modal form is used to obtain the
block diagonal structure of the system required by the design.
Following the transformation procedure, described in [42], we
obtain the full modal state-space representation

£(t) Apa(t), (43)
y(t) = Cnz(), (44)
with A,,, = diag(A,,;) and Cy, = [Cpny, Oy - -, O,
where j = 1,2,..., f and f represents the number of modal
pairs (state-groups) z; = [W;jqm, qm].]T consisting of modal

displacement z;, = W;qy,,; and modal velocity z;, = ¢, The
matrices A,,; are in the form
0 w;
Ap, = _ U 45
’ { —wj =250, } @

where @; is the jth modal frequency and (; is the jth modal
damping ratio. Since the plant is a flexible structure, the modal
output matrix C,,, satisfies Assumption 1.

The model order reduction technique, [42], is used to obtain
the reduced model containing the first [ = 4 dominant modes
given by frequencies @ = [89,221,409,651]7 Hz, hence the
set of state-groups is & = {1,2,3,4}. The output matrix
C,, is reduced column-wise to contain only the 4 chosen
modes. The 2-norm of the output matrices C,,,; for the 4
considered modes j € S and all possible sensor positions
k € {1,2,...,14} is depicted in Fig. 2 on the left. The
output matrix is further reduced row-wise by choosing only
the sensor locations 3,7,9,11 for good sensing performance
of all 4 modes. A detailed comparison of the 2-norm of output
matrices C,,, ; for chosen sensor locations is shown in Fig. 2
on the right. As discussed in Remark 1, the magnitude of
some kaj is very small for the distributed design, hence one
can consider them to be zero as long as the Assumption 2
remains satisfied. The small magnitudes of Cy,,; for chosen
sensor locations appear in Fig. 2 in red color. Observable set
for each node is allocated as follows: O; = {1,2,3,4},05 =
{1,3},05 = {1,2,4},04 = {1,2,3},05 = 0 and Og = .
The observability of modes is found to satisfy Assumption 2.

After the model order reduction and sensor placement we
obtain the reduced-order model of the beam given by the
plant dynamics with process noise, (7), and sensor model
with measurement noise, (8). The reduced-order model has
A € R®*® and C € R**8. Fig. 3 shows a comparison
of the amplitude characteristic of frequency response for the
nominal plant and the reduced model. The frequency response
is calculated by considering an input displacement at node 6
in z direction and measuring a response of a sensor at node
4 in y direction. It is introduced for a better interpretation of
the reduced model, however for purposes of this design we do
not consider any input.

The communication topology of the sensor network is given
in Fig. 1. It consists of four sensing nodes V; = {1,2,3,4}
contained in an irreducible leader group and two non-sensing
nodes Vo = {5,6} located in the remainder of the graph, i.e.
VY = V1 U Vs, Note that the topology satisfies Assumption 3.
The corresponding adjacency matrix is

(46)

O oo oOo O
[Nl ol e N
— RO OR
O OO OO
O OO O OO
O OO O OO

The beam model represents a low damped flexible structure
with stable poles close to the imaginary axis. For this reason
the bounds on the a; and < do not restrict the design, i.e.
their values can be set arbitrary large. Nevertheless, following
the design guidelines from Section V we set o; = 1,Vj. The
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value of v is chosen later such that the rate of convergence
corresponds to the speed of the local observers.

A. Simulation with initial conditions

Functionality of the proposed distributed observer is demon-
strated on a simulation of the clamped beam excited only
by initial conditions. The plant initial conditions in nodal
coordinates are set to zero except the displacement in z
direction at Tth position which is set to 0.01. The corre-
sponding initial conditions in modal coordinates are: z(0) =
[2.9,0,—5.2,0,—6.2,0,21.5,0]. Initial conditions of nodes
in the sensor network are chosen randomly in appropriate
scales. The sensing nodes’ measurement noises are WGN with
covariance matrix = = diag([2, 5, 3,0.1])-10~°. Process noises
are also WGN with randomly generated diagonal covariance
matrix Q = diag([6, 10, 10, 6,18, 14, 8,8]) - 10~%. The remain-
ing design parameters are: o = 1, 8 = 1, and vy = 200.

Out analysis follows three simulated scenarios:

a) General simulation with introduced parameters.
b) Measurement degradation of 4th node, i.e. Q44 = 1072,
¢) Failure of the communication link 4 — 1, i.e. e;4 = 0.

In all three investigated cases 2-norm of the state observation
error 7);;, depicted in Fig. 6, converges to a bounded region
given by the magnitude of the process and measurement
noises, hence each node ¢ € ) obtains a full estimate of
the plant state vector. These results validate the conclusion
of Theorem 2. In general, more dominant modes have bet-
ter observability, therefore their convergence speed is faster,
which is evident from the figures.

a) General simulation: This simulation shows the function-
ality of the proposed observer. The convergence of the ith node
modal estimate Z;; to the plant modal vector z; can be seen in
Fig. 4. and also in Fig. 6a in form of 2-norm of the estimation
error 7;;. The comparison of the sensing nodes’ measurements
with their measurement estimates is given in Fig. 5.

b) Measurement degradation: In case of corrupted mea-
surements of the 4th sensing node, the convergence of the
estimator is shown in Fig. 6b. The 4th node obtains the
full estimates of the plant state together with the rest of the
network in spite of its corrupted measurement. The reason is
the judiciously designed distributed observer which for the 4th
node takes into consideration the large noise variance of that
measurement and thereby imposes small G4 and large Fy. In
other words 4th node assigns much larger confidence to infor-
mations from its neighbors than to its corrupted measurement.
This also follows from the 2-norms of G4 and F, before and
after the measurement degradation, which are ||G4l|, = 248,
|Filly = 1 and |G|y, = 0.44, || Fy4|l, = 12, respectively. By
its comparison to a general case from Fig. 6a it can be seen,
that small noise variance in 4th sensing node provides slight
improvement in convergence rate of the estimator.

¢) Communication link failure: By failure of the commu-
nication link from node 4 to node 1, the redundant sensing
node 4 gets disconnected from the irreducible leader group.
In this particular case, the rest of the network is not able to
obtain information from the 4th node. Since the Assumption 2
remains satisfied the nodes are still able to obtain full estimate

e 107 Mode 1 6 X 103 Mode2
<l\)': 0 (]\i 0 ‘
& &
-4 -6
0 0.3 0.6 0 0.4 0.8
time, ¢ [s] time, ¢ [s]
%1073 Mode 3 0y X 1073 Mode 4
S T
g g
8 24
0 0.5 1 0 4 8
time, ¢ [s] time, ¢ [s]

Fig. 4. The plants modal displacements and nodes’ estimates, z;, and 2;;_,
Y(i,4),%i € V,j € S, in time-domain, response to initial conditions.
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Fig. 5. Comparison of measured and estimated nodal displacement g, , Vk €
{3,7,9,11} of the sensing nodes, response to initial conditions.

of the plant states. Fig. 6¢ shows that the 4th node estimates the
modes faster than other nodes, except for the 4th mode which
is in agreement with the network. The small noise variance in
the 4th node measurement causes the 4th node to assign larger
confidence to its measurements that to information from the
network, therefore the 4th nodes estimates of the modes 1,
2, and 3 show faster convergence than the network. On the
other hand, the 4th mode is unobservable from the 4th nodes
perspective, hence it receives information on that mode from
the network. This is in line with the analysis of the observer
convergence provided in Section IV. Note that, because there
is no other link from the node 4 to the irreducible leader group,
failure of this link is identical to the failure of the sensing node
4 from all other nodes’ perspective.

