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Abstract

The rapidly evolving domain of network systems poses complex challenges, es-
pecially when considering scalability and transient behaviors. This thesis aims to
address these challenges by offering insights into the transient analysis and control
design tailored for large-scale network systems. The thesis consists of three papers,
each of which contributes to the overarching goal of this work.

The first paper, A closed-loop design for scalable high-order consensus, studies
the coordination of n™-order integrators in a networked setting. The paper introduces
a novel closed-loop dynamic named serial consensus, which is designed to achieve
consensus in a scalable manner and is shown to be implementable through localized
relative feedback. In the paper, it is shown that the serial consensus system will be
stable under a mild condition — that the underlying network contains a spanning
tree — thereby mitigating a previously known scale fragility. Robustness against both
model and feedback uncertainties is also discussed.

The second paper, Closed-loop design for scalable performance of vehicular
formations, expands on the theory on the serial consensus system for the special case
when n =2, which is of special interest in the context of vehicular formations. Here,
itis shown that the serial consensus system can also be used to give guarantees on the
worst-case transient behavior of the closed-loop system. The potential of achieving
string stability through the use of serial consensus is explored.

The third paper, Input-output pseudospectral bounds for transient analysis of
networked and high-order systems, presents a novel approach to transient analysis
of networked systems. Bounds on the matrix exponential, coming from the theory
on pseudospectra, are adapted to an input-output setting. The results are shown to
be useful for high-order matrix differential equations, offering a new perspective on
the transient behavior of high-order networked systems.
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1

Introduction

All around the world we can see large and complex networked systems emerge. Some
examples are power grids, transportation networks, and flocking of animals. Much
of our understanding of such systems comes from the study of their steady-state
behavior and the stability of this behavior. While this is fundamental — both good
steady-state behavior and stability are necessary for a system to be well-behaved —
in many cases the transient behavior may be of equal importance. For instance, in
the case of a vehicle platoon as illustrated in Fig. 1.1, the transient behavior may
determine weather the vehicles of the platoon will collide or not. To see this, consider
the simple vehicle model

X (1) = ui(x,1).

That is the vehicles are assumed to be identical point-masses which will accelerate
proportional to their control input u; (x,t). Now, a simple control strategy would be
to let the control input be proportional to the relative distance and relative velocity
to the vehicle in front of it, i.e.

ui(x,t) = ro(xi—1(t) —x;(t) = di) +r1 (%=1 (1) = %: (1)),

where d; is a desired distance that agent i should keep to the vehicle in front
of it. These position errors can be mesured through an onboard radar, something
modern commercial vehicles are already equipped with. By analysing the poles of
this system one can conclude that the system will be stable if ro,r; > 0 and this
is independent of the number of vehicles. Thus, all vehicles will eventually settle
at the desired intervehicle distances. However, as illustrated in Fig. 1.2, when the

AR

Figure 1.1 Illustration of a vehicle platoon.



CHAPTER 1. INTRODUCTION
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Figure 1.2 The lead vehicle in the formation changes its velocity. The deviation from the
desired intervehicle distance throughout the transient phase are shown. When the number
of vehicles increases the largest deviation increases. Clearly, the vehicles in the 100 vehicle
platoon will collide during the transient.

number of vehicles increases, then so will also the local deviations throughout the
transient phase. This behavior is known in the literature as string-instability, see e.g.
[Swaroop and Hedrick, 1996; Stiidli et al., 2017; Abolfazli et al., 2023; Feng et al.,
2019; Seiler et al., 2004], and is a spectacular example of a lack of scalability of the
control deisgn to large formations.

The problem of string-instability is, in fact, not only a theoretical problem. In
a recent test of commercial cruise control systems [Gunter et al., 2021] they found
that all seven tested systems had problems with controlling the transient and could
not be considered string-stable. Like in the example above, this means that small
errors in the speed and relative distances between the vehicles would get amplified
and propagated throughout the platoon. Clearly, this indicates that there is a need
for better understanding of the transient behavior of networked systems. While this
problem is particularly easy to grasp in the scenario of a string of vehicles, the issue
of error propagation or cascading failures is relevant to many engineered network
systems with other topologies, and a generalization of the notion of string stability
to meshed networks has also been proposed in e.g. [Besselink and Knorn, 2018].

1.1 Aims of the thesis

This thesis aims to study the behavior of large-scale networked linear systems when
controlled through relative feedback. In particular, emphasis is put on three aspects:
1) the transient behavior of such systems, 2) the design of scalable controllers that
ensures good performance and robust stability also as networks grow large, and
3) the development of a theoretical framework for the analysis of transient behavior,
for control systems in general and network systems in particular.

10



2

Background

2.1 Modelling of networked dynamical systems

In many applications, the dynamics of a networked system can be described by
considering a set of N interconnected subsystems. When the subsystems are similar,
such as in the case of a formation of vehicles, swarms of drones, or a network
of power generators, it is often convenient to describe the dynamics of the entire
network using a single dynamical model which captures the essential behavior of
the individual subsystems. For instance, in the case of a formation of vehicles, the
dynamics of each vehicle can be described by a double integrator model which
follows from Newton’s second law. The collective dynamics of the formation can
then be described by the simple model

Mi=u(x,t),

where x(7) € RN is the state representing the positions of the vehicles, M € RV*N
is a positive definite diagonal mass matrix, and u(x,¢) € RY is the control input. Of
course this model is a simplification of the real system, but it captures the essential
behavior of the system. In any case, understanding the behavior of this model is
a good starting point for understanding the behavior of the real system. A slightly
more general model is given by

Apx ™ () + A ix V(1) + -+ A1k () + Aox (1) = u(x, 1), (2.1)

where Axy € RV*N for k=0, 1,...,n are constant matrices and x®) (t) denotes the
k™ derivative of x(¢). This model is general enough to capture the dyanamics of
many networked systems. Even in the case of nonlinear systems, it is often possible
to approximate the dynamics by a linear model around some desired operating point.

2.2 Controlling networked dynamical systems

A core objective of a control design is to ensure that a system behaves well around
operating points and follow desired trajectories, even when disturbances and un-
certainties are present (which they always are). When controlling large networked

11



CHAPTER 2. BACKGROUND

Figure 2.1 A system consisting of N = 6 interconnected subsystems, where the connecting
lines represent communication links.

dynamical systems an additional constraint arrises, namely that the control input is
often required to be distributed. This means that each subsystem can only use infor-
mation from its neighbors to compute its control input. This is due to the fact that
a centralized controller would require very large communication and computation
resources, which may not be possible to implement in practice.

The constraint of distributed control can be formulated as follows. Let G =
(V,€) be a graph with vertex set V = {1,2,...,N} and edge set £ C Vx V. The
graph G represents the communication topology of the networked system, an example
of which is presented in Fig. 2.1. The edge (i,j) € £ indicates that agent i can
communicate with agent j. The set of neighbors of agent i is denoted N;. With this
notation, a general linear state feedback controller for system (2.1) can be written as

n
i (6, 1) = uier(n) = )" b (1), 22)
k=0 jeN;
where u; o (?) is the desired control input for agent i and bf’.() eRfork=0,1,...,n

and (i, j) € &€ are constant gains. Further constraints can then be placed on the b;;
to capture the permissible feedback. Throughout this thesis, we will often consider
relative feedback, which implies that };b;; = 0. Relative feedback, arising through
diffusive couplings or measurement equipment, like radars, that measure differences
in states, is prevalent in applications and known to be limiting to control of large-
scale systems, see e.g. [Bamieh et al., 2012; Tegling, 2018; Jensen and Bamieh,
2022].

Systems which can be formulated as (2.1) and are controlled with a controller
of the form (2.2) make up a large class of networked dynamical systems. This type
of systems and the solutions thereof will be the focus of this thesis.

12



2.3. SOLUTIONS OF LINEAR SYSTEMS

2.3 Solutions of linear systems

It turns out that the networked dynamical system that was outlined in the previous
section is a special case of a linear time-invariant system. The closed-loop system
can be written as

0 I, 0 0
fn=| 0 e+ || uer®)
0 0 I 0
—-Ap—-By -A1-By ... —-A,_1—-B,_1 B (2.3)
S~
A B
y(1) =C&(1).

where £(1) € RN" is the state vector, ur¢ (1) € R is the reference input, y(7) € RN
is the output, and A, B, and C are constant matrices. The solution of a linear time-
invariant system of the form (2.3) is well known and can simply be written as

t
y(t) = CeME(0) + / Ce™ =7 Buyes (7)dr.
0

2.4 The consensus problem

A particular case of a networked dynamical system is the consensus problem The
idea here is that each agent is allowed to observe the relative distances between itself
and its neighbors and then make a control effort which depends on these relative
distances. This can then lead to the agents reaching a common state, i.e., a consensus.
One of the simplest controllers which can be used to achieve consensus is the linear
consensus protocol, which has been studied extensively in the literature, see e.g.
[Young et al., 2010; Patterson and Bamieh, 2014; Siami and Motee, 2016]. The
linear consensus protocol is given by

X(t) = —Lx(t) + ures (), where x(0) = xo 2.4)

where xo € RV*N is the initial condition and L is a, potentially weighted, graph

Laplacian matrix. L can formally be defined as
L=D-W,

where D is a diagonal matrix with D;; = Z}V: | Wij and W is a weighted adjacency
matrix of the graph G(V,€), ie. W;; >0 <= (i,j) € £. It turns out that the
linear consensus protocol possess some interesting properties. For example, under
the relatively mild constraint that the graph G contains a directed spanning tree, then
this controller will drive the agents to a consensus, i.e., lim; , x; () —x;(#) = 0 for

13



CHAPTER 2. BACKGROUND

alli,j € V [Ren et al., 2007a]. Or in other words, the solution of (2.4) will converge
to a state x(¢) € span(1), where 1 is the consensus vector of all ones. Furthermore,
the solution of (2.4) will be contractive in the || - ||o-norm, i.e., ||x(#)]|co < ||x0]]co fOr
all # > 0 [Willems, 1976]. Lastly, since the stability of the linear consensus protocol
only depends on the existence of a directed spanning tree, it follows that additions
of new measurements to an already existing network will not affect the stability of
the system. These properties are very desirable in many applications, and the linear
consensus controller has therefore received ample attention in the literature, see e.g.
[Siami and Motee, 2016; Young et al., 2010].

In the case of formation control, the agents should of course not reach the same
position, but rather a fixed formation with desired inter-agent distances. This can
however be achieved by simply adding a constant offset vector to the controller. To
see this, consider £ = x — p, where p is a desired position. Then, the dynamics of
X is given by

i= ~L(x=px)—=Lpx+itret =—=LE+ (Uret — Lpx)

which is of the same form as (2.4) with u.f — Lp, as the new reference input. Hence,
the agents will reach a consensus with the desired offset with this simple controller.

2.5 High-order consensus

The linear consensus protocol can be used to coordinate a group of agents to a
common state. However, the agents will not be able to track a reference trajectory
with this simple controller. Though, there is a generalisation of the linear consensus
protocol which allows the agents to track a reference trajectory. This generalisation is
called the high-order consensus protocol, as considered in [Ren et al., 2007b]. Here,
the control of N identical nM-order integrator systems is considered. The dynamics
can be compactly written as

n—1
(1) = e (1) = > ~Lix®) (1) where x 0 (0) = x{", (2.5)
k=0
where x(()k) € RN is the initial condition for the k™ derivative of the state and Ly is a,

potentially weighted, graph Laplacian matrix.! This problem has also been studied
in e.g. [Jiang et al., 2009; Rezaee and Abdollahi, 2015; Radmanesh et al., 2017].
In [Tegling et al., 2023] it was shown that the high-order consensus protocol may
lead to an unstable closed-loop system unless the local gains for each agent is tuned

!'For simplicity, a scalar state x is considered, making longitudinal control the problem of interest.
With a higher-dimensional agent state, the control (2.5) can be applied in all coordinate directions,
provided the agents are point masses and the control can be decoupled. For non-holonomic agents, it
is slightly more involved, and outside the scope of this thesis.

14



2.6. VEHICLE FORMATION CONTROL

Figure source: U.S. Department of Transportation, 2015

Figure 2.2 Illustration of a vehicle formation.

with respect to the eigenvalues of the graph Laplacian. Thus, the underlying graph
structure in the feedback plays a crucial role, for the stability of the closed-loop
system.