B. Steady-state simulation

To provide insight into the overall deterioration of precision
of nodes’ estimates for all three investigated cases from
Section VI-A, the plant and the sensor network are simulated
in a steady state with zero initial conditions. Fig. 7 shows a
comparison of the calculated variances of modal displacement
observation errors z;;,. It can be seen that differences in the
variances are negligible, hence the proposed design is found
robust to measurement degradation and a link/node failure.
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Fig. 6. The 2-norm of the state observation error 7;5, V(4,7),i € V,j € S,
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response to initial conditions. Simulation for three cases: a) general case for

demonstration of the observer convergence; b) 4th sensor measurement degradation; c) failure of the communication link from node 4 to node 1.
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Fig. 7. Variance of modal displacement estimation error 7;;,, ¥(4,),1 €
V,j € S, steady-state simulation for the three cases a), b) and c).

VII. CONCLUSION

In this paper, we propose a distributed Luenberger-like ob-
server design for sensor networks, which considers disturbance
acting on states of the plant and noise corrupting the sensor
measurements. Observer nodes in the sensor network are
designed and implemented in a fully distributed manner based
only on their local information and information from their
neighbors. The presented distributed observer design exhibits
good scalability on large-scale sensor networks and flexibility
to integrating new nodes into the network. Additional node
redundancy provides robustness to communication link or
node failures. The convergence of the state estimates of
networked observers to the plant (target) state are rigorously
proven. The observer design is thoroughly described and
its theoretical analysis is provided. Numerical simulations
validate the proposed distributed observer design.

APPENDIX A

Proof of Theorem 1: Define a Lyapunov function candi-
date in the quadratic form

V =3y wind Mn;,

where w; > 0 is the element of the left eigenvector corre-
sponding to zero eigenvalue of the Laplacian matrix L defined
in Theorem 1 and M; € R™*" is a positive definite symmetric
matrix to be specified later in the proof. The time-derivative
of this Lyapunov function candidate is

V= > iy wi (" Min; + nf Minjs),
V= Ziev wmiT (Mz(;l — G;CII) + (;1 — GiCiH)TMi) i
+2 Ziev wm?MiFi ZjEV eij(nj —mi).  (49)

47)

(48)

Let M;F; = ~I,, with v € R*. The second term can be
rewritten to a quadratic form according to [13] as follows

23 ey win] MiF; 3 ey eij(nj — i)
2732, wiein; (n; — i)

v wieini (g =)+ 2, wiein) (i —n;) =
=2, wieij(n; — ni)t(n; —mi), (50)

yielding the derivative of the Lyapunov function in the form

V= ey wing (Mz(le — GiCII) + ([1 - GiCiH)TMi) M
=X jev wieij(ny —mi) " (n; —ni). (51

Note, that the second term of the time-derivative of the
Lyapunov function (51) is negative semidefinite. It is zero
only for the case n; = 1;,Y(j,i) € . To show V < 0 we
investigate two cases; first, for n; = n;, V(j,1) € &, the second
term vanishes and we show that the first term is then negative
definite. Then, for 3(j,7) € £,7; # n;, we show that the
second negative definite term overpowers the first indefinite
term.

1) Let n; = n;,Y(j,7) € & The time-derivative of the
Lyapunov function then retains only the first term

V =Yy winf (Mi(fl — G,CiII)
+M—GﬁmﬁMgm.ﬁm

Define a permutation matrix 7; € R™i %™, TiT = T[l, that
rearranges the states groups 7;; of ith observer node into
observable and unobservable ones as follows

2]

Applying this transformation, the time-derivative of the Lya-
punov function can be written as

Nio
Nio

0 = (53)

V= D iy wiﬁiTTz' (Mz(zzl - G;C1II)
+ (A= GO M) T, (54)

V=3, win (GM;TFH(TATY - T,G,CITY)
+ (GAT - T,G,eITHT T M T )™, (55)
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V= waii™ (Mi(A = GiCi) + (A= GiC)T ML) i, (56)
with the state-space matrices of the plant dynamics in the

Kalman decomposed form

X _— . Ay 0
= ; 1 ; T = Lo
A=T,AT ' = T,AT, { o AL } ,

0],

) (57)
C;=CHrl =[ ¢

and the local observer gain matrix and matrix M; in the form

éz = T‘sz = |: C:Oio :l ;
_ 58
v =y = | M Y Y
T — 4+ 2 0 N'L I

where A;, = diag(4;), j € O; and A;; = diag(A;), j € O;
are block diagonal matrices with |O;| and |O;| blocks on
their diagonal. Similarly, N; = diag(N;), j € O; is a block
diagonal matrix with |O;| blocks on its diagonal in agreement
with the block structure of A;;. Matrix C;, can be interpreted
as a row vector consisting of |O;| elements (matrices) C;j,
j € O;. Note that the system matrix A in (57) has zero
matrices on the off-diagonal blocks because of the Assumption
1 considering observability of a state-group.

We can write the time-derivative of the Lyapunov function
as V =3, winl (Ji + JF)h; with

([
—{GSO}[QO 0]), (59)

or in an expanded form as follows

Ji =

Mi (Aio - Giocio)

_ 0
+(Aio — GioCio) " M;
Ji=| T ) U P
0 b
+ AN

This transformation allows us to split the time-derivative of the
Lyapunov function into two terms representing the contribu-
tions of observable and unobservable state-groups separately

V=3, winh (Mi(Aio — GioCio) + (Aio — GioCio) " M;) mio
+ 3, winis (NiAiz + ALN:) niz. (61)
Referring to Theorem 1, let ); > 0 and U; > 0 are

chosen matrices and the local observer gain is given by
Gio = M[lC»TUfl, where M;l is the solution of the ARE

2071

(17). Then by using the ARE (17), the first term of the time-
derivative of the Lyapunnov function can be simplified

Mi(Am — GioCio) + (Aip — Giocio)TMi =
Mi ((Aio - Giocio)Mi_l + Mi_l(Aio — GiOCiO)T) Mi =
M;(M;7YAL + Ajo M —2M 7 CTUT Cf MM, =

M;(—Q; — M, 'CEU*Ciu MY ) M;.  (62)

Then the time-derivative of the Lyapunov function is

V = Zi wlnzT(‘)Ml(sz - Mi_lcTU‘_lcioMi_l)Minio

+ > winh (NiAis + ALN;) nis. (63)
By neglecting the negative semi-definite term with

(-M;'CEUC;,M; ') we find an upper bound on

01
the time-derivative of the Lyapunov function as

V< =3, wink M;Q; Min;o
+ > wink (NiAis + ALN;) nis. (64)
Finding lower bound on the first term gives
> Widmin(M; Qi M) nEnio < S, wink M Qi Mini,  (65)
Let N; = diag(N;),N; € R%*" j € O;. Denote

R; = N;A;j +AJTN ;» then the time-derivative of the Lyapunov
function is

V<= iepwi (Zg‘eoi )\min(MiQiMi)ng;Injnij)
+ iy Wi (Zje@i niTjRjnz‘j) . (66)
Let us recall that here 7; = 7;,V(j,4) € £, which implies
that all corresponding state-groups of all nodes are equal, i.e.
Ny = 1m; = n2 = - = 1p;,Vj € S. This allows us to

rewrite the time-derivative of the Lyapunov function into the
"y _ T
form V' =3, sn;" Ejn; where

Ej <=2 iep, Wi Amin (M3 Qs M;) I, + Yiep, wik;, (67)

with sum over state-groups instead of sum over agents and
vice versa. For V < 0, as state-groups are dynamically
independent, F; < 0 has to be satisfied by each state-group
j. The second sum in FE; is indefinite while the first sum is
negative definite. To allow V<0, every state-group has to be
observable by at least one agent to have at least one negative
definite term in Ej;. Note that this property is guaranteed by
Assumption 2.

Using the definition N; = «;1,,, from Theorem 1 we derive
an upper bound on matrix E; as follows

Ej < —Wmin ZiGDj )\min(MiQiMi)
+ (p - ‘,DjDajwmam)\maz (Aj + AJT) .

Choosing «; as in (18), E; < 0, thus V < 0 for the
investigated case when n; = n;,V(j,i) € £.

(68)

2) Let now 3(j,4) € &, n; # n;. Define a Kronecker product
W =W ®I,, W = diag(w;) and a block diagonal matrix
H = diag(M;(A — G;CiII)), i € V. Rewriting the derivative
of the Lyapunov function (51) to the matrix form gives

V= (W(H +HT))
— " (WL+L"W)@I,)n. (69)

The first term of (69) is generally indefinite while the second
term is negative definite. Finding upper and lower bounds on
these two terms we get

V < wmaz)\mam<H + HT)||77||2

— YAminso(WL+ LTW)|ln|*  (70)
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Hence the derivative of the Lyapunov function is negative
definite for

Amaz (H + HT)
Aminso(W L+ LTW)’

Y > Wmaz (71)

For sufficiently large 7, V < 0 for the second investigated
case 3(j, 1) € &, m # n;.

Hereby we showed that the time-derivative of the Lyapunov
function candidate (47) is negative definite. Hence the nodes’
estimation dynamics (10) is stable in the sense that nodes’
states always converge to the plant state. This concludes the
proof. ]
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8. DISTRIBUTED ADAPTIVE CONSENSUS PROTOCOLS

Stefan Knotek, Kristian Hengster-Movric, and Michael Sebek, Distributed adaptive consensus protocol
with decaying gains on directed graphs, 6th IFAC Workshop on Distributed Estimation and Control in
Networked Systems, Tokyo, Japan, September, 2016. IFAC-PapersOnLine 49 (22), pp. 355-360, 2016

Stefan Knotek, Kristian Hengster-Movric, Michael Sebek, Distributed adaptive consensus protocol
with Laplacian eigenvalues estimation, 21st International Conference on Process Control (PC), 2017,
pp. 269-273, 2017

The following two conference papers investigate the possibilities of using adaptive consensus
protocols on directed graphs in which the only remaining requirement for centralized information
in the synchronizing region based designs is avoided through adaptation the coupling constant. In
particular, the coupling constant in the synchronizing region designs, required for single-agent
design, is often found to depend on the global graph topology which is not known to each/any
single-agent. Distributed adaptation protocols are supposed to, in a way, overcome this obstacle
by providing that information to all single-agents dynamically. Those results were first presented
on the 2016 Necsys conference, and 2017 Process Control conference. Results are applicable, in
principle, to all designs based on synchronizing region methods, which would, in turn, make them
indeed fully distributed.

The first section presents a distributed adaptive consensus protocol that solves the cooperative regulator
problem for multi-agent systems with general linear time-invariant dynamics networked on directed, strongly
connected communication graphs. This protocol addresses the problems of recent distributed adaptive
consensus protocols with large or unbounded coupling gains. These problems are solved by introducing a novel
coupling gain dynamics that allows the coupling gains to synchronize and decay to some estimated value.
Unlike the static consensus protocols, which require the knowledge of the smallest real part of the non-zero
Laplacian eigenvalue to design their coupling gain, the proposed adaptive consensus protocol does not require
any centralized information. It can be therefore implemented on agents in a fully distributed fashion.

The second section addresses distributed consensus problem for multi-agent systems with general linear time-
invariant dynamics and undirected connected communication graphs. A distributed adaptive consensus protocol
is found to solve problems of existing adaptive consensus protocols related to different, generally large and
possibly unbounded coupling gains. This protocol guaranties ultimate boundedness under all conditions,
however for an asymptotic stability, a proper estimation of reference values for coupling gains is required. In
this work, we propose an algorithm for the estimation of this coupling gain reference. The algorithm is based
on a distributed estimation of Laplacian matrix eigenvalues. In comparison to previously proposed algorithm
based on the interval halving method, this algorithm offers robustness to change of the network topology. In
addition, it decouples the estimation from the consensus protocol; hence it does not influence stability
properties of the adaptive consensus protocol.
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Abstract: In this paper we present a distributed adaptive consensus protocol, that solves
the cooperative regulator problem for multi-agent systems with general linear time-invariant
dynamics and directed, strongly connected communication graphs. The protocol addresses the
problems of recent distributed adaptive consensus protocols with large or unbounded coupling
gains. These problems are solved by introducing a novel coupling gain dynamics that allows the
coupling gains to synchronize and decay to some estimated value. Unlike the static consensus
protocols, which require the knowledge of the smallest real part of the non-zero Laplacian
eigenvalues to design the coupling gain, the proposed adaptive consensus protocol does not
require any centralized information. It can be therefore implemented on agents in a fully

distributed fashion.

Keywords: cooperative control, adaptive control, multi-agent systems.

1. INTRODUCTION

In past few decades an increasing demand for the cooper-
ation of multiple interconnected systems initiated a great
progress made in the design of distributed controllers for
networked multi-agent systems. The inspiration came from
the collective animal behaviour such as schooling of fish,
flocking of birds, herding of quadrupeds and swarming of
insect.

The designs of distributed controllers were motivated by
the previously developed theoretical results in the central-
ized control. When the centralized controller is used for
the control of a network of agents, the controller views it
as a single complex system, therefore the complexity of the
centralized controller increases with the complexity of the
network. In most applications the centralized controller
can not observe the full state information due to commu-
nication constrains between agents. Moreover, centralized
controller might fail when the network topology changes,
e.g. an agent or an edge is added or dropped. Therefore the
distributed control approach was developed for the control
of the multi-agent systems. It handles all drawbacks of the
centralized approach and enjoys many advantages, such as
robustness, flexibility and scalability.

The basic distributed consensus protocols for formation
control in networked multi-agent systems are introduced
by Fax and Murray (2004), Olfati-Saber and Murray
(2004), Olfati-Saber et al. (2007) and Ren et al. (2007).
Various approaches of design of distributed controllers on
directed communication graphs are summarized by Zhang
et al. (2012). The passivity based design of cooperative
controllers is introduces by Arcak (2007). A unified view-
point on design of consensus regulator on directed graph
topologies using the synchronizing region is introduced by

* This work was supported by the Grant Agency of the Czech Tech-
nical University in Prague, grant No. SGS16/232/OHK3/3T/13.
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Li et al. (2010). The design of distributed controllers and
observers using state or output-feedback in continuous and
discrete-time is considered by Zhang et al. (2011), Zhang
et al. (2012) and Hengster-Movric and Lewis (2013).

The static consensus protocols, e.g. by Li et al. (2010) and
Zhang et al. (2011) are very popular in the community be-
cause of their well developed and simple controller design.
However, because the centralized information (knowledge
of the graph topology) is required by each agent by the
design, they are not fully distributed.

The recently developed adaptive consensus protocols by
Li et al. (2013) and Li et al. (2015) propose a solution to
this problem. Since they do not rely on any centralized
information, the distributed controllers of agents can be
implemented independently without using any global in-
formation. Nevertheless the benefit from distributiveness
suffers from the high control effort and weak robustness.

In Knotek et al. (2016) we present an adaptive consen-
sus protocol to solve the cooperative regulator problem
on undirected graphs. The protocol introduces a novel
coupling gain dynamics that forces the coupling gains
to synchronize and decay to some estimated value. This
solves the above mentioned problems of recent adaptive
consensus protocols. In this paper we expand these results
to solve the cooperative regulator problem on directed
strongly connected communication graphs.

This paper is structured as follows. Section 2 introduces
the basic notation and graph preliminaries used through-
out the paper. Section 3 states the problems that are being
solved by the novel adaptive consensus protocol presented
in Section 4. Numerical simulations of the introduced
protocol are given in Section 5. Section 6 concludes the

paper.



2. PRELIMINARIES

In this paper the following notations and definitions are
used. R™*" denotes the set of m x n real matrices. A
matrix M = diag(v) for v € R™ denotes R"*™ diagonal
matrix with elements of the vector v on the diagonal.
Positive (semi)-definite symmetric matrix is denoted by
M = (>)0.