Another property of the high-order consensus protocol is the existence of an n'"-
order integrator, even in the closed-loop system. This makes the system unstable.
Thus if one were to analyze or bound the norm of the associated solution operator
e, one would inevitably find out that SUpP; o le? || = co. In this scenario, the nt-
order integrator is designed to be associated with the consensus vector and is there to
allow the formation to track more complex trajectories. It is therefore interesting to
also study the behavior around the consensus vector, and the transient in particular.
This motivates the need for results which can describe the behavior of Ce** B for
t > 0, where A is the closed-loop system matrix, B3 is the input matrix, and C is the
output matrix, that makes the output orthogonal to the consensus vector.

2.6 Vehicle formation control

A particularly interesting case of the high-order consensus protocol is when the
agents are modeled as dobule integrators. The double-integrator system can be seen
as a simple vehicle model which is often used in the literature on vehicle formation
control and in particular vehicle platooning, see e.g. [Barooah et al., 2009; Andreas-
son et al., 2014; Hao and Barooah, 2013; Herman et al., 2017]. An illustrating figure

15



CHAPTER 2. BACKGROUND

of a vehicle formation is shown in Figure 2.2. For the vehicle platoon problem, the
goal is to coordinate a group of vehicles to maintain fixed intervehicle distances
while moving at the same velocity. For large vehicle formations, it may not be fea-
sible for all vehicles to keep track of a global reference or properties such as the
number of agents in the formation. Local and relative measurements can however
be used and communicated locally. Thus, an important aspect of the vehicle platoon
problem is to design a distributed controller which adheres to these constraints. As
for the general high-order consensus protocol, there will be an unstable subspace
in the closed-loop system. This subspace corresponds to the consensus equilibrium
where the vehicles are moving at the same velocity and with fixed intervehicle dis-
tances. So in this case it is also interesting to study the behavior of the solution
around this equilbrium. In the case of vehicle platoons, it is especially interesting to
study the transient of the intervehicle distances e, (f) = Lx(t), where L is a graph
Laplacian matrix which encodes the relative errors. These relative errors must re-
main bounded throughout the transient in order to guarantee that the vehicles do not
collide. Another interesting error to study is the velocity error e, () = X() — veerl.
This error must also remain bounded to guarantee that the vehicles do not exceed
the speed limits. This problem is addressed in Paper II.

16



3

Contributions

3.1 Paper|

This paper tackles the problem of coordinating a group of N identical n'"-order
integrator systems and thus the design of the controller u(x,7) € RY in

dd);(f) =u(x,1).

The controller is restricted to only use local, linear and relative state measurements.
A new control law is proposed which is called the serial consensus controller. The
controller is chosen to achieve the desired closed-loop dynamics

(ﬁ s+ Ly

k=1

X(S) = Uref(s),

here expressed in the Laplace domain. This system can be proven to be stable around
the consensus equilibrium under the mild constraint that the graphs underlying the
graph Laplacians L; each contain a spanning tree. This addresses a previously
observed scalability issue with the high-order consensus protocol, where stability
can not be guaranteed for large networks. The proposed serial consensus controller is
shown to satisfy the requirements on locality and use of relative measurements. In the
case where each Laplacian matrix L only encodes feedback between neighboring
agents, then the relative measurements needed to implement the serial consensus
controller is shown to be confined to an n-hop neighborhood of each agent.

The control design is further motivated through its robustness properties.
Through the use of the well-known small-gain theorem, it is shown that the closed
loop system is robust to both model and feedback uncertainties. This makes the
stability properties of the closed-loop system also applicable to a real-world im-
plementation where there inevitably is uncertainty, both in agent-model and in the
feedback. The findings are also illustrated through examples.

This paper will appear in the proceedings of the 2023 IEEE Conference on
Decision and Control.

17



CHAPTER 3. CONTRIBUTIONS

3.2 Paperll

Paper II expands on the work of Paper I by analyzing the performance of the second
order serial consensus system, which is relevant in the context of vehicle formations.
Given any graph Laplacian L which defines a set of relative errors e, (t) = Lx(t)
and absolute velocity deviation e,, () = x(f) — 1v,s then the serial conensus system

X(1) = =(p1+p2) Lx(1) = p1p2 Lx (1)
can be shown to guarantee that
[ep (1)

€p (0)
ey (1) ey(0)
where a(p1,p2) < o as long as p1, pp > 0 and p; # p,. The result is, remarkably,
independent of the number of agents and the graph structure. Different choices of
graph structures are discussed and illustrated through examples and is contrasted

with the conventional consensus controller.
This paper is in preparation for a journal submission.

sup
t>0

'S a(p1,p2)

3.3 Paperlil
In this work bounds on the transient behavior of

sup||Ce" B,

t>0

are derived based on the size of the transfer matrix ||C(sI — .A)B]||, measured in
the same submultiplicative norm. The proof ideas originate from the pseudospectra
literature and are adapted to an input-output setting. The bounds are shown to be
particular interesting for analyzing high-order systems, in particular those that can
be described by high-order matrix differential equations. One particular example,
which is also illustrated in the paper, is the vehicle platooning problem. In this case,
the closed-loop system can be modeled as the following matrix differential equation

$2X(s)+sL1X(s)+LoX(s) = BU(s), Y(s) = CX(s).

The new bounds adresses two particular issues of analyzing the transients of this
type of systems through the pseudospectra of A. 1) Due to the existence of a
double integrator in the system, there will be states drifting to infinity, which implies
sup, ||e’|| = co. 2) Since the upper bound of the Kreiss theorem scales linearly
with the number of states associated with .4, which makes it impossible to determine
important properties, such as string stability for large-scale systems. The new bounds
are shown to be useful for both these issues.

This paper is published in the proceedings of the 2022 IEEE Conference on
Decision and Control.

18



3.4. CONTRIBUTIONS NOT INCLUDED IN THE THESIS

3.4 Contributions not included in the thesis

The following papers by the author are not included in the thesis, but are here briefly
summarized.

» The paper Limitations of time-delayed case isolation in heterogeneous SIR
models [Hansson et al., 2022] studies the effects of including time delays and
heterogeneity, in the contact network, and how these impact the spread of a
disease as predicted by the well-known SIR-model.

¢ In the paper Next Generation Relay Autotuners — Analysis and Implementation
[Hansson et al., 2021], a short relay experiment is proposed for the identifica-
tion of a low-order model that can be used for tuning of PI and PID controllers.
The experiment was implemented and evaluated in an industrial controller.
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4

Discussion and Directions
for Future Work

In this thesis, the control of linear time-invariant networked systems has been studied.
These make up a large class of systems that are of both theoretical and practical
interest, especially in relation to the existing theory on vehicle formations, power
grids, and multi-robot networks.

The main contributions have been the introduction of the serial consensus system,
a novel control scheme for high-order integrator systems with scalable robustness
and stability guarantees, and the generalization of transient bounds, found in the
pseudospectra literature, to an input-output setting.

This chapter presents a discussion of the significance, and limitations, of the
results and their implications for future research.

4.1 Discussion

Double-integrator networks

In Paper II the problem of coordinating a network of double integrators was consid-
ered. The double integrator serves as a simple vehicle model. Despite its simplicity,
the double integrator is a common model, especially when considering the scala-
bility of vehicle formations. For future work, it would be interesting to investigate
how the serial consensus system scales, for instance when subject to time-delays
like in [Darbha et al., 2019]. Another interesting direction is that of time-varying
networks, which has been studied in e.g. [Hendrickx and Martin, 2017]. Unlike the
conventional consensus, it is possible to use directed graphs in the serial consensus
controller and still guarantee string stability. However, this comes at the cost of the
agents needing to communicate with their neighbors. In the special case where an
ahead-looking string graph is considered, then it will hold that any agent’s movement
is unaffected by their followers’ actions. This property might facilitate the analysis
of time-varying networks.

20



4.1. DISCUSSION

High-order integrator networks

Unlike the network of double-integrators, networks, of high-order integrators where
n > 3 is not as commonly encountered, although they have been used to model coor-
dination of flying objects [Ren et al., 2007a]. They arise, however, when considering
PID control of a network of vehicles or other second-order agents. Combining the
ideas of Paper I and Paper II, it may be possible to describe the transients of such
a system. Besides this, the high-order integrator networks are of theoretical interest
since they are a natural generalization of the consensus problem.

Transient analysis

A great emphasis has been put on the transient analysis of dynamical systems. The
transient of any dynamical system is interesting, especially of linear models. Since
linear models often constitute an idealized version of reality, the transient analysis
can be seen as a tool for testing whether one can expect the linearization point to be
a good approximation of the real system. Another reason to consider the transient is
their importance for keeping systems within a safe operation condition. The bounds
presented in Paper III generalize the well-known Kreiss bounds to an input-output
setting. However, like the Kreiss bounds, the new bounds are limited to describe
impulse and initial-value responses. These can capture the behavior due to some
disturbances, but not all. An avenue for future research is to use the bounds of
Paper III to describe the performance of network systems in terms of £;-norms,
which due to their intractability have not received sufficient attention in the control
community.

Robustness

The robustness results, which are proven in Paper I, deserve some discussion. Firstly,
the strength of them lies in the fact that the bounds are, in some sense, independent
of the formation size. This is due to them being quantified in terms of the H -norm
of the perturbation blocks. In the case where the uncertainty can be described by a
diagonal, or sparse matrix, then the permissible uncertainty is independent of the
formation. This is for instance the case for time-delays, but also for vehicle model
uncertainty. Although the serial consensus has a particular algebraic structure, the
robustness results show that the beneficial properties of the serial consensus does
not require a perfect implementation.

For potential future work, it is interesting to consider how the robustness can
be used to design controllers with both performance and robustness guarantess.
Earlier works have considered how small perturbations can drastically change the
algebraic connectivity of the graph Laplacian [Barooah et al., 2009]. If this can be
achieved within the robustness framework of Paper I, i.e. through perturbing a serial
consensus system, which is based on symmetric matrices, additional slack can then
be left to handle other uncertainties.
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CHAPTER 4. DISCUSSION AND DIRECTIONS FOR FUTURE WORK

Scalability

A core theme throughout this thesis is that of scalability. In the setting of network
systems, this is important since a common assumption is that the agents are unaware
of the state of the other agents. For example, the addition of a new solar-panel
on the power-grid, should not be able to destabilize the entire grid and lead to
a power outage, nor should the addition of one vehicle to a platoon noticeably
affect the vehicles already in the platoon. All papers in this thesis have considered
the scalability of the proposed results. In Paper I, scalable stability and robustness
results are proven, concerning the proposed control scheme. In Paper II, scalable
performance is analyzed, and in Paper III, bounds which can be used to describe the
transient of large-scale systems are derived.

4.2 Future Work

There are many interesting directions for future work. Some of these are listed below.

« Since the serial consensus controller manages to stabilize the n™-order inte-
grator system, it may be possible to consider a Youla-Kucera parametrization
of all stabilizing controllers. This can then be used for optimal control design.

* Two methods for implementing the serial consensus controller has been pro-
posed. However, both rely on the agents having access to extra information,
either through direct measurements or through message passing. Another ap-
proach is to let each agent use a local observer to estimate the relative states.
Further investigations into this approach would be of great interest.

 In Paper II, a transient bound for the serial consensus was proven for the
case when the same graph Laplacian was used in both factors. This is only a
subset of all possible serial consensus systems. It may be possible to utilize the
input-output pseudospectra to derive bounds for more complex combinations
of serial consensus systems, for instance when the graph Laplacians are not
necessarily the same.

e In Paper I and II, the stability, robustness and performance of the serial
consensus have been considered. The steady-state behavior of the system has
not yet been investigated, but is important to consider.

* Robustness towards time-delays and time-varying graphs has been studied for
the conventional consensus. This would also be interesting to study for the
serial consensus.

e As is, the robustness results of Paper I assumes the graph Laplacians to
be symmetric. Further investigations of the robustness properties of non-
symmetric graph Laplacians would be of interest.
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Paper I

A closed-loop design for scalable high-order
consensus

Jonas Hansson Emma Tegling

Abstract

This paper studies the problem of coordinating a group of nth_order integrator
systems. As for the well-studied conventional consensus problem, we con-
sider linear and distributed control with only local and relative measurements.
We propose a closed-loop dynamic that we call serial consensus and prove it
achieves n'M order consensus regardless of model order and underlying net-
work graph. This alleviates an important scalability limitation in conventional
consensus dynamics of order n > 2, whereby they may lose stability if the un-
derlying network grows. The distributed control law which achieves the desired
closed loop dynamics is shown to be localized and obey the limitation to rela-
tive state measurements. Furthermore, through use of the small-gain theorem,
the serial consensus system is shown to be robust to both model and feedback
uncertainties. We illustrate the theoretical results through examples.