A directed graph is given by G = (V,€), where V =
{v1,...,vn} is a nonempty finite set of nodes and £ C V x
Vis a set of arcs. An arc is an ordered pair of nodes (vj, v;),
v; # v;, where vj is a child node and v; is a parent node, i.e.
the information flows from node v; to node v;. A directed
path of length IV from node v; to node vy is an ordered set
of distinct nodes {vy,...,vn} such that (v, vi41) € € for
alll € [1, N —1]. A directed graph is strongly connected if
there exist a directed path from every node to every other
node. In the sequel, we assume the graph G to be directed,
strongly connected and simple, i.e. there are no repeated
edges or self-loops (v;,v;) € &, Vi.

The adjacency matrix E = [e;;] € RV*N associated with
the graph G is defined by e;; > 0 if (vj,v;) € €, otherwise
eij = 0. Let the degree matrix D = [d;;] € RV*YN be a
diagonal matrix given by d;; = > i Cig- Then the graph
Laplacian matrix is defined by L = D — E. Denote p € RY
the left eigenvector of L, such that p” L = 0.

3. MOTIVATION

Consider a graph G, that consists of IV identical agents
with general LTT dynamics

i; = Ax; + Bu;, i=1,...,N (1)
where z; € R™ is the state, u; € R™ is the input, and
A € R"™™ and B € R™™ are constant matrices. The

matrix A is not necessarily stable but the pair of matrices
(A, B) is assumed to be stabilizable.

The goal is to design a control law to solve the cooperative
regulator problem in the sense of lim; o ||z; — ;|| =
0, Vi,j = 1,...,N without requiring any centralized
information. An adaptive control approach proposes a
possible solution to this problem.

There has been several proposed distributed adaptive con-
sensus protocols. The adaptive consensus protocol intro-
duced in Li et al. (2013) solves the cooperative regulator
problem on undirected connected graphs. The more recent
adaptive consensus protocol by Li et al. (2015) solves the
cooperative tracking problem on directed graphs contain-
ing a spanning tree with the leader as the root node. The
distributed adaptive consensus protocols do not require
any global information of a communication graph, there-
fore they are fully distributed. Nevertheless they introduce
also several drawbacks.

Since their coupling gain dynamics contains a quadratic
term the coupling gain derivative is a monotonically in-
creasing function and the coupling gain values rise as
long as there is some error in states between agents. The
farther the initial conditions of the agents, the higher
the final values of the coupling gains. The coupling gains
might therefore reach higher values than it is needed for
the network stability. The coupling gains are decoupled,
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therefore they end up with different final values and the
network gets unbalanced, i.e. the agents react differently
to the input signal.

Assuming some noise in state measurements, the coupling
gains would permanently rise until they reach some phys-
ical bound. Therefore the coupling gains could be just
statically set to the boundary value and the adaptive
consensus protocol would not be necessary.

To solve the cooperative regulator problem on directed
strongly connected graphs and address the above men-
tioned difficulties, we introduce a novel adaptive control
protocol, that allows coupling gains to decay and synchro-
nize.

4. ADAPTIVE CONSENSUS PROTOCOL

Let each agent implement a control input in the form
N
ui:ciKZeij(xj—xi)7 izl,...,N (2)
j=1

where ¢; > 0 is the time-varying coupling gain associated
with an ¢-th agent. The i-th agent dynamics is given by

N
Z; = Az; + CiBKZeij(xj —i). (3)
j=1

Let each agent implement the coupling gain dynamics

N N
C7 = Z eij (Ij 71‘1‘)Tr(1}j 7177) +Z eij(cj 7Ci) 76(61 7/11‘)
7j=1

j=1

(4)
where ¢ > 0 is a constant, x; > 0 is a constant estimated
by the i-th agent and I' € R™*™ is the adaptation-gain
matrix.

The gain matrices K and I' are designed by the LQR
method. Let @ € R"*™ and R € R™*" be positive definite
symmetric matrices, then

K=R'BTP (5)
I'= PBK (6)
where the positive definite symmetric matrix P € R"*"

is the unique positive definite solution of the algebraic
Riccati equation (ARE)

0=A"P+PA+Q-PBR'BTP. (7)

The introduced adaptive consensus protocol (2, 4) is
motivated by Li et al. (2013) and Li et al. (2015), however
there are several major differences. The coupling gains are
associated with each agent as by Li et al. (2015) and not
each interconnection as by Li et al. (2013), but the protocol
is more similar to Li et al. (2013). This leads to qualitative
changes in the network interactions.

The coupling gain dynamics (4) is not a monotonically
increasing function as it was in Li et al. (2013) and Li
et al. (2015). It consists of three main terms. The first term
on the right-hand side > e;;(z; — 2)TT(z; — x;) is the
non-negative quadratic term motivated by the coupling
gain dynamics from Li et al. (2013). Its purpose is to
push the coupling gains to higher values until the states
get synchronized. The second term on the right-hand side



> j €ij (¢j—c;) synchronizes the coupling gains and thereby
solves the above mentioned difficulties with different and
to some extent high coupling gains. The third term on
the right-hand side —¢(¢; — ;) pushes the coupling gains
to k; and by this solves the problem with generally high
gains. The value of k; is estimated by an estimation
algorithm. The decay rate ¢ determines the strength of
the convergence of the coupling gain ¢; to the value of «;.

The proper estimation of x; is required for the exponential
stability of the network dynamic (3, 4). Not estimating «;
and just setting it to zero would mean that the solution of
the network dynamics ends up in a bounded set. This worst
case behaviour guarantees that the states of agents can not
get arbitrarily far apart from each other and provides time
for the estimation of ;. The value of k; is estimated by an
estimation algorithm from the network trajectory. This is
thoroughly discussed in the next sections.

In the sequel, we derive the network dynamics (3, 4)
and investigate its stability. First we define a general
network dynamics (8, 9). Then step by step by modifying
the general network dynamics (adding new terms to the
coupling gain dynamics) we derive the introduced network
dynamics (3, 4). In each step we investigate the stability
of the obtained network dynamics. These results we use to
conclude the stability of the network dynamics (3, 4).

4.1 General network dynamics

Assume the general network dynamics (3, 4) with £ =0
N
2; = Az; + ¢;BK Z eij(z; — x;) (8)

j=1

N N
= eij(wy — ) Tlay —a) + ) eijle; =) (9)
=1 =1

where decay term —¢(c; —k;) that pushes the coupling gain
value ¢; to the value of k; is omitted.

Assume that the general network dynamics starts with dif-
ferent initial states and different initial coupling gains of all
agents. Consider agents with unstable but stabilizable dy-
namics. If the coupling gains are small the general network
dynamics might be unstable and the states of agents might
diverge. The adaptive term is positive while there is some
error in states of agents, therefore it pushes the coupling
gains to higher values. At the same time the coupling gain
synchronization term pushes the coupling gains towards
each other to synchronize. When the coupling gains rise
sufficiently high the general network dynamics becomes
stable and the states of agents start to synchronize. When
the states of agents get synchronized the adaptive term
is zero. If the coupling gains are not synchronized yet the
synchronization term synchronizes the coupling gains and
they get steady at some common final value. Note that
since the coupling gains are non-negative real numbers the
coupling gain synchronization term can not push them to
negative values.

Starting with agents having a stable dynamics, the general
network dynamics behaves the same as in the previous case
except that it is always stable because it is stable for any
coupling gain values. Note that the control law just speeds
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up the synchronization of the states of agents. Since all
agents end up in one common equilibrium the control law
does not need to be implemented to reach consensus.

From the previous analysis, one expects that the states of
agents synchronize and the values of the coupling gains
rise and synchronize to some finite value for all initial
conditions, i.e. the general network dynamics is globally
asymptotically stable. This result is confirmed by the
simulations.

Note that by the asymptotic stability of a network we
mean the stability with respect to the collective dynamics
of agents in the sense of ||z; — z;|| = 0 as t — oo, Vi, J.
Same holds for the exponential stability with addition,
that convergence ||z; — ;|| = 0 as t — oo, Vi, j is faster
than some exponential function.

The work on the proof of the global asymptotic stability of
the general network dynamics (8, 9) is currently in progress
therefore we introduce just an idea of the proof. Define the
virtual leader zg = ), p;z; and the virtual tracking error
0; = x; — xo. Assume the coupling gain dynamics (4) with
¢ =0, then the network error dynamic is

N
5.,' = A(S, + CZ‘BKZSU((;]‘ — 51)

Jj=1

N N
- ZkakBKZBkj(aj —dr) (10)
k=1 j=1

N N
=y eiley =)+ ei(6—6) T(6; —6,). (1)
j=1 Jj=1
Consider a Lyapunov function candidate
N N
V= ZP#Z;TP(;@ + sz'(ci - a)?
i=1 i=1

where « is some positive constant. The time-derivative of
the Lyapunov function candidate along the trajectory of
the network error dynamics (10, 11) is

V =0"[PL® (ATP + PA) —a(P.L+L"P)®T]s

(12)

1
—"'P L — 5(:T(PlL + LTP)c. (13)

where Py = diag(p), 6 = (67,...,0%)7 is the vector of

virtual tracking errors, ¢ = (c1,...,cn)7 is the vector
of time-varying coupling gains and v = (vy,...,vx)7 is
the vector of quadratic forms given by v; = 6T6;. To

prove that the general network dynamics (8, 9) is globally
exponentially stable it has to be shown, that for every
initial condition there exists « such that V' < 0.

The general network dynamics (8, 9) synchronizes the
coupling gains to one common value that is lower than
the final value of the largest coupling gain without using
the coupling gain synchronization. This is found to solve
the problems of the recent adaptive consensus protocols
Li et al. (2013) and Li et al. (2015) with different and
partially large gains. Nevertheless the general network
dynamics inherits the problem with unbounded coupling
gains. Therefore we modify the general network dynamics
to allow coupling gains to decay and introduce the uni-
formly ultimately bounded network dynamics (14, 15).



4.2 Bounded network dynamics

Assume the coupling gain dynamics (4) with x; = 0, Vi,
then the network dynamic is given by
N
€Tr; = AQ?Z + ciBKZeZ—j(xj — .’EZ>
j=1

Ze” Tj—x;) TI‘ Ti—;) —&—Ze”

This network dynamics consists of the general network
dynamics (8, 9) and an additional decay term —f¢; in
the coupling gain dynamics that pushes the values of the
coupling gains to zero.

(14)

)—Le;. (15)

Consider agents with unstable but stabilizable dynamics.
Assume that the network dynamics (14, 15) starts with
different initial states and different initial coupling gains
of all agents. Note that the network dynamics might
be unstable because of small coupling gains. Then the
adaptive term overpowers the decay term therefore the
coupling gains start to rise. When the coupling gains rise
sufficiently high the network becomes stable and the states
of agents synchronize. When the states of agents get close
to each other the decay term overpowers the adaptive term
and the coupling gains start to decay to zero. Decreasing
coupling gains slowly destabilize the network dynamics.
When the coupling gains decay sufficiently low the network
becomes unstable and the states of agents start to diverge.
With the states far from each other the adaptive term
again overpowers the decay term and the cycle repeats.
Hence one expects oscillatory behaviour of the network
trajectory in some set. The term that synchronizes the
coupling gains apparently does not have any influence on
this oscillatory behaviour. The simulations of the network
dynamics (14, 15) from Section 5 confirm the boundedness
of its solution.

If the agents are stable then also the network dynamics is
stable. The states of agents converge to the equilibrium
point and thereby synchronize, therefore the consensus
protocol is not necessary. Applying the adaptive consensus
protocol one expects faster convergence to consensus. Let
the network dynamics start with different initial states and
initial coupling gains of agents. The coupling gains start
to rise because the adaptive term overpowers the decay
term. The states of agents are pushed towards each other
to synchronize by the adaptive consensus protocol. When
the states of agents get close to each other the decay term
overpowers the adaptive term and the coupling gains start
to decay to zero. At the same time the states of agents
synchronize and the coupling gains tend to zero therefore
the states end up synchronized in the equilibrium point
and the coupling gains end up being zero.

The work on the proof of the boundedness of the solution
of the network dynamics (14, 15) is currently in progress
therefore we introduce just the possible sketch of the proof.
Define the coupling gain transformation z; = ¢; — £,
where [ is some positive constant. Then the network error
dynamics (14, 15) in the new coordinates (4, z;) is
N N
6; = Ad; +2z;BK Z eij(éj —61‘) +08BK Z €ij ((53 —(57;)

Jj=1 Jj=1
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N N
- ZkakBKzekj((Sj - (Sk) (16)
k=1 j=1
N
Ze” ;) T(6; = 0:)+ Y eij(zj — 2i) — Lz — B
j=1
(17)

This network dynamics consists of some nominal dynamics
and the non-vanishing perturbation term —/¢j3, therefore
consider it as the perturbed nominal dynamics. First it
has to be shown, that the nominal dynamics is globally ex-
ponentially stable and the Lyapunov function and its time
derivative are bounded. Then, since the non-vanishing per-
turbation term is bounded, following (Khalil, 1996, Lem.
5.2) it can be shown, that the perturbed nominal dynamics
(16, 17) is uniformly ultimately bounded.

The boundedness of the network dynamics (3, 4) is an
important property. It says that for x; = 0, Vi, the solution
of the network dynamics is uniformly ultimately bounded,
i.e. in the worst case the solution ends up being bounded.

Having uniform ultimate boundedness is necessary, but not
sufficient for a practical implementation of the protocol.
For that reason we introduce the full form of the proposed
coupling gain dynamics (4). In comparison to the coupling
gain dynamics (15) it contains an additional term ¢x;, that
can cancel effects of the non-vanishing perturbation term
—{£f from (17).

Consider the coupling gain dynamics (4), then the network
error dynamics reads

N N
Si = A5i+ZiBKZeij((Sj—(Si)—FﬁBKZeij((Sj—(Si) (18)

j=1 =1

N
Zi = Az + Uy — 08 + Zeij(zj —z)

j—l
Z €ij (0

Increasing the k;, effects of non-vanishing perturbation
term are continuously reduced until the condition k; = 3,
Vi is met. If k; > B, Vi the non-vanishing perturbation
term is cancelled, the dynamics reduces to the case of nom-
inal dynamics and it gets globally exponentially stable.

6)TT(6; —6:). (19)

4.3 FEstimation of k;

Now we have to properly estimate the value of k; to reach
global exponential stability of the network dynamics (3,
4). We require sufficiently high value of k; to guarantee
global exponential stability but at the same time we want
the value as low as possible to minimize the control effort.

To estimate the value of k; we propose an algorithm based
on the interval halving method. The idea is to increase
the value of k; as long as the trajectory of the network
dynamics oscillates, i.e. it is uniformly ultimately bounded.
When the network trajectory oscillates the non-vanishing
perturbation term is present in the dynamics. To cancel
this term the value of x; has to rise until the non-vanishing



perturbation term is cancelled and the network dynamics
gets globally exponentially stable. The oscillating trajec-
tory implies oscillating coupling gain, therefore the cou-
pling gain ¢; is sampled by some sampling frequency f;
and recorded in some time window At. The highest and
the lowest recorded values are averaged and this average is
then used as a new k;. This process is repeated all the time.
The coupling gain ¢; and the trajectory of the network
dynamics stop to oscillate when the network dynamics
becomes globally exponentially stable. Then also the k;
reaches the steady state value.

Note that the sampling frequency fs has to be chosen
according to the Nyquist-Shannon sampling theorem. The
sampling rate must exceed 2 f,,q. and the time window At
must be greater than 1/ f,:n, where fra. and fo, are
the highest and the lowest frequency in the system. The
decay-rate and the size of the non-vanishing perturbation
are determined by the positive constant ¢. The decay
term can be interpreted as a filtration term therefore the
constant ¢ influences also the frequency and the amplitude
of oscillations of the coupling gain c¢;.