©2023 IEEE. To appear in the proceedings of 2023 IEEE Conference on Decision
and Control (CDC), Singapore. Reprinted with permission.
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1. Introduction

Properties of dynamical systems over networks have been a subject of significant
research over the last two decades. A problem of interest the coordination of agents
in a network through localized feedback, leading to the prototypical distributed
consensus dynamics, studied early on by [Fax and Murray, 2004; Olfati-Saber and
Murray, 2004; Jadbabaie et al., 2003]. Over the years, it has become clear that the
structural constrains imposed by the network topology in consensus problems often
lead to fundamentally poor dynamic behaviors in large networks. This concerns
controllability [Pasqualetti et al., 2014], performance [Bamieh et al., 2012; Siami
and Motee, 2016] and disturbance propagation [Swaroop and Hedrick, 1996; Seiler
et al., 2004], but, as recently highlighted in [Tegling et al., 2023], also stability.
The poor stability properties characterized in earlier work [Tegling et al., 2023]
(which motivate the present work) apply to higher-order consensus, where the local
dynamics of each agent is modeled as an nth order integrator, with n > 2, and
the control is a weighted average of neighbors’ relative states. This is a theoretical
generalization of first-order consensus [Jiang et al., 2009], but is also relevant in
practice. For example, a model where n = 3 and thus has consensus in position,
velocity and acceleration, can capture flocking behaviors [W. Ren et al., 2006].

More specifically, [Tegling et al., 2023] shows that conventional high-order
consensus (n > 3) is not scalably stable for many growing graph structures. When
the network grows beyond a certain size, stability is lost. The same holds for second-
order consensus (n = 2) in, for example, directed ring graphs, as also described
in [Stiidli et al., 2017]. To address this lack of scalable stability we propose an
alternative generalization of the first-order consensus dynamics, which we prove
achieves scalable stability for any model order n.

To illustrate our proposed controller, consider the conventional second-order
consensus system where the controller u(#) = —L1x(#) — Lox(t) + urer (¢), with Ly 2
being weighted graph Laplacians, is used to achieve the closed loop

#(t) = —=Lox(t) — L1x +uret(2). (D

While for first-order consensus (X = Lx + ur(?)), a sufficient condition for conver-
gence to consensus is that the graph underlying the graph Laplacian L contains a
connected spanning tree. However, this no longer suffices whenn > 2 asin (1). There-
fore, we instead propose the following controller u(¢) = —(L{+Ly)x(¢) — L1 Lox(t) +
urer(2). The reason for this choice of controller is best illustrated by considering the
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resulting closed loop in the Laplace domain:
(S]+L1)(SI+L2)X(S) = Ukes. (2)

For this system, like for the first-order case, it is sufficient that the graphs underlying
L and L, contain a connected spanning tree for the system to eventually coordinate
in both x and its derivative X (regardless of network size!). This closed loop system,
which we will call serial consensus, thus mimics one core property of the standard
consensus protocol, and can also be generalized to any order n.

The main results of this paper are proofs of some key properties of the proposed
n™-order serial consensus. The controller is proven to remain localized (within an
n-hop neighborhood) and implementable through relative measurements. We also
prove that the closed loop will achieve consensus in all n states. Furthermore, we
study the robustness of the proposed closed loop and show that the system will still
coordinate when subject to unstructured uncertainty. The beneficial properties of
the form (2) (generalized to any order n) are thus not contingent on an idealized
implementation.

The remainder of this paper is organized as follows. We first introduce the n'"
order consensus model and define our choice of control structure. Then the serial
consensus system is defined and motivated. In Sec. 3 we provide proofs for the
stability and robustness of the serial consensus system. Our main results are then
illustrated through examples in Sec. 4. Lastly, we provide our Conclusions in Sec. 5.

2. Problem Setup

We start by introducing some graph theory before introducing the general ™ order
consensus problem for which we propose the new serial consensus setup. We discuss
its properties and then end with some useful definitions.

2.1 Network model and definitions

Let G = {V, &} denote a graph of size N = |V|. The set £ C V x V denotes the set of
edges. The graph can be equivalently represented by the adjacency matrix W € RV*N
where w; ; >0 &= (j,i) € €. The graph is called undirected ift W = W' . The graph
contains a connected spanning tree if for some i € V there is a path from i to any
other vertex j € V.
Associated with a weighted graph we have the weighted graph Laplacian L

defined as

—Wi’ J» ifi * ]
Dksi Wirks ifi=j

[L]i,; ={

Under the condition that that the graph generating the graph Laplacian contains a
connected spanning tree, L will have a simple and unique eigenvalue at O and the
remaining eigenvalues will lie strictly in the right half plane (RHP).
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We will also consider networks with a growing number of nodes. With Gy we
denote a graph in a family {Gy }, where N is the size of the growing network.

We will denote the space of all proper, real rational, and stable transfer matrices
RHo and denote the Ho, norm as || - ||, following the notation in [Zhou and Doyle,
1998].

2.2 ' order consensus

Let the system be modeled as N agents with identical n™ order integrator dynamics,
ie.
d"x; (t )
de"

=u; (1), 3)

for all i € V. We will use the convention xl.<0> (t) = x;(t) and xl.(k)(t) = %xi(t) to
denote time derivatives. When clear we may omit the time argument for brevity.

In this paper we will consider the problem of synchronizing the agents and thus
achieve a state of consensus.

DeriniTION 1 (™ ORDER consEnsus) The multi-agent system (3) is said to achieve
(n™ order) consensus if lim;_,o Ixfk)(t) —x;.k)(t)| =0, forall i,j €V and k €
{0,1...,n—1}.

2.3 Control structure

A linear state feedback controller of (3) can be written as
n-1
u(t) = urer (1) = > Ax (1), @)
k=0

Where u(t) € RV is a feedforward term and Ay, € RV*N represent the feedback
of the k™ derivative. We will restrict this class of controllers in three ways. The
controllers

i) can only use relative feedback;
ii) have a limited gain;
iii) and depend on the local neighborhood of each agent.

The limitation to relative feedback translates to the condition Ax1y =0 for all k,
while a limited gain can be encoded by demanding that || A || < c. To capture the
notion of locality, consider the adjacency matrix W representing the communication
and measurement structure, which we here assume to be the same. Thatis, if W; ; =1,
then agent i can directly receive or measure the relative distance to agent j. Next,
consider the non-negative matrix W¢. This matrix has the property that [W9]; ; # 0
if and only if there is a path of length ¢ from agent j to agent i. Thus, if we want
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the controller to only depend on information that is at most g steps away from each
agent the following implication should hold: Z Wk =0 = [Ax];,; =0. Putting
all the conditions together gives us a family of controllers that we will consider in
this paper:

DEFINITION 2 (q-STEP IMPLEMENTABLE RELATIVE FEEDBACK) A relative feedback con-
troller of the form (4) is q-step implementable with respect to the adjacency matrix
W and gain ¢ > 0 if A, € A1(W,c¢) for all k, where

YL WK =0 = A;;=0,
q W’ ={A [ k=0 i,j >J )
A0 { ' Aly 20, |A]le < ¢

The conventional controller for achieving n™ order consensus can be realized as
(4) where each Ay is given by a graph Laplacian, e.g. Ay = Ly € A'(W,¢). In many
cases these are also assumed to be the same such that L; = p; L for some graph
Laplacian L and constants py > 0.

2.4 A Novel Design: Serial Consensus

We propose the following controller of (3), expressed in the Laplace domain, to
achieve n'" order consensus

n
s”I—l_[(sI+Lk)

k=1

U(s) = Urer(s) + X(s), 5

where Ly are graph Laplacians and Uy is the transformed reference signal. In this
case, it is more instructive to consider the closed-loop dynamics, which take the
following form:

DEFINITION 3 (™ ORDER SERIAL CONSENSUS sYsTEM) For all k € {1,2...,n}, let Ly
be a weighted and directed graph Laplacian. The n™-order serial consensus system

is then
(]_[(SI+Lk) X(S) = Uref(s)~ (6)
k=1

We call this form serial consensus because the same closed loop dynamics can also be
achieved by interconnecting # first-order consensus systems in a series. The closed-
loop dynamics in (6) can also be transformed to state-space form by introducing the
alternative variables = with the corresponding states &x. These relate to X through
E] = X(S), Ek = (SI+Lk,])Ek,1 for k € {2,. o= 1}, and SEn = _LnEn+Uref-
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This leads to the following continuous-time state-space representation

f:l —-L 1 ‘fl 0
& . & 0
A AE ™
én- A | P I
én —Ln &n Uref
A

The serial consensus form has several advantages, which will be the focus of the
paper. First, however, we show that it satisfies the constraints we impose on the
controller, as given by Definition 2. In other words, we will discuss how the closed-
loop structure in (6) can be implemented on a network.

When analysing the serial consensus controller of (5) we will make use of the
following assumption on the graph structure.

Assumption Al (Connected spanning tree) All graphs underlying the graph Lapla-
cians Ly contain a connected spanning tree.

2.5 Implementing Serial consensus

The following proposition ensures that the serial consensus system can be achieved
by controlling the n™ order integrator system (3) with an n-step implementable
relative feedback controller as defined in Definition 2.

Proposition 1 Consider the n™-order serial consensus as defined in (6). If each
Li € AL(W,c¢) for some constant ¢ and adjacency matrix W, then the controller in
(5) is an n-step implementable relative feedback controller with respect to W and a
finite gain c’.

To prove this proposition we first need the following two lemmas whose proofs are
provided in Appendix A.

Lemma 2 If Ay € A1 (W,c1) and Ay € A2 (W,cy) then the sum (Ay+Aj) €
AmaX(q1:32) (W ¢y +¢,)

Lemma 3 Let Ap € A1 (W,cy) and A, € A2 (W,cy) then the product (A1Ay) €
AW, c102)

Now we can prove Proposition 1.
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Proof. The serial consensus controller can be expanded to the matrix polynomial

U(s) = Urer(s) + (s”l— [ [Gs1+L0)] X(s)
k=1
n-1
= Uref(s) + ((Sn _Sn)l_ ZskAk X(S),
k=0

for some matrices Ay. To show the proposition, we need to show that A € A9(W,¢’)
forall k =0,...,n—1, with g <n and ¢’ < co. Let

Ikz{a'||a|=n—k, ac{l,2,...,n},

i<j= a(i)<a(j)}

denote all the ordered subsets of the range [1,n] with size n — k. Then

Ap= Z ]_[L,-, forall k € [0,n—1].

aely jea

Since all @ € 7y has n—k elements we can show that [[;c,L; = B €
A"k (W, c"=k) by applying Lemma 3 recursively. Now we have a sum

Ag = ZB(,

a€ly

The number of ordered subsets of the range [1,n] with size n— k is given by the
binomial coefficients and therefore the size of |Zx| = (,”,). Applying Lemma 2
recursively shows that A € A"R(W, (", )c" k). Clearly, we have that n—k <n
and (,",)c"F < ( 2 Jmax(c,c™) < oo forall k. Let ¢’ = ([nm)max(c ¢™) and then
we have that Ar € f{ "(W,c’) for all k. O

ExampLe 1 For clarity let us consider the controller for the case n = 3. Then the
controller is

3
U(s) = Uret(s) + (s31— [ [es1+L0)]x(s)
k=1

ref(S) - (SZ(LI +L2 +L3) +S(L1L2 +L1L3 +L2L3) +L1L2L3) X(S)
Here, Ag=L\LyL3, Ay =L Ly+LiLs+LyL3, and Ay =L{LyL3. The pl’OpOSiliOl/l
asserts that if Ly, Ly, and L3 share a sparsity pattern and have bounded gains, then

the resulting controller gains Ay, A1, and Ay will be sparse and have bounded gains.
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2.6 Scalable stability

Coordinating a multi-agent system is inherently a decentralized problem where the
goal for each agent is to coordinate with its nearest neighbors. However when the
controllers only depend on local measurements there is a possibility that controllers
that manage to coordinate N agents stop stabilizing as the number of agents increases.
In [Tegling et al., 2023] it was shown that for the 3" and higher order consensus
problem with controller Ay = axLy in (4), the closed loop system will become
unstable if the algebraic connectivity 4,(Ly) — 0 as N — oco. This motivates the
notion of Scalable stability

DEFINITION 4 (SCALABLE STABILITY [TEGLING ET AL., 2023, DEF. 2.1]) A consensus
control design is scalably stable if the resulting closed-loop system achieves con-
sensus over any graph in the family {Gn }.

3. Main Results

Our main contribution is two-fold. First we show the serial consensus achieves
scalable stability and then we show that the implementation is robust to two classes
of perturbations

3.1 Scalable stability

THEOREM 4

Consider the n™ order serial consensus system as defined in Definition 3 under
Assumption Al and with Uys € RHeo. Then the closed loop dynamics have the
following properties:

(i) The poles of (6) are given by the union of the eigenvalues of —Ly.

(ii) The solution achieves n™ order consensus.

Proof. i Any square matrix can be unitarily transformed to upper triangular form by
the Schur traingularization theorem. Let Uy Ly U f =Ty be upper triangular. Then
the block diagonal matrix U = diag(U;,Us,...U,) is a unitary matrix that upper
triangularizes A in (7). For any triangular matrix the eigenvalues lie on the diagonal
and this will be the eigenvalues of each —Ly.

(ii) First, consider the closed loop dynamics of (6) which will be

1

X(s) = (]_[(51+Lk)—1

k=n

Uref(s)-

Since, Uyt is stable, we know that the limit limg_,0 Ures (s) = Urer(0) exists. To prove
that the system achieves n'" order consensus we want to show that

tlim (1) = lirr(l)C(s)X(s) =0
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for some transfer matrix C(s), which encodes the consensus states. But since the
reference dependence is only related to U (0), we can simplify the problem to only
consider impulse responses. But the impulse response has the same transfer function
as the initial value response where &;,(0) = Uf(0). Therefore, WLOG, assume that
Urer(s) =0 and an arbitrary initial condition

£00)=[&(0).&7,....&. (0]

The solution of (7) is given by exp(A7)&(0) = Sexp(J(A)t)S~1£(0) where J(A) is
the Jordan normal form of A and § is an invertible matrix. From i and the diagonal
dominance of the graph Laplacians we know that all eigenvalues of A lie in the
left half plane. By Assumption Al it follows that the zero eigenvalue for each Ly
is simple. Now we prove that these n zero eigenvalues form a Jordan block of

size n. Let e, denote the k™M 1-block vector, e.g. e = [1; Oy ... ON]T and

e = [ON IL On ... ON]T. Then e; is an eigenvector since Ae; = 0. For
k € {2,3...,n} we have Aey = ex_; which implies that A¥ej = 0. This shows that
there is a Jordan block of size n with an invariant subspace spanned by the vectors
e. Since all other eigenvectors make up an asymptotically stable invariant subspace,
it follows that £(z) will converge towards a solution in span(ej,e;...,e,) and thus
lim; 00 €5 (1) = ag(t)1n. Now, since x() = &(2), it follows that lim; . x(f) =
a1(t)1y, and furthermore, since

Sk =—Liér+&re1 — Exsrast — 00

for k € {1,...,n—1}, it follows that lim,_,o x*)(f) = @441 (#) I x which shows that
the system achieves n'" order consensus. O

This proposition shows that the stability of the consensus for the n' order serial
consensus can be reduced to verifying that the n first-order consensus systems
X = —Lyx achieve consensus. This is equivalent to determining whether the graphs
underlying each Ly contains a connected spanning tree. This result together with
Proposition 1 shows that n'™ order consensus can be achieved with a local relative
feedback controller with finite gain and thus achieve scalable stability. This result
can be compared with [Tegling et al., 2023] where it is shown that the conventional
consensus is not scalably stable for any order larger than n = 3 if a graph Laplacian
with vanishing algebraic connectivity is used. We can summarize this fact in the
following corollary:

CoroLrary 5 For any n, the controller (5) is scalably stable over any graph fam-
ily {Gn} that underlies Ly, provided each Gy satisfies Assumption Al.

Remark I Note that, by Theorem 4, scalable stability is achieved also with different
graph families underlying each Ly, and ||Ly ||« are allowed to be arbitrarily small.
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3.2 Robustness of serial consensus

The proposed controller in (5) is arelative state-feedback controller which is designed
to ensure that the closed loop system achieves n" order consensus as guaranteed
through Theorem 4. However, the n™ order integrator system may be an idealization
of the system and the relative state feedback may need observers to be fully realized,
and there could be unmodeled dynamics. These potential sources of errors call for
a robust controller. We will now present two theorems, which prove that the serial
consensus is robust towards two different types of uncertainties.

Additive perturbation The following theorem asserts that the n' order serial con-
sensus controller can handle additive uncertainties.

THEOREM 6
Consider the n'™ order serial consensus system as defined in Definition 3, under
Assumption Al, with Ly = L for all k, and L = L. Then the perturbed system

i AkskLn—k

k=0

(sI+L)'"X = Upes + X,

where Uset, Ak € RH o, achieves n' order consensus if
n-1 Kk
180ll2e. +1Anllree + 3 Akl e (1= k) F < 1.
k=1

Proof. First, note that the closed-loop system can be represented by the block
diagram in Fig. 1, which in turn can be simplified to Fig. 2. Since Uy is stable we
can apply the small-gain theorem which asserts that U(s) (as defined in the figures)
will be stable if

n
I ZAkskL"‘k(sI+L)‘"||Hm <1.
k=0
Applying the triangle inequality and submultiplicativity on the left-hand side (LH)
yields
n
LH < ) 1Al IsE L5 (s1+ L) " 3. @®)

k=0

Since L is symmetric, it is possible to unitarily diagonalize it. Let U = U" denote
one such unitary matrix. Then L = UAUH where A is a non-negative real diagonal
matrix.

Ils¥ L% (sT+L) |l = Is*A" K (sT+A) 7w
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For a diagonal matrix the singular values are given by the absolute value of the
diagonal. Let, 4 > 0 be an arbitrary positive constant. The maximum gain for each
diagonal can then be calculated through

wkan-k W2k J2n-2k
max|—m| = max —m———.
o |[(Jo+)" w (w?+A2)"

The latter optimization problem is given by a continuous function and thus the
derivative must be 0 at the maximum. Simple calculus shows that the optimum is
found at w? = A%k/(n—k) for k =0,1,...n—1 and at w = oo for k = n. Inserting
yields

Wk | {,/,’;—,’;’(n—k)nk if0<k<n
(Jw+)n

max
@ 1 else

Now for the case where A = 0. Then we have for k =0,...,n—1

wkon—k
(Jo+0)"

max
w

and fork=n

_w
(Jo+0)"

max =
w

This is less restrictive than for 4 > 0 and thus we can use the result for 1 > 0.
Plugging this into the upper bound of the LH (8) results in the sought inequality.
Finally, we must ensure that stability of the closed loop in Fig. 2 implies n™ order
consensus. Since the transfer matrix from « to y in Fig. 1 is stable it follows that Y (s)
will be stable. This means that we have shown the following lim; ., L™ *x %) (1) = 0.
By Assumption Al the O eigenvalue of L is unique and therefore O is a unique
eigenvalue of L"¥ too. Subsequently, lim; _,., x K (¢) € ker(L"¥). Since L" *1 =
0 it follows that lim,_,.,x‘¥) (r) € span(1,) and that the agents will reach consensus
in all the n — 1 first time derivatives and thus achieve n™ order consensus. O

It is worth noting that the norm bound on the uncertainty blocks A is independent of
the number of agents in the system. Therefore, the serial consensus implementation
is scalably robust in the sense that it allows equally sized perturbations regardless
of network size. This is not the case for localized conventional consensus, following
the results in [Tegling et al., 2023].

Multiplicative perturbation 1t is also possible to see the closed-loop serial con-
sensus system as a series of interconnected first-order systems. Therefore it is also
interesting to consider the robustness with respect to the individual factors. The
following theorem gives a sufficient condition for the unforced closed loop system
to achieve n™ order consensus.
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AO Al e Apa An]

[ LI +1)™"

of y | s+ L)

Yy

s"IL(sI+L)™"
s"I(sI+L)™" |

Figure 1. Block diagram illustrating the perturbation model in proof of Theorem 6.

I <

Uref u

n
D AL (sT+ L)
k=0

Figure 2. Block diagram illustrating the perturbation model in proof of Theorem 6.

THEOREM 7
The following perturbed n

" order serial consensus system

n—1

(s1+ 580+ (I+An) L) [ | (sT+(T+AQ)Li) X = Urer
k=1
where Uyes, Ay € RHo and Ly, = Lz for k=1,...,n, achieves n™ order consensus
if
Akl <1, forall k
and

1Ao7 + 1 Anll2e, < 1.

Proof. First, note that we can construct X (s) =E;(s) and sE; = —(/ +Ag) L By +
e fork=1,...,n—1and s(I1+A9)E, = —(I+A,)L,E, + Uys. For E,, we have
exactly the 1% order case of Theorem 6 and thus lim; _,c &, (1) = a,, (£) 1y if || Aol 3, +
[|Azll#., < 1.Consider the following induction hypothesis: if Ex4 (s) = 1y Gr41(s) +
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Ay |¢——
L&y

Eeo1 | LI+ L) ==

Figure 3. Block diagram illustrating the perturbation model of a general first-order consen-
sus block which is used in the proof of Theorem 7.

Hp+1(s) where Hyi(s) € RHo then By = InGi(s) + Hi(s) for some Hy(s) €
RH. We have
S.Ek = —(I+Ak)LkEk+Ek+1

which can be represented by the block diagram Fig. 3. Here, note that
Li(sI+ L) Bt = (sI+ L) ™ Lic(Hye1 (5))

and the potentially unstable term of Zj,; can be ignored. Reusing a result from

the previous proof we have ||L(sI+ L)~ "3, =1 and therefore L;Z; € RHo
if ||Agll., < 1. Since the O eigenvalue of Ly is unique, it follows that Ej(s) =
1y G (s)+ Hi(s) with Hy € RH o which proves the induction hypothesis since we
have already shown the base case E,(s) = 1yG,(s) + H,(s). Left is to prove that
the system will reach n' order consensus. Note that L X (s) = L (s) is stable and
therefore we get through the final value theorem

tlim Lix(t) = 1in})sL131(s) =0.

Furthermore, we have for all k: limy_,g sL;E (s) =0. This, combined with s2Z; (s) =
—(I+Ay)sLiEr(s) +5Er41(s) shows that

lim Lix® (1) = lim s(s¥ L1 X (5))

—o0 d

=lim sLy41Er41(s) =0
s—0

Finally, since the 0 eigenvalues for each L; are unique with corresponding eigen-
vector 1 we see that n™ order consensus will be achieved. |

This theorem shows that the n" order serial consensus is robust in its construction.

4. Examples

4.1 2" order consensus on circular graph
Consider the directed cycle graph, which is represented by the adjacecncy matrix

[W];;=1iffi—-j=1 modN.
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The corresponding graph Laplacian L. is a circulant matrix and therefore, the
eigenvalues are known analytically. In particular, the eigenvalue with the second
smallest real part is A3(L;) =1 —exp(27/N) =1—cos(2n/N) —isin (27 /N). For
large N, this eigenvalue can be approximated with a 1% order Taylor approximation,
whichyields A, (L.) ~ —i27/N. This eigenvalue will cause problems when designing
a controller using the conventional consensus. To see this, consider the closed loop
dynamics

s21+2p1SLe +poLe = Ugg.

The system can be diagonalized and, in particular, two of the poles are given by the
equation
52 +2p1da(Le) + pod(Le) = 0.

In the case that pg and p; are designed independently of the network size N, then
for sufficiently large N the roots can be approximated as

=-pily+ 172/12 pod ~=(1 +1)\/

Since one of these poles will eventually lie in the RHP, it follows that the closed loop
system will become unstable when N is sufficiently large, regardless of the choice
of po and p;.