To handle the noise acting on state measurements the
value of k; is updated only if the difference between the
maximal and minimal recorded coupling gain values is
greater than some predefined dead-zone. Note that the
dead-zone influences just the estimation of k; therefore
it does not harm the stability of the network. The solution
of the network dynamics is uniformly ultimately bounded
and with a properly chosen dead-zone corresponding to the
measured noise it remains uniformly ultimately bounded
however it approaches the exponential stability as close as
the dead-zone, and thus the noise, allow.

The simulations verify the theoretical results on the
proposed adaptive consensus protocol with the interval-
halving estimation algorithm.

5. SIMULATIONS

This section shows the simulations of the proposed adap-
tive consensus protocol (2, 4) with agents described by
linear double integrator dynamics

. Jo1 0 i, .

The interval-halving algorithm for the estimation of k; is
configured to the time window At = 5s and the sampling
frequency fs = 10Hz. The initial value of x;, Vi is set to
zero. Initial conditions of the agents are

x;,(0) € (=10,10), 2;,(0)=0, ¢(0)=0, WVi. (21)
The uniform ultimate boundedness of the solution of the
network dynamics (3, 4) for k; = 0, Vi is shown by
simulations in Figure 1. The algorithm for estimation of
ki was not used and k; was just statically set to zero. The
simulation on a circular communication graph consisting
of 50 agents is situated on the top of the figure and the
simulation on a communication graph consisting of two
interconnected circles each with 25 agents is situated on
the bottom. The topology of the communication graph
with two interconnected circles is shown in Figure 4.
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Fig. 1. Simulations of the proposed protocol without
estimation of k;, for k; = 0, Vi. The simulation of
50 agents on a circular topology is shown on the top
and the simulation of two interconnected circles each
with 25 agents is shown on the bottom.

In following simulations the final coupling gain value is
compared to the minimal coupling gain value required
by the static consensus protocol. The static consensus
protocol implements the input in the form of (2), but
instead of ¢; it uses just one coupling gain ¢ for all agents.
To guarantee stability by the static consensus protocol the
coupling gain value has to satisfy

1

> 22
“= omin R(\) (22)
where min 2(};) is the smallest non-zero real part of the
eigenvalues of the Laplacian matrix L.

Simulations of the proposed protocol with the interval-
halving estimation algorithm for the estimation of x; are
shown in Figure 2. The simulation on a circular graph
consisting of 50 agents is situated on the top of the figure.
In the first few seconds of the simulation the response is
uniformly ultimately bounded because of the low coupling
gain values. As the coupling gain values rise the network
reaches cooperative stability and states synchronize. The
coupling gains reach steady state value 61.2 while the
calculated lower bound on the coupling gain required by
static consensus protocols is 63.4. The simulation on a
graph consisting of two interconnected circles each with
25 agents is situated on the bottom of the figure. The
topology of the communication graph is shown in Figure
4. The steady state value of the coupling gains reach 15.4
while the calculated lower bound on the coupling gain for
the static consensus protocol is 16.

Figure 3 shows the simulations of the proposed protocol
with and without noise acting on the state measurements.
The simulations have been done on the circular graph
consisting of 10 agents. The steady state value of the
coupling gains is 3.2 without noise and 5.5 for the case with
noise, respectively. The static consensus protocol require
the coupling gain value to be greater than 2.6. Since the
coupling gain values end in a bounded set and they do
not permanently rise as they do in Li et al. (2013) and
Li et al. (2015), the proposed protocol with the interval-
halving estimation algorithm is found robust to the noise
acting on states.
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6. CONCLUSION

We presented a novel distributed adaptive consensus pro-
tocol, that solves the cooperative regulator problem on
directed, strongly connected communication graphs. The
protocol introduces a novel coupling gain dynamics, that
forces the coupling gains to synchronize and converge to
some estimated value. This solves the problems of re-
cent adaptive consensus protocols with high gains and
consequently large control effort. The value to which the
coupling gains converge is estimated by the estimation
algorithm based on the interval-having method.

The simulations of the proposed adaptive consensus pro-
tocol verify the theoretical results. Due to decay term, the
coupling gains in some situations attain lower values than
conventional algorithms. The protocol is found robust to

the noise in state measurements unlike the recent adaptive
protocols whose gains would permanently rise.

The work on the proofs of the global asymptotic stability
of the general network dynamics (8, 9) and the uniform
ultimate boundedness and the global exponential stability
of the network dynamics (14, 15) for different r; is still
ongoing. The investigation of relation between the decay
rate £ and the parameters (time window At and sampling
frequency f) is the task of the future research.

REFERENCES

Arcak, M. (2007). Passivity as a design tool for group
coordination. IEEFE Transactions on Automatic Control,
52(8), 1380-1390. doi:10.1109/TAC.2007.902733.

Fax, J. and Murray, R. (2004). Information Flow and Co-
operative Control of Vehicle Formations. IEEE Trans-
actions on Automatic Control, 49(9), 1465-1476.

Hengster-Movric, K. and Lewis, F. (2013). Cooperative
observers and regulators for discrete-time multiagent
systems. International Journal of Robust and Nonlinear
Control, 23(14), 1545-1562. doi:10.1002/rnc.2840.

Khalil, H.K. (1996). Nonlinear Systems. Prentice-Hall,
Upper Saddle River, NJ, 2nd edition.

Knotek, S., Hengster-movric, K., and Sebek, M. (2016).
Distributed adaptive consensus protocol with decay-
ing gains. URL http://aadcc.dce.fel.cvut.cz/
members-publications/49.

Li, Z., Duan, Z., Chen, G., and Huang, L. (2010). Consen-
sus of Multiagent Systems and Synchronization of Com-
plex Networks: A Unified Viewpoint. IEEE Transac-
tions on Circuits and Systems I: Regular Papers, 57(1),
213-224.

Li, Z., Ren, W., Liu, X., and Fu, M. (2013). Consensus
of Multi-Agent Systems With General Linear and Lip-
schitz Nonlinear Dynamics Using Distributed Adaptive
Protocols. IEEE Transactions on Automatic Control,
58(7), 1786-1791.

Li, Z., Wen, G., Duan, Z., and Ren, W. (2015). Designing
fully distributed consensus protocols for linear multi-
agent systems with directed graphs. IEEFE Transactions
on Automatic Control, 60(4), 1152-1157.

Olfati-Saber, R., Fax, J.A., and Murray, R.M. (2007).
Consensus and Cooperation in Networked Multi-Agent
Systems. Proceedings of the IEEE, 95(1), 215-233.

Olfati-Saber, R. and Mwrray, R.M. (2004). Consensus
problems in networks of agents with switching topology
and time-delays. IEEFE Transactions on Automatic
Control, 49(9), 1520-1533.

Ren, W., Beard, R.W., and Atkins, E.M. (2007). Infor-
mation Consensus in Multivehicle Cooperative Control.
IEEE Control Systems Magazine, 27(2), 71-82.

Zhang, H., Lewis, F.L., and Das, A. (2011). Optimal
Design for Synchronization of Cooperative Systems:
State Feedback, Observer and Output Feedback. IEEE
Transactions on Automatic Control, 56(8), 1948-1952.

Zhang, H., Lewis, F.L., and Qu, Z. (2012). Lyapunov,
Adaptive, and Optimal Design Techniques for Coopera-
tive Systems on Directed Communication Graphs. IEEE
Transactions on Industrial Electronics, 59(7), 3026—
3041.

150



Distributed adaptive consensus protocol with eigenvalue estimation

Stefan Knotek, Kristian Hengster-Movric and Michael Sebek

Abstract— This paper addresses distributed consensus prob-
lem for multi-agent systems with general linear time-invariant
dynamics and undirected connected communication graphs.
A distributed adaptive consensus protocol is found to solve
problems of existing adaptive consensus protocols related to
different, generally large and possibly unbounded coupling
gains. This protocol guaranties ultimate boundedness under
all conditions, however for an asymptotic stability, a proper
estimation of reference values for coupling gains is required.
In this work, we propose an algorithm for the estimation of the
coupling gain reference. The algorithm is based on a distributed
estimation of the Laplacian eigenvalues. In comparison to the
previously proposed algorithm based on the interval halving
method, this algorithm offers robustness to change of the
network topology. In addition, it decouples the estimation from
the consensus protocol, hence it does not influence stability
properties of the adaptive consensus protocol.