For the serial consensus it suffices to check that all eigenvalues but the unique 0
eigenvalue of L. lie in the RHP or equivalently if 0 < Re(1,(L¢)) =1-cos(2x/N)
which is clearly true for any finite N. Alternatively, it is also sufficient that the
underlying graph contains a connected spanning tree.

4.2 3" order consensus

It has been shown that for n > 3 it is not possible to achieve scalable stability for any
graph family {G y } where the corresponding graph Laplacian Ly has an eigenvalue
with vanishing real part as the graph is growing, i.e. if limpy_, Re(22(Ly)) =0.
At least, this is not possible with the conventional consensus control. On the serial
consensus form this is no longer a problem. The controller

3

531—1—[(SI+LN)

k=1

U(s) = Ures + X(s)

will achieve consensus as long as the underlying graphs {Gn} all contains a
connected spanning tree. To illustrate this, consider the graph defined by W € RNV*V |
the adjacency matrix

1 1f|z—]|—1andl¢1
W"/_{O else
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Figure 4. 3™ order consensus in a chain of vehicles is considered. The plots show the
intervehicle relative errors over time when the lead vehicle moves at constant acceleration.
Panels (a) and (b) show that the addition of one agent destabilizes the closed loop for the
conventional consensus. Panels (¢) and (d) illustrate the fact that the serial consensus will
remain stable under such agent additions.

This corresponds to a bidirectional string with a leader (Agent 1). Let L be the
associated graph Laplacian. It is true that limy _,. 42 (L) = 0 and thus any conven-
tional control design with L will eventually lead to an unstable closed loop. For this
example, let the conventional control law be u(#) = urer () —6LX —4Lx —2Lx and the
serial consensus controller (5) be defined with the same graph Laplacians Ly =2k L.
The response to a constant acceleration of the leader is shown in Fig. 4. Here we see
that the addition of a 13th agent to the system destabilizes the closed loop for the
conventional consensus while the serial consensus only loses some performance.

4.3 Robustness of the 2" order serial Consensus.
Theorems 6 and 7 show that the serial consensus can be perturbed and still achieve
n™ order consensus. Now we want to illustrate what the block Ay can be. Consider
the perturbed 2™ order consensus system in Theorem 6. Writing out all terms we
get

SP(I+ M) X = Uges — (s(2I+A))LX + (I +Ag) L*X).
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In this form, the A, block can be thought of as representing model errors; we may
control a system which we model as being N identical double integrator systems but
in reality they may differ. This is obviously the case for vehicle platoons, which are
often modeled as chains of identical double integrators. Through our theorem we can
for instance allow A to be a diagonal transfer matrix with elements [A;];; = %
where |k;| < 1 and T; > O for all i. Then, the closed loop system would remain stable
despite the heterogeneous agents. The blocks A; and Ay are also important. For
instance the signals L%x(¢) and Li(¢) may not be directly measured but estimated
through linear filters. This could be thought of as unmodeled dynamics which these
blocks can capture.

If we focus on Theorem 7, then the perturbed model is

(S(A0+I)+(A1 +1)L1)(SI+(A2+I)L2)X = Uref

The theorem only asserts robustness for symmetrical graph Laplacians L. How-
ever, since Ag can also be constant matrices, it is also possible to construct new
(asymmetric) graph Laplacians L) = (1 +Ay) Ly by designing the Ag blocks.

5. Conclusion

This work has introduced the nM order serial consensus system which can be seen
as a natural generalization of the well-known consensus protocols. The stability of
the introduced system can be analysed by considering n regular first order con-
sensus protocol. The proposed controller to achieve n" order serial consensus has
been shown to be implementable using relative measurements confined to a local
neighborhood of each agent and can therefore be considered a decentralized control
scheme. Robustness of the proposed system has also been analyzed. This has been
addressed in terms of additive and model perturbations. The analysis showed that
the size, measured in the H., norm, of the allowable uncertainties were independent
of the number of agents.

Future and ongoing work includes looking into the performance of the serial
consensus and how this relates to string stability. It would also be interesting to look
into an implementation where each agent implements an observer to compute their
control action.

Appendix A

Here we prove Lemmas 2, 3 which describe how the sparsity pattern of two matrices
changes through addition and multiplication.

Proof of Lemma 2

Proof. First, we have ||A| + As]lo < [|A1]leo + |A2]le < €1 +¢2 Which follows from
the triangle inequality.
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For the second part we have (A} +A)1y =0+0=0.
For the last part, WLOG, suppose that q; < g» = max(q;,q2). Since W is a
positive matrix, we get

q1 72
0< (ZW") < (ZW")
k=0 ij k=0 ij
In particular, the following implication follows

)

q1
=0 = (ZW") = [A1+A2];,;=0
i, k=0 i

i, J

Proof of Lemma 3

To prove the result on the product of two matrices, Lemma 3, we need the following
three lemmas:

Lemma 8 Let A,B € CN*N and define A; j = |Al; j and B; j = |B|; ;. If (AB); ; #0
then (Aé)i,j #0.

Proof. Suppose the statement is false, i.e. (Aé)i,j =0 but (AB); ; # 0. Then we
know that

N
(AB)ij= )" |AvklIBi sl =0,
k=1

but this implies that at least one of A; ; and By ; is equal to O for all k. But from

this it follows that
N N
(AB)ij= ) AixBi ;=) 0=0.
k=1 k=1

This is a contradiction and concludes the proof. O
Lemma 9 Let A,A1,B,By € RN*N If (AB); ; # 0 then ((A+A1)(B+By)); ; #0.
Proof. Expand the product to get

((A+A1)(B+B1)); ;=(AB)i j+(AB1)i ;
+(A1B); j+(A1B1)i; > (AB);j

which followed from the fact that the product of 2 nonnegative matrices is also
nonnegative. O
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Lemma 10 Let A,A{,B,B; € RiVXN be such that A; ; =0 if and only if Ay; ; =0,
and B; j =0 if and only if By; j = 0. Then, (AB); ; =0 if and only if (A1 B1);,; = 0.

Proof. The statement is clearly symmetrical and it is enough to prove sufficiency.
Now, if (AB); ; = 0 then we know that

ZAi,kBk,j =0,= A;«B,;j=0, Vk
k

But this implies that either A; x =0 or By ; = 0. In turn, this implies that either
(A1)ik =0o0r (B1)k,; =0. And this leads to

(A1B1)i ;= ) (A k(B1)e,j =0

k

Now we can prove Lemma 3:

Proof. First, the gain can be bounded as ||[A]Az]|c < ||A1lleol]A2]l0 < c1c2 Which

followed from submultiplicity of the induced norm and from the definition of the
sets.

For the second part we have Aj A1y =A;0=0.

For the last part we have to do slightly more. First replace each element in
A and A, with its absolute value and denote these B; and B,. Now introduce
two non-negative matrices C; and C; such that B;+C; =0 — Zzl:o Wk and
By+Cy=0 < Y% W* Finally note that

g1 q2 ) q1+q2
Q. WHOQ W= > wiwt
k j k

for some wy > 0. By applying Lemma 10 two times we get that

q1tq2
IZ Wkl =0 = [(Bi+C1)(B2+(2)]; ;=0
k i

Through Lemma 9 we get
[(Bi+C1)(Ba+(2)]; ;=0 = [BiB2]; ;=0
And finally applying Lemma 8 results in

[BiB2]; ;=0 = [A1A2]; ;=0
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Paper II

Closed-loop design for scalable performance
of vehicular formations

Jonas Hansson Emma Tegling

Abstract

This paper presents a novel control design for vehicular formations, which is
an alternative to the conventional second-order consensus protocol. The design
is motivated by the closed-loop system, which we construct as first-order sys-
tems connected in series, and is therefore called serial consensus. The serial
consensus design will guarantee stability of the closed-loop system under the
minimum requirement of the underlying communication graph containing a
connected spanning tree — which is not true in general for conventional consen-
sus protocol over directed networks. Here, we show that the serial consensus
design also gives guarantees on the worst-case transient behavior of the for-
mation, which are independent of the number of vehicles and the underlying
graph structure. In particular this shows that the serial consensus design can
be used to guarantee string stability of the formation, and is therefore suitable
for directed formations. We show that it can be implemented through message
passing or measurements to neighbors at most two hops away. The results are
illustrated through numerical examples.

In preparation for journal submission.
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1. Introduction

Network systems emerge in a wide range of applications and engineered networks
are, in many cases, becoming increasingly large-scale and complex. Examples in-
clude smart power grids, sensor networks, traffic and multi-robot networks, where
the coordination of a multitude of interconnected subsystems or agents is a key
control problem. The prototypical coordination problem that leads to distributed
consensus dynamics was studied early on by [Fax and Murray, 2004; Olfati-Saber
and Murray, 2004; Jadbabaie et al., 2003], and the dynamic behaviors of this and
related problems has since been the subject of much research. This has made clear
that on large scales, consensus-type networks often exhibit poor dynamic behaviors,
for example in terms of controllability [Pasqualetti et al., 2014], performance and
coherence [Bamieh et al., 2012; Siami and Motee, 2016; Tegling et al., 2019], dis-
turbance propagation [Swaroop and Hedrick, 1996; Seiler et al., 2004; Besselink
and Knorn, 2018] and even instability [Tegling et al., 2023]. Motivated by these is-
sues, our work proposes an alternative consensus control design with fundamentally
improved scalability properties.

We consider a classical vehicular formation control problem, in which each
vehicle in the formation is modeled as a double integrator, whose controller relies on
relative state measurements between neighboring vehicles. In the one-dimensional
case, this approach can be compactly written on the conventional second-order
consensus form

X(1) = u(x,1) = =L1x(t) = Lox(t) + uref (1). (1

Here, x is a vector which represents the position of each vehicle, u is a vector of
the control inputs, L and L are graph Laplacians, and u¢ is a reference control
signal. Various assumptions on the feedback structure, here captured by the two
graph Laplacians, have been considered over the years. They were assumed to be
proportional to each other in the early work [Ren and Atkins, 2007], as well as in
more recent analyses [Patterson and Bamieh, 2014; Tegling et al., 2023]. In this
case, when the Laplacians capture relative and localized feedback, there are at least
three problems with the design (1). First, stability is not guaranteed for all graph
Laplacians. For example, the system may be unstable if the Laplacian corresponds
to a directed cycle graph. Second, in directed vehicle strings, small errors may
amplify throughout the formation and lead to so-called string instability — a topic
thoroughly surveyed in [Stiidli et al., 2017b; Feng et al., 2019]. Third, in the case
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of undirected vehicle formations, the convergence rate of the formation may scale
poorly (as O(1/N?)) [Barooah et al., 2009].

A systematic study of the feedback law (1) [Herman et al., 2017] noted that
using different Laplacians for the position and velocity dynamics in (1) may dras-
tically improve the performance of the formation. Specifically, symmetric position
feedback, i.e. Lg = Lo, and asymmetric velocity feedback was proposed. However,
the stability proof relies on L( being perfectly symmetric. In general, these systems
are not straightforward to analyze in terms of the underlying topological properties,
especially when one factors in scalability, that is, a growth of the network. Several
analytic results can, however, be derived under assumptions of spatial invariance,
that is, identical agents using the same control and interacation laws.

In this paper we propose a new controller of the vehicle formation: u(x,?) =
—(L1+ Ly)x(t) — LoL1x(t) + ues(¢), where Ly and L, are graph Laplacians. The
controller is designed to give a particular closed-loop system that we call the second-
order serial consensus system. The name, as well as the reason for choosing this
particular control structure, is easiest seen by considering the closed-loop system in
the Laplace domain:

(S[+L2)(SI+L1)X(S) = Uref(s).

Clearly, the closed-loop system has the same dynamics as two conventional first-
order consensus systems put in a series. As for the classical first-order consensus
protocol it is true that the consensus equilibrium will be stable as long as the graphs
underlying L; and L; each contain a connected spanning tree. This directly addresses
the above mentioned problem of instability in classical second-order consensus. Our
main results, however, pertain to the performance of the serial consensus.

It turns out that the serial consensus controller can guarantee a strong notion of
(generalized) string stability of the formation. Specifically, given any combination
of relative errors e, (t) = Lx(t), that are defined through a graph Laplacian L, and
velocity deviations e,, (1) = x(¢) — 1vef, we are able to give bounds on the following

e, (1) e,(0)
[ef(r) se [efm)

Here « is a constant independent of the number of vehicles and the underlying
graph structure (that is, it need not be a string). The importance of this result stems
from the fact that the bound is in terms of the £*°-norm. Results of this type has been
suggested to be more suitable for large vehicle formations [Feintuch and Francis,
2012; Stiidli et al., 2017a], especially to ensure scalability [Besselink and Knorn,
2018], however typically hard to derive. The result implies that our design addresses
the earlier mentioned problems of conventional consensus. Under mild conditions
the closed loop will be stable, it can be designed to achieve string stability, and since
directed graphs are allowed, the convergence rate can be improved. The cost of this
advantage is, in some cases, a requirement for one additional communication step,

sup
120

00 o)
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either through physical measurement or signaling. Such additional signaling has been
proposed in a vehicular platooning context in e.g. [Darbha et al., 2019]. We argue,
however, that our structure gives greater benefits with a smaller communications
overhead.

The remainder of the paper is organized as follows. In Section 2 we introduce the
problem setup and the notation used throughout the paper. Here, the serial consensus
system is also defined together with some key properties. In Section 3 we present our
performance results in the form of a theorem. The results are illustrated in Section 5
through numerical examples. Finally, we conclude the paper in Section 6.

2. Problem Setup

2.1 Definitions and network model

Let G = {V,E} denote a graph of size N = |V| with the edge set £ c Vx V. The
graph can be equivalently represented by the weighted adjacency matrix W € RV*N
where w; ; >0 & (i,j) € £. The graph is called undirected if W = W', The
graph contains a connected spanning tree if for some i € V there is a path from i to
any other vertex j € V.

The weighted graph Laplacian L associated to the graph is defined as

o —Wi s ifi#]j
[L]l,] - {Zkii Wik, ifl'Zj . (2)

Under the condition that that the graph generating the graph Laplacian contains a
connected spanning tree, L will have a simple and unique eigenvalue at O and the
remaining eigenvalues will lie strictly in the right half plane (RHP). We will refer to
any N X N matrix that satisfies (2) for some set of weights w;_; as a graph Laplacian.

We will denote the space of all proper, real rational, and stable transfer matri-
ces RHo and denote the Ho-norm as || - ||3,, following the notation in [Zhou
and Doyle, 1998]. By || - ||, We denote the standard vector norm and its cor-
responding induced matrix norm i.e. ||z|lc = maxg|zx|, where z € CV and with
M |loo = supy =1 1Mx||eo, for M € CNxN

2.2 Vehicle formation model

Consider a simple vehicle formation which consists of N identical double integrator
systems, i.e.

d2 (t
50 e, =1, )

where x;(¢) € R The aim is to coordinate the vehicles to keep a fixed spacing and
common velocity. This goal is related to the problem of achieving second order
consensus as defined below.
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2. PROBLEM SETUP

DEFINITION 5 (SECOND ORDER CONSENSUS) The vehicle formation (3) is said to
achieve second order consensus if

dxi(t) _ de(l)

i
B dr dr

t—00

=0and tlim lx;(#) —x;(£)| =0

foralli,jeV.

With our control structure, the desired, fixed intervehicle distances can without loss
of generality be set to zero for analysis purposes. This will be clarified in Remark 3.

ReMark 2 In this work we only consider a scalar state, that is, longitudinal control.
The results can be extended to higher spatial dimensions (see e.g. [Oh et al., 2015]
for a survey of approaches), but we omit it here to keep notation simple.

2.3 Control structure

In this work, we will consider linear state feedback controllers of the system (3).
Such controllers can be written as

u(1) = et (1) — A1 (1) — Aox(1), 4)

where x = (x1,x2,...,x8)7 € RN, urs (1) € RV is a feedforward term, and Ag, A; €
RNXN are constant feedback matrices for the position and velocity respectively. In
the distributed coordination problem, the controller is further restricted to

i) only use relative feedback;
ii) have a bounded gain;
iii) only depend on the local neighborhood of each agent.

These restrictions are captured by considering controllers which are part of the
following class.

DEFINITION 6 (q-STEP IMPLEMENTABLE RELATIVE FEEDBACK) The relative state feed-
back u = Ax is g-step implementable with respect to the adjacency matrix W and
gainc > 0if A e A1(W,c), where

q k — —
[Zk=0W ]i,j =0 = A —0’}

q =
AT(W,c) {A ' A1=0, [Alle < ¢

Clearly, the sum of two g-step implementable controllers is also g-step imple-
mentable so if both Ay, A € A9(W,¢) then the combined controller in (4) will also
be g-step implementable. To clarify the concept of g-step implementability, consider
the following example.
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ExampLE 2 Consider a vehicle string where each agent can measure the distance
to its two neighboring vehicles. This structure can be represented by the adjacency
matrix W such that [W]; j =1 & [i—j|=1. and W; ; = 0 otherwise. Then the
sparsity constraint of A € A4(W,c) corresponds to the requirement that

li=jl>q = [A]i; =0,

i.e., that only relative measurements up to the q nearest neighbors are used. One
choice of a 1-step implementable matrix (A € A" (W,¢)) is the graph Laplacian
A = L while an example of a 2-step implementable matrix is A = L.

In general, if the adjacency matrix W captures a physical network, then a con-
troller u = Ax with A € A9(W,c) means u; requires signals from Agent i’s g-hop
neighborhood. This is readily proven; we refer the reader to [Hansson and Tegling,
2023].

A controller that has been widely applied for vehicle formations in the literature
is what we will call the conventional consensus controller. In this case both Ag = L
and A| = L are chosen to be graph Laplacians and this results in the controller being
a 1-step implementable relative-feedback controller. The closed-loop dynamics with
this controller are

X =—L1Xx— Lox+ . )

This is, however, not the only way to implement a controller satisfying the desired
structure. We next propose our alternative approach.

Remark 3 The analysis of a formation with position offsets can be made on the
translated states ¥ = x — p — tvier1 where p € RN is a vector of desired offsets and
vief a desired velocity. If the reference control signal is chosen to be Urer = liyer + Ao p
then the closed-loop dynamics in the new states becomes

X =lirer — A1 X — ApX

where the property Aol = A11=0was used. Thus, the dynamics around any potential
offset will be equivalent to the dynamics of x when p =0 and vyer = 0.

2.4 A Novel Design: Serial Consensus

To address the problems of stability, performance, and robustness of interconnected
double-integrator systems we propose a controller design which achieves a desired
closed loop. Due to its structure, we term it the second order serial consensus system.

DEFINITION 7 (SECOND ORDER SERIAL CONSENSUS SYSTEM) Let Ly and Ly be weighted
and directed graph Laplacians. The second-order serial consensus system is then

(sT+ L) (sI+L1)X(s) = Upt(s). (6)
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The system (3) achieves the serial consensus system through the control design
u(x,1) = urer (1) = (L2 + L1)%(2) — Lo L1 x(2). (M
When analyzing the serial consensus controller of (6) we will make use of the

following assumption on the graph structure.

AssumptioN A2 (CONNECTED SPANNING TREE) The graphs underlying the graph
Laplacians Ly and L, contain a connected spanning tree.

A convenient state-space representation of the serial consensus system is

al o il

. = . 8
[fz 0 ~La|{&] " uwr ®)

———
A

This can be transformed back to x and x through the linear transformations

Xl _ 1 0 f] d f] _ 1 0] |x
x| |-Li I||é& &)Ly I)|x

One benefit of considering the serial consensus can be understood through the
following theorem

THEOREM 11

Consider the second order serial consensus system as defined in Definition 7 under
Assumption A2 and with Uys € RHeo. Then the closed loop dynamics have the
following properties:

i) The poles of (6) are given by the union of the eigenvalues of —L; and —L,.

ii) The solution achieves second order consensus.

The proof, a version of which appeared in [Hansson and Tegling, 2023], is
presented in Appendix 6. For the conventional consensus a theorem like this does
not exist, since using, e.g., a Laplacian corresponding to a directed cycle can result in
an unstable closed loop as noted in [Stiidli et al., 2017b; Tegling et al., 2023]. Serial
consensus, on the other hand, can be shown to be robustly stable, see [Hansson and
Tegling, 2023] for the robustness criteria.

The serial consensus controller is at worst 2-step implementable as per the
following result.

Proposition 12 Consider the second-order serial consensus controller (7). If
Li,Lye AY(W,c¢) for a constant ¢ and adjacency matrix W, then the controller
is a 2-step implementable relative feedback controller with respect to W and gain
¢’=max{2c,c*}.

The proof is found in the Appendix B, which is a version of what appeared in
[Hansson and Tegling, 2023]. The actual implementation of the serial consensus
will be discussed in further detail after our main results.
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2.5 Performance criterion

Motivated by the setting of vehicle formations we introduce the following two errors.
First, let the relative position be defined by

ep(t) =d+Lx(1),

where the graph G underlying the graph Laplacian L has size N and d € RY is a
vector of desired offsets. Second, denote the velocity deviation as

ey(t) Z:X(l) —Veerl,

with ver € R being the desired vehicle velocity.

The error e, represents the local relative position errors. This needs to remain
small to prevent vehicle collisions. Meanwhile, e,, represents the deviation from the
desired velocity. In a vehicle formation this error needs to be small to ensure that
speed limits are respected. This should remain true also as the network grows, that
is, the errors should be independent of the number of agents N.

DEFINITION 8 (SCALABLE PERFORMANCE) A formation controller defined over a grow-
ing family of graphs that ensures

4
ey (1)

where « is fixed and independent of N, is said to achieve scalable performance.

€))

sup
t>0

o
ey (0)

= >
o) 00

Here, the choice of norm is important since the worst-case behavior gets bounded
by the initial maximum deviation. We remark that we only consider the initial-value
response. While the disturbance amplification scenario also requires careful analysis
as discussed in [Besselink and Knorn, 2018], we leave it outside the scope of the
present study.

3. Main Results

Here we show that position and velocity errors can be kept small throughout the
transient phase. This is achieved through the use of a serial consensus controller
which uses measurements based on the underlying network graph. The result is
summarized in the following theorem.

THEOREM 13
Let e, = Lx where L is a graph Laplacian. If the system X%(t) = u(t) is controlled
with

u(t) = =(p1+p2) Li(t) = p1p2L7x (1),
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where p1,p2 > 0 and p # pa, then the resulting serial consensus system achieves
scalable performance with

1
a=———(p1+pa+max{2,2pp>}).
|p1—p2l

Proof. The serial consensus system can be rewritten as

2 e |
& 0 —paL||&] | Uret
Here &1 =x and &, =x+ p Lx. Since ur = 0, the initial value problem can be solved
directly. This evaluates to

E1(n)=e P (0) e / enrepiLtdrg 0)
0
&) = e PM4(0).

Since pL and p,L obviously commute, it follows that e”1E7¢=P2LT = o(P1=P2)LT
By pre-multiplying the first equation with (p; — p2)L and using the property that
L commutes with e~ we finally get the integrand (p; — py)LeP1—P2)LT =
4 (elP1=P2)LT)_ Finally, by applying the Fundamental Theorem of Calculus the
equation can be simplified to

(e—p2Lz _ efplLt)

L&(1) =e P11 LE(0) + £(0).

Now, inserting that e, (1) = L& (1), X(t) = &2(8) — prep(t), and e, () = X — veerl
yields

oLt e~ P2Lt_p—pilt
Ep(l‘)=€ m ep(o)"'W(ev(t)"'vrefl"']’lep(o))-

Next we note that the relation e=2/1 =1 holds for any graph Laplacian L. In
particular, this implies that (e 21" —e~P1L7)1 = 0. After some simplifications this
leads to

Ple_mLt—P2e_mLt e—szt_e—plLt

ep(t) = ep(0)+ ———,(0)
P1—D2 pP1—D2

ev(t) =—prep () +e 2 (e, (0) + pre,(0))

e_P]Lt_ e_PZLt e—plLt_ —-paLt
:plpz( )e,,(0)+p1 pa¢ e, (0).
P1—p2 pP1—Pp2
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Taking the induced norm || - || and then applying the triangle inequality yields the
following two bounds:

P1+p2 2
llep (D lleo < L2 e, (0) oo + ———lew (0)
P | P2l ‘v lpi—pal "
and
2p1p2
IIev(t)IIoo_| |I| p (0l + |p1 ||| €y (0)]lco-
Finally, we have that
e
llepllcos llevlleo < e"] = max{|lep || [lev]lco}
v o0

Combining these facts yields

e,,(t)] < p1+p2+2max{l,pps} [eP(O)

Ip1—pal

ey (1) e, (0)

which is the definition of scalable performance with « as in the theorem statement.OO

Remark 4 In the limit when p1 approaches infinity and p, approaches 0 (or vice
versa) then the theoretically optimal bound of a =1 is retrieved. For instance, let
p1=xand pr = 1/x. Then, for x > 1 we get

1 2
lim a(x) = lim Ir /x+e [x+
X—00 X—00 X — ]/)C

=1.