I. INTRODUCTION

In last two decades, a great effort has been made in
distributed control and estimation in formations of mobile
robots, satellites and vehicles. The inspiration came from the
natural behaviour of swarms, flocks and schools. Connecting
the graph theory, describing the topological structure of a
network, and control theory, the basic consensus protocols
for formation control in networked multi-agent systems are
introduced in [1], [2], [3] and [4].

Previously developed theoretical results in control of
single-agent system motivated the designs of recent dis-
tributed controllers and observers. For example the passivity-
based design of cooperative controllers for cooperation and
synchronization of multi-agent systems is described in [5].
A unified viewpoint on design of consensus regulator on
directed graph topologies using the synchronizing region is
introduced in [6]. The design of cooperative regulators and
observers using state or output-feedback in continous and
discrete-time is considered in [7], [8] and [9].

The static consensus protocols presented in [6], [7] and
[8] use a feedback coupling gain that satisfies a bound
calculated from the smallest non-zero real part of Laplacian
eigenvalues. The graph structure has to be known to calculate
this bound. Therefore centralized information is required by
each agent.

Distributed adaptive consensus protocols propose a solu-
tion to this problem on undirected connected graphs [10] as
well as on directed graphs having a spanning tree with leader
as a root node [11]. These protocols do not rely on any cen-
tralized information, therefore they can be implemented by
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each agent separately without using any global information.
The protocols guarantee cooperative stability, however the
benefits from adaptability suffer from possibly large control
effort and lack of robustness to noise.

To avoid these drawback, a novel distributed adaptive
consensus protocol is developed. Firstly, it was designed
to solve the cooperative regulator problem on undirected
connected communication graphs [12]. This work was later
extended to directed graphs having a spanning tree [13]. The
protocol is fully distributed, therefore it does not require any
centralized information. The lack of centralized information
is compensated by its estimation. The protocol runs an
algorithm for estimation of reference values for coupling
gains. If the reference values are estimated properly, the
network of agents is asymptotically stable. On the other hand
the solution of the network dynamics is ultimately bounded.

In this paper, we introduce an algorithm for proper esti-
mation of coupling gains’ references. The algorithm is based
on distributed estimation of Laplacian eigenvalues presented
in [14] and [15]. Each agent implements this algorithm and
estimates the smallest non-zero eigenvalue of the Laplacian
matrix. This values is then used to calculate the coupling
gain required for the asymptotic stability of the network.
The algorithm offers better robustness to change of the
network topology than the previously introduced estimation
algorithm based on the interval halving method. Moreover,
it decouples the estimation of coupling gains’ references
from the adaptive consensus protocol, thereby maintains the
stability property of the adaptive consensus protocol.

This paper is organized as follows. Section II introduces
the basic notation and graph preliminaries used throughout
the paper. Section III introduces the problems addressed by
the adaptive consensus protocol with the novel estimation
algorithm. The adaptive consensus protocol is presented
in Section IV. Section V introduces the novel algorithm
estimating the eigenvalues of Laplacian matrix. Numerical
simulation are given in Section. VI. Section VII concludes
the paper.

II. PRELIMINARIES

Through this paper the following notations and definitions
are used. R™*™ denotes the set of m x n real matrices.
Denote 15 as a column vector with IV entries, all equal to
one. A vector v = 0 has all entries equal to zero. A matrix
M = diag(v) for v € R™ denotes R™*" diagonal matrix with
elements of v on the diagonal. The smallest and the largest
eigenvalue of a matrix M are denoted by oyin(M) and
Omax (M), respectively. Positive (semi)-definite symmetric
matrix is denoted by M > (>)0. The sum over all agents



is denoted by >, for i =
directly.

An undirected graph is given by G = (V,€&), where
V = {v1,...,un} is a non-empty finite set of vertices
and £ C V x V is a set of edges. An edge is a pair of
nodes (v;,v;), v; # vj, representing that agents 7 and j can
exchange information between them. In sequel, the graph G
is assumed to be undirected, connected and simple.

The adjacency matrix E = [e;;] € RV*N associated with
the graph G is defined by e;; = ej; > 0 if (v;,v;) € &,
otherwise e;; = ej; = 0. Define the vector of node degrees
as d = F1ly, and the degree matrix as D = diag(d). Then
the graph Laplacian is defined by L = D — E.

1,..., N when it is not stated

III. PROBLEM STATEMENT AND MOTIVATION

Consider a group of N identical agents. Each agent is
described by a general LTI dynamics
(El:A(EZ-i-B'LL“ Z:].,

N, (D

where x; € R™ is the agents state, u; € R™ is the agents
input, and A € R"*™ and B € R™*"" are constant matrices.
The matrix A does not need to be stable but the pair of
matrices (A4, B) is assumed stabilizable. The communication
topology of the network of agents is given by an undirected
graph G, that is assumed connected.

Our goal is to synchronize the states of agents in the
sense of limy ,o ||z; — x;|| = 0,Vi,j without requiring
any centralized information. There has been developed many
adaptive consensus protocols that can reach this goal. How-
ever, all these adaptive consensus protocols suffer from
several drawbacks. They are:

« different final coupling gain values,
« higher final coupling gain values,
« week robustness to noise.

Our recent work [12], [13] present a novel adaptive
consensus protocol that avoids these drawback and solves the
cooperative regulator problem on undirected conected com-
munication graphs [12], later extended to directed strongly
connected communication graphs [13].

In this paper, we are going to extend the results on
undirected connected graphs [12] by proposing a new method
for estimation of coupling gain values.

IV. DISTRIBUTED ADAPTIVE CONSENSUS
PROTOCOL

Let each agent implements an adaptive control law [12],
[13] given by a control input and a coupling gain dynamics

uizciKZjeij(xj—xi), iZl,...,N, (2)
¢ =3 eij(wj—x) T (wj—:)+ 37 eij(cj—ci)—(ci—ri),

3)
where ¢ > 0 is a constant, ¢; > 0 is the coupling gain
associated with the ¢-th agent and x; > 0 is a coupling gain
reference estimated by the i-th agent.
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The gain matrices K and I" are designed by LQR method.
Let Q = Q7 € R™™™ and R = RT € R™*™ be positive
definite symmetric matrices, then

K =R 'BTP,
I'=I'"=PBK = PBR'B"P,

“4)
&)

where matrix P > 0 is the unique solution of the algebraic
Riccati equation
AP+ PA—PBR'BTP=—Q. (6)

The task of the coupling gain dynamics (3) is to adapt
the coupling gains c;. It consists of three main terms. The
first term on the right hand side pushes the coupling gains
to higher values until the states of agents get synchronized.
The second term on the right hand side synchronizes the
coupling gains. The third term on the right hand side pushes
the coupling gain c; to its reference x;. The value of the
reference k; is estimated by an estimation algorithm. The
strength of the third term is determined by the positive
constant £.

The estimation algorithm determines the stability of the
network of agents implementing the adaptive control law
(2, 3). Each agent runs this algorithm to estimate its own
coupling gain reference k,. Since the coupling gain ¢; is
pushed to its reference x; by the coupling gain dynamics
(3), each agent estimates its own coupling gain. For small
values of k; below some bound x; < 3 the network dynamics
is ultimately bounded and the agent’s trajectories oscillate.
For large values of k; bigger than this bound x; > 3, the
network dynamics is asymptotically stable and the agents
reach consensus. Note that the ultimate boundedness is the
worst case scenario that guaranties stability albeit bounded.
This property provides sufficient time for the estimation of
Kij.