In this case the dynamics are essentially reduced to a first order consensus system,
which may be desirable. This would however require an unbounded gain.

4. Implementation

The serial consensus protocol has now been shown to have both scalable stability
and performance. It turns out that this also holds true for the implementation. In the
vehicle formation setting we desire a controller which has a finite gain, uses few
measurements, and has a decentralized implementation.

The graphs underlying L + L, and L, L; must be implemented by the controller.
While this requires carefully designed signaling, it is still easy to implement as a
controller with finite gain and localized measurements.

4.1 Message passing

One way to implement serial consensus is through message passing. The reason can
be explained through the control law which is

u= —(L2+L1))'C—L2L|x+uref.
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Figure 1. Vehicle platoon with directed measurements and message passing to implement
serial consensus.

The velocity feedback will be implementable using only relative measurements from
each agent, provided that both L and L, are localized graph Laplacians. Message
passing is instead needed for the positional feedback. This can be implemented if
each agent stores their relative error e; = [ L1x];. Then if each agent can access their
out-neighbor’s error, then the control signal can be calculated through Ly Lix = Lje.
In the case of a vehicle platoon, the relative distance to the first neighbor can be
measured through the use of radar. However, the relative distance to the second
neighbor requires an additional signaling layer. That is, if such signaling can be
had with the nearest neighbor, then it is implementable in a platoon. This idea of
signaling is illustrated in Fig. 1.

4.2 Extended measurements

Using a step of communication is not the only way to implement the serial consensus.
Instead, L, L can be implemented through direct measurements. Indeed, with careful
design, it is possible to choose Ly, L; so that their product (L,L) € A'(W,c) and
is thus implementable using only relative measurements with immediate neighbors.
The following example illustrates this case.

ExampLE 3 Let Wyndir—pah correspond to the undirected path graph, i.e.
(Wundir—path)i,j =1 = |i-j|=1

Furthermore, let Lanead—path @nd Lyehind—patn correspond to the look-ahead and
look-behind path graphs, respectively:

0 O
-1 1 .
Lahead—path = . . €A (Wundir—path7 2) (10)

and

Lbehind-path= B 1 : eAl (Wundir—patm 2). (1D
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Then, the product of these two matrices will be

Lbehind—pathLahead—path = . .
-1 2 -1
0 O

Since the product only requires information from the neighboring states it holds
that

1
Lbehind—pathLahead—path €A (Wundir—patha 4),
and the same holds true for (Luvehind—path + Lahcad—patn). This shows that the serial

consensus controller with Ly = Lyehind—path @hd L1 = Lahead—path Would be 1-step
implementable, and thus only requires local relative feedback.

On the other hand, if L,L; ¢ A! (W, ¢), then another alternative is to extend the local
measurements. It is then sufficient to add measurements to neighbors’ neighbors.
That is, given L, L, € A' (W, c), then it holds that the product (L,L,) € A>(W,¢’),
as guaranteed by Proposition 12. The sum will clearly satisfy (L, +L) € A'(W,2¢).

5. Examples

In this section we will provide three examples which will illustrate our main results
and how serial consensus compares to the conventional consensus protocol.

5.1 Scalable stability

ExampLE 4 Consider the uni-directional circular graph structure with the graph
Laplacian defined as

(Laneut-eyacdiy = 1077
ahead—cycle )ij — _1 ifi=j+1(m0dN)'

The conventional consensus protocol is then

X =-r Lahead—cyclex - rOLahead—cyclex + Uref

This system is known to be troublesome, since unless q| and qq are chosen to depend

on the number of vehicles N, the closed-loop system will be unstable for large N.
Algebraically, this is a consequence of the smallest in magnitude eigenvalues of
Lahead—cycle approaching the origin at an angle to the real axis as N grows [Tegling
etal., 2023].
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On the other hand, the serial consensus protocol

. . 2
E=—(p1+ pZ)Lahead—cyclex - Plszahead_CycleX + Uref

is stable for any N as long as p| and p, are chosen to be positive, which follows
from Theorem 11. Provided p| # p2, Theorem 13 also predicts that it has scalable
performance with respect to the graph Laplacian Lahead—cycle-

A comparison of the transient behavior for the two formations is shown in Fig. 2.
The figure shows how the formation that is controlled through the serial consensus
protocol is stable and has similar behavior independent of the number of vehicles.
Meanwhile, the one controlled with conventional consensus has similar performance
for small N but eventually loses stability for large N.
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Figure 2. Simulation of the initial value response to x = 0, %;.1(0) =0, and x;(0) = 1.
For the serial consensus, p1 =2 and pj = 0.5 was used and for the conventional r; = 2.5
and ry = 1 was used. Different graph structures and number of vehicles N was tested. For
each plot the inter-vehicle distances e (#) = Lahead—path* (f) are shown. The conventional
consensus system can be seen to degrade with increasing number of vehicles N, while the
serial consensus displays scalable stability and performance.

5.2 Scalable performance

ExampLe 5 Here we will illustrate the significant difference in performance between
conventional and serial consensus in the case of a directed vehicle string. For this
purpose, consider the directed path topology whose graph Laplacian is given by (10).
In this case it is easy to verify that the conventional consensus protocol

X =-r Laheadfpathx - rOLaheadfpathx + Uref
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will stabilize the vehicle formation for any choice of positive ry and ro. However,
the transient behavior will scale poorly independent of the choice of r1 and rg as is
illustrated in Fig. 2. The formation under this control is well known to lack string
stability [Seiler et al., 2004], that is, disturbances propagate and grow along the
string. On the other hand, the serial consensus protocol with

L . 2
¥==(p1 "'pZ)Lahead—path)C - P1P2Lahead_pathx + Uref

will have scalable performance with respect to the position error e, = d +
Lahead—panX and velocity error e, as long as py # p». This is illustrated in Fig. 2g
and Fig. 2h, where the same initial conditions and parameters are used for both
consensus protocols. From the figures it is clear that both formations are stable.
However, the conventional consensus protocol has a much larger transient than the
serial consensus protocol, which will get worse as the number of vehicles increases.

5.3 Different graph Laplacians

ExampLE 6 The conventional consensus design has been shown to have acceptable
performance in a vehicle string when different Laplacians are used in the position
and velocity feedback [Herman et al., 2017]. In particular, the use of the directed
path graph Laplacian for the velocity term (look-ahead) and an undirected path
graph Laplacian for the positional term (look-ahead and look-behind), defined as

2 ifi=jand2<i<N-1
(Lundir—path)ij: 1 l‘fl. = ijViZ 1,N
-1 ifli-jl=1.
The resulting closed-loop system is then

X =-r Lahead—pathx - rOLundir—pathx Fref (1). (12)

The step responses for N = 10,100 can be seen in Fig. 3a and 3b.

This can be compared to the serial consensus utilizing bidirectional information.
Forinstance, if the forward-looking graph Laplacian Lanead—pam is used together with
the corresponding backward-looking graph Laplacian

(Lben )i = 1 ifi=jandi <N -1
behind—path)ij = 1 l.fl' — J. -1 :
The resulting closed-loop system is then

¥(1) = _(plLahead—path +p2Lbehind—path)x(t)
- p1P2Lahead—pathLbehindfpathx(t) +uer(t). (13)
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Figure 3. Simulation of the initial value response to x =0, x;:1(0) =0, and %1 (0) = 1. The
conventional consensus system (12) is considered with r; =2.5 and rg = 1, while for the serial
consensus system (13), p; =2 and p, = 0.5 is used. The results illustrate that for some choices
of graph Laplacians the serial and conventional consensus can have comparable performance.

The step responses can be seen in Fig. 3. From the figure we can observe that
the serial consensus and conventional consensus can have similar transient perfor-
mance. We find it is, however, easier to predict that the serial consensus will perform
well, than various versions of the conventional protocol. Indeed, the protocol pro-
posed by [Herman et al., 2017] is very similar to the serial consensus controller in
Example 4.

6. Conclusions and directions for future work

In this paper we have introduced the serial consensus controller which is a distributed
formation controller that achieves scalable stability, performance, and robustness.
Here, scalability refers to the fact that these properties are independent of the forma-
tion size. The performance result is particularly important since it linearly bounds
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the || - ||o-gain from the initial local errors and reference velocity deviation to the
transient local errors and reference velocity deviations, measured in the same norm.
This quantity, rather than, for example an L, gain, is directly related to the con-
trol and performance objectives. It is also worth noting that all of these results are
achieved with only local relative measurements and linear feedback. The results are
particularly interesting for large vehicle platoons where short inter-vehicle distances
are desired and the transient behavior of the platoon is of great importance, though
there are strict topological constraints (typically, those of a directed string). But, by
virtue of the generality of the presented results they could also be of interest for other
networked systems, such as power grids, sensor networks or multi-robot networks.

There are several interesting directions for future work. First, since the serial
consensus may require an additional step of communication, an interesting question
is whether this can be avoided, for instance through the use of local estimators. A
second direction is to further investigate the robustness of the serial consensus, for
instance with respect to time delays. Finally, implementation of serial consensus on
a physical system is an interesting next step.

Appendix B

Here we will prove Theorem 11 and Proposition 12. The results are restated for
convenience.

Proof of Theorem 11

Proof. 1) Any square matrix can be unitarily transformed to upper triangular form
by the Schur traingularization theorem. Let Uy Ly U ,f’ = T be upper triangular. Then
the block diagonal matrix U = diag(U;,U,,...U,) is a unitary matrix that upper
triangularizes A in (8). For any triangular matrix the eigenvalues lie on the diagonal
and this will be the eigenvalues of each —Lj. The result follows.

ii) First, consider the closed-loop dynamics of (6)

X(s)=(sI+L) " (sT+Ly) ' Uret(s).

Since, Uyt is stable, we know that the limit limg_,o Ures (s) = Uper (0) exists. To prove
that the system achieves second order consensus we want to show that

lim y(¢) =lim C(s)X(s) =0
t—o00 s—0

for some transfer matrix C(s), which encodes the consensus states. But since the
reference dependence is only related to U;(0), we can simplify the problem to
only consider impulse responses, which has the same transfer function as the initial
value response where &, (0) = Ur(0). Therefore, WLOG, assume that Uye(s) =0
and an arbitrary initial condition £(0) = [fl(O)T,sz (0)]T. The solution of (8) is
given by exp(Ar)&(0) = Sexp(J(A)t)S~1£(0) where J(A) is the Jordan normal
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form of A and S is an invertible matrix. From i) and the diagonal dominance of
the graph Laplacians we know that all eigenvalues of A lie in the left half plane.
By Assumption A2 it follows that the zero eigenvalue for each Ly is simple. Now
we prove that these two zero eigenvalues correspond to a Jordan block of size 2.
Let e = [17 O]T and e; = [0 IT]T. Then e; is an eigenvector since Ae; = 0.
Now, since e; = Ae; combined with e; and e, being linearly independent it follows
that they form a Jordan block of size 2 with an invariant subspace spanned by the
vectors e and e;. All other eigenvectors make up an asymptotically stable invariant
subspace, it follows that £(¢) will converge towards a solution in span(ej,e;) and
thus lim, o0 & (1) = ax (1)1 5. From x(¢) = & (¢) we get lim; oo x(f) = a1 ()1, and
furthermore, since
X=é1=-Lié1+& > éErast — oo,

it follows that lim;_,., X(¢) = @2 (#) 1 y which shows that the system achieves second
order consensus. O

Proof of Proposition 2.

Proof. To prove this we must show that both A, A; € A%(W,c’) where Ag = —L,L;
and A] = —(Ly+Ly). First, A} and A, are shown to represent relative feedback.
Since Ly,L, € A'(W,c), it holds that Agl = —L,L;1 = —L,0 =0 and similarly
Al= —(L2+L1)1 =0.