With increasing x; increases also c¢; and thereby the
control effort. Hence, the aim of the estimation algorithm
is to estimate proper k;, that is sufficiently high to reach
asymptotic stability of the network but at the same time as
low as possible to minimize the control effort.

In the next section we present an estimation algorithm for
estimation of x;. We discuss its benefits and drawback, and
provide a comparison with previously proposed algorithm.

V. EIGENVALUE ESTIMATION ALGORITHM

The main contribution of this paper is an estimation algo-
rithm for estimation of the coupling gain reference x;. The
algorithm is based on the estimation of Laplacian eigenvalues
proposed in [14], [15]. Each agent estimates the Laplacian
eigenvalues by performing an algorithm with the following
updating rule

pi(t) = Zjej\[i(f,) ai(t) — q;(t),
@i(t) = X jen, oy Pi(t) +p;(t),

where p;, q; € R are artificial states of ¢-th agent.

)



The network implementing the updating rule can be de-
scribed by a time-varying autonomous linear system

Bl e
where e { E(]Z) _(i\(;t) } ’ ©)

and Oy € RV*N is the matrix of zeros.

Since A is a skew symmetric matrix, all its eigenvalues
are on the imaginary axis. Moreover, the eigenvalues of A
can be derived from the eigenvalues of the Laplacian matrix
L.

Lemma 1 ([14], Thm. 1). Consider an undirected graphs G
given by a Laplacian matrix L. Let A be given as in (9).
Then for every eigenvalue of Laplacian matrix L there is a
complex pair of eigenvalues of matrix A

VIDVEEDYE (10)

From Lemma 1 follows, that each state p; and g; follow an
oscillating trajectory, that is a linear combinations of sinusoid
oscillating at frequencies given by the Laplacian eigenvalues.
Note, that by change of the network topology the trajectories
remain continuous only the phase and the module of the
signal change. Using a Fast Fourier Transformation (FFT),
each agent can independently estimate the eigenvalues of the
Laplacian matrix. The smallest non-zero estimated eigenval-
ues is then used to calculate the new x;. The formula for
calculation of x; was adopted from the stability condition of
a static consensus protocol.

Consider a control law with the control input (2) and
one static common coupling gain c, i.e. the coupling gain
dynamic (3) is neglected and the coupling gains c; are re-
placed by only one static coupling gain c. A static consensus
protocol presented in [7] and [8] is obtained. Following
from [7, Thm. 1], a static consensus protocol is globally
asymptotically stable if

1
¢ 2 2)\min>0(L) . (1 l)
One could expect, that having one coupling gain separately
for each agents does not change the conclusion on stability.
If each ¢; satisfy (11), then the network of agents should
be asymptotically stable. The estimation algorithm uses this
conclusion to determine the new value of k; as

_ 1
2)\min>0(L) .

If the agents correctly estimate the smallest non-zero
eigenvalue of the Laplacian matrix the network of agents
should be globally asymptotically stable. Note, that this
eigenvalue might be unobservable for some agents or some
agents might catch some other bigger eigenvalue instead of
the smallest non-zero one. It this case the adaptive control
protocol (2, 3) still guarantees ultimate boundedness of the
solution. The network of agents will be stable but the agents’
trajectories might oscillate.

12)

Rj
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To estimate r;, each agent performs the estimation algo-
rithm consisting of following steps:

1) At the beginning ¢ = 0 generate the initial conditions
pi,qi € {-1,1}

2) Perform the state updating rule (7).

3) In a time window At estimate the frequencies of

sinusoids of its artificial state p; or g;. The values of the

estimated frequencies correspond to the eigenvalues of

the Laplacian matrix.

Use the smallest non-zero estimated eigenvalue to

calculate the new r; from (11).

4)

Previously proposed estimation algorithm based on the
interval halving method represents a low-pass filter that can
handle only fast disturbances in the network. Change of
the network topology, like for instance adding an agent,
generates an abrupt changes in the local neighbourhood
errors, what results in increase of the values of x; and thereby
also c;. This estimation algorithm is therefore not robust to
change of the network topology.

Moreover, the interconnection of the estimation algorithm
and the adaptive consensus protocol creates an additional
artificial feedback in network dynamics. This interconnection
appears to be stable, however to prove analytical stability is
not an easy task. The approach we propose in this paper
decouples the control and estimation dynamics. Hence the
adaptive consensus protocol and the Laplacian eigenvalue es-
timator can be designed separately and their interconnection
does not create any artificial feedback in the network.

VI. SIMULATION RESULTS

The adaptive control protocol (2, 3) has been simulated
on a graph G consisting of agents described by linear double
integrator dynamics

e [3 3] ]

0 0
For comparison, both estimation algorithm are implemented
to estimate k,;. The interval-halving estimation algorithm
uses the time window At; = 5s and the sampling frequency
fs1 = 10Hz. The eigenvalue estimation algorithm uses the
sampling frequency fs2 = 1Hz. The positive constant ¢ was
set to 1 in both cases. Initial conditions of the agents are

2:,(0) € (=10,10), 2,,(0) =0, ¢;(0)=0, Vi. (14)

The simulations of the control protocol (2, 3) with the
previously proposed interval-halving estimation algorithm
and with the current eigenvalue estimation algorithm x; are
situated on the top and bottom of the figures, respectively.

The simulations on the circular graph consisting of 50
agents are shown in Figure 1. The proposed protocol im-
plemented with the interval-halving estimation algorithm
reaches lower coupling gains with preserving stability. The
distributed eigenvalue estimation algorithm estimates the
eigenvalues in the first 100 seconds. During this period
ki = 0, Vi. The smallest estimated non-zero eigenvalues
is then used for calculation of k;. After 100 second the
consensus is reached. The higher oscillating coupling gains
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Fig. 1: Simulation of 50 agents on a circular topology.
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Fig. 2: Simulation of 10 agents on a circular topology
assuming noise in state measurements.

come from the poor accuracy in the eigenvalue estimation. To
increase accuracy longer estimation time period is required.

Assuming small noise acting on states, the responses of
10 agents in circular topology are shown in Figure 2. The
distributed eigenvalue-estimation approach uses estimation
period of 20 seconds. From the figure it follows that the
proposed protocol implemented with both approaches is
robust to noise acting on states.

Figure 3 shows the response to the change in the network
topology. At the time instance of 30 seconds the graph topol-
ogy was switched from the circular graph of 4 synchronized
agents to the path graph and 5-th agent was connected to the
end of path. The distance of 5-th agent from the rest of the
network was chosen to be 10. The protocol implemented with
interval-halving estimation algorithm detected slight increase
of the coupling gains. This happened because of the abrupt
change in the network triggered by insertion of an agent. The
eigenvalue estimation algorithm adapted to the change in the
network by estimated the new smallest non-zero Laplacian
eigenvalue. Therefore, it was found robust to change in the
network topology.

VII. CONCLUSION

In this paper we extend the results on distributed adaptive
consensus protocol [12] by proposing a novel algorithm for
estimation of the reference value k; for the coupling gain
c;. The coupling gains’ references are then used by the
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Fig. 3: Simulation of 5 agents by change in a graph topology.

adaptive consensus protocol to reach asymptotic stability of
the network.

The estimation algorithm is based on the distributed esti-
mation of Laplacian eigenvalues presented in [14], [15]. It
contains a local updating rule to generate a signal oscillating
at frequencies corresponding to eigenvalues of the Laplacian
matrix. The FFT is then applied at this oscillating signal to
obtain the estimates of Laplacian eigenvalues. The smallest
non-zero estimated eigenvalue is then used to calculate the
coupling gain reference «;.

An advantage of this estimation algorithm is, that it
can adjust the coupling gains to the network topology.
This allows the adaptive consensus protocol to be used on
switching networks. Additionally, the algorithm decouples
the estimation of the coupling gains’ references from the
control law, thus it does not influence the conclusions on the
stability of the adaptive consensus protocol.
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