Second, we show that the gain is bounded. For the positional feedback we have

40l = I = LaLi lloo < |1 L2lleol| L1 |0 < ¢,

which followed from the submultiplicativity of the induced norm. For the velocity
feedback

A1lleo =1l = (L2#+ L) lleo < [IL2lloo + [ L1lleo < 2¢,

where the triangle inequality was utilized. Let ¢’ = max{2c, c?}, then clearly it holds
true that both || Ag]|eo, [|A1 |0 < €.

Finally, we consider the sparsity pattern. Since W is non-negative, it follows
that W2 is also non-negative. Next, since adding non-negative elements to a matrix
cannot remove any positive elements we get the following implications

[+W+W?], =0 = [I+W]; ;=0 = [-Li~L:];,;=0,

which follows from the definition of L, L, € A'(W,¢).

To show that Ay = —L,L; will be sparse, we note that any graph Laplacian can
be written as L = D — W, where D is a diagonal matrix and W is non-negative. Thus
we will consider the sparsity of

—(D2=W2)(D1=W1) ==D2D1+ DWW+ WD - WL W;.
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Since multiplication with a diagonal matrix preserves sparsity, it clearly holds true
that the first three terms satisfy

[I+W]i,j=0 - [—Dle +D2W1 +W2D]]i’j=0.

For W, W we can introduce a non-negative matrix £ such that [W1 ,+E]; ; =0 <
W;,; =0 and in particular this construction ensures that [(W;+E)(W2+E)]; ; =
0 = [W?] i,j- Consider the following expanded product

(Wa+E)(Wi +E) = WoW; +WLE + EW, + E2,

where all terms are products of non-negative matrices and are therefore also non-
negative. It thus holds that [Wz]l-,j = [WLWi];,; = 0. Combining the results for
Ao shows that

[I+W+W2]l.’j=0 = [LyL];,; =0.

This concludes the proof. O
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Paper III

Input-Output Pseudospectral Bounds for
Transient Analysis of Networked and
High-Order Systems

Jonas Hansson Emma Tegling

Abstract

Motivated by a need to characterize transient behaviors in large network systems
in terms of relevant signal norms and worst-case input scenarios, we propose a
novel approach based on existing theory for matrix pseudospectra. We extend
pseudospectral theorems, pertaining to matrix exponentials, to an input-output
setting, where matrix exponentials are pre- and post-multiplied by input and
output matrices. Analyzing the resulting transfer functions in the complex plane
allows us to state new upper and lower bounds on system transients. These are
useful for higher-order matrix differential equations, and specifically control of
double-integrator networks such as vehicle formation problems. Therefore, we
illustrate the theory’s applicability to the problem of vehicle platooning and the
question of string stability, and show how unfavorable transient behaviors can
be discerned and quantified directly from the input-output pseudospectra.

©2022 IEEE. Published in the proceedings of 2023 IEEE Conference on Decision
and Control (CDC), Cancun. Reprinted with permission.
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1. Introduction

Characterizing dynamic properties of systems with structure, in particular, network
structure, is a long-standing problem in the field. While questions of stability and
convergence have dominated the literature since the early works [Fax and Murray,
2004; Olfati-Saber and Murray, 2004], important questions pertaining to the per-
formance and robustness of network systems are increasingly gaining attention. For
example, [Bamieh et al., 2012] and later [Siami and Motee, 2016; Tegling et al.,
2019] have described fundamental limitations to the performance of large networks
subject to structural (sparsity) constraints, stated in terms of system norms.

A particular area where dynamic behaviors have received more attention is that of
vehicle platooning, that is, the control of strings of vehicles, see [Levine and Athans,
1966; Chu, 1974] for early works. Here, it is fundamentally important to prevent
disturbance propagation through the string (to avoid collisions!), and therefore, to
have uniform bounds on error amplifications during transients. This has motivated
the notion of string stability, see e.g., [Swaroop and Hedrick, 1996; Seiler et al., 2004]
or [Stiidli et al., 2017; Feng et al., 2019] for more recent surveys. Conditions for string
stability fall, roughly speaking, into two categories: 1) bounding the amplification of
a disturbance from vehicle i to vehicle j, or 2) requiring that bounded initial errors
lead to bounded output errors, independently of the string length. The choice of signal
norms, however, is central for the bounds in this literature, and the interpretations
they allow for. Many works have done analyses based on £, to £; string stability,
see [Herman et al., 2017; Seiler et al., 2004; Ploeg et al., 2014] while the, as argued
e.g.in [Feintuch and Francis, 2012], possibly more important L, to Lo, disturbance
amplification has received significantly less attention even if considered in [Swaroop
and Hedrick, 1996; Chu, 1974]. In this work, we shed light on a new approach to
analyzing such bounds for input-output systems in general, and networks and vehicle
strings in particular.

This approach takes off from the literature on pseudospectra. Pseudospectra,
which complement spectral analysis of linear systems, especially for those with
non-normal operators, have seen usage in describing the transient behavior of both
differential and difference equations. The works are too numerous to mention, but
we refer to [Trefethen and Embree, 2005] for an excellent textbook on the subject.
Through pseudospectra one can state lower and upper bounds on the transient
of the exponential matrix, i.e., on sup,. lle*4||, and thereby on the solution to a
linear differential equation. In other words, on the transient response of the internal
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states of a linear system. The most famous such bounds are given by the Kreiss
theorem [Kreiss, 1962]. However, in control, and in particular, network applications
including vehicle platooning, we are not necessarily interested in the transients
of the internal states. For instance, vehicular formation dynamics tend to have a
double integrator rendering certain internal states unbounded, while inter-vehicular
distances may be well-behaved. To cope with this one can incorporate measurement
and input matrices C, B and then bound sup, ||Ce’ AB|| instead.

The extension of pseudospectral bounds to such an input-output setting is the
main focus of the present work. For this purpose we will define a notion of input-
output pseudospectra. These will, in the case of higher-order systems (by which we
mean systems with more than one integrator), become closely related to structured
pseudospectra, which have been studied in [Tisseur and Higham, 2001; Lancaster
and Psarrakos, 2005] and applied to mechanical systems in [Green et al., 2006]. In
these works the main focus has been on the robustness of solutions to matrix poly-
nomial equations including the quadratic eigenvalue problem. The related analysis
of transient behavior of ||Ce’AB]| has, to the best of our knowledge, barely received
attention, though some structured Kreiss-like theorems were proven in [Matsuo,
1994; Plischke, 2005].

This paper aims to highlight the potential usefulness of the pseudospectral frame-
work for networked systems and systems with higher-order dynamics. Platooning,
where vehicles are modeled as double integrators (the acceleration is actuated), and
which have a string network topology, is a prototypical example. We first generalize
certain key results from [Trefethen and Embree, 2005] to an input-output setting.
Furthermore, we use complex analysis to derive new upper bounds on the transients
of state space realizations, which are especially useful for systems that have high-
order dynamics. The generalizations lead to lower and upper bounds on the transient
sup,sg lICe’ ABl|, which under given input scenarios imply bounds on the output
sup; o lly(9)|l (in any p-norm). Through examples we show how the new bounds
can be applied. For a large-scale platooning problem, we compute bounds on the
deviations from equilibrium for a worst-case bounded initial condition.

The remainder of this paper is organized as follows. In Sec. 2 we introduce the
preliminaries of this work. Lower and upper bounds on the transient of sup, ||y(#)||
and simple examples illustrating how to apply the bounds are presented in Sec. 3.
Then we illustrate an application of our results in the form of vehicle strings in
Sec. 4. Lastly our conlusions are presented in Sec. 5.

2. Preliminaries

Consider the linear time-invariant system

£(1) = A£(1) +Bu(1)

1
¥(1) = CE(1), M
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where the state £ € RN, A e RV*N B e RVXP ¢ e RE*N and output y € R2. The
initial condition is £(0) = &. We will interpret C(sI —.A)~!B as a transfer matrix
and call the system (1) input-output stable if all poles of this transfer matrix lie in
the open left half plane. Denote by o-(.A) the spectrum, i.e., the set of eigenvalues
of A.

We will often let the system in (1) model matrix differential equations of the
form

xD @)+ A1 x D (1) 4+ Agx (1) = Bu(r)

2
¥(1) = CE(0), @

where x(¢) € R” and x(¥) denotes the k™ time derivative of x: x%) (¢) = dkdf#. In this

case, £(1) = [x,%,... ,)c("l)]T e R™ with nl = N. This system can be equivalently
stated on block-companion form as

0 I, 0 0
=] 0 e || u
0 0 I, 0
“Ay A, ... A B €)
—_——
A B
y(1) = CE(r).

2.1 Signal and system norms

Norms are central to this work. Here we will consider the standard vector p-norms:

1
[t ) repes
llxllp = =

maxy, |x| if p = oo,
where x € CV. For matrices we consider the corresponding induced norms, i.e.

Al = sup |lAx]l,

ll¢l1=1

where A € CMXN
In general, our results can be interpreted in any of these norms and we will often
omit the subscript to indicate that the results are valid for all of them. What we need
for our theorems is, more specifically, that the matrix norms are submultiplicative,
which means that the following inequality is valid for any two compatible matrices
Al Ay
lA1 Azl < [|A1I[[ Azl

It is well known that this is true for all the p-norms.
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2.2 Input-output scenarios

We will present bounds in terms of the scaled exponential matrix Ce* B. Its norm
can be seen as bounds on the transient response of the system (1) in the following
scenarios:

Impulse response Consider the input signal {u(t) = §(t)ug} with ug € RF and let
[lo|| = 1 in some norm. The solution of (1) is given by

y(1) = Ce'Buy @)
and the worst possible transient of y(t) is given by

sup|ly(1)ll = sup sup [ICe’*Buol| = sup |Ce"B]|.
t

L luoll=1 t

Response to an initial condition  An initial condition response is given by
y(t) = Ce'£(0).

To study the worst possible initial condition with respect to resulting deviations in
the output y(f) we may consider

suplly(1)ll =sup sup ||Ce*&o| =sup||Ce™|l.
t

r|l&ll=1 t

The corresponding analysis for the worst-case structured initial condition is done
by multiplying & by B. In this case,

supl|y(1)|| = sup sup [|Ce™*B&| = sup||Ce™*B]|.
: rlgl=1 '

For example, B = (1,0,...,0)T in (3) corresponds to all initial derivatives being
Zero.

2.3 Complex analysis

The basis for our upcoming theorems is three Laplace transform results, which were
also used to derive key results in [Trefethen and Embree, 2005]. For completeness
they are also presented.

Lemma 14 ( [TREFETHEN aAND EMBREE, 2005, TuEorREM 15.1] ) Let A be a matrix.
There exist w € R and M > 1 such that

le"All < Me®" Vi >0. 5)

Any s € C with Res > w is in the resolvent set of A, with
(sI-A)! :/ e St e!Adr. (6)
0
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If A is a matrix or bounded operator, then
1
etAz—,/e”(sI—A)_lds, @)
2ri Jr

where T is any closed and positively oriented contour that encloses o (A) once in
its interior.

2.4 Pseudospectra

Pseudospectra have proven themselves to be a useful tool for analysing the transient
behavior and robustness of differential equations, see e.g. [Green et al., 2006]. There
are several equivalent definitions of the pseudospectra of a matrix A € CN*N . Two
equivalent and well known are:

DEFINITION 9 (€-PSEUDOSPECTRA)
ce(A)={seC|(sI-A)7 ">} (®)
and

DEFINITION 10 (€-PSEUDOSPECTRA)

gc(A)={seC|seco(A+E)...
... for some E € CN*N with ||[E|| < €}, (9)

where o (A) denotes the (usual) spectrum of a matrix A. We will also make use of
the e-pseudospectral abscissa, defined as @ = sup,,,,_Res.

From the two definitions of o« we can get an idea of what they are used for. The
first relates to the size of the resolvent and enables complex analysis in line with
Lemma 14. The latter relates to the robustness of the matrix under perturbations. By
considering level curves of pseudospectra for various e-levels it is possible to get an
understanding of the solutions of the linear differential equation %(z) = Ax(¢) and of
how sensitive the system is to perturbations.

When one is concerned with the transient behaviour of an input-output system
as defined in (1) it will be proven useful to generalize Definition 9 in the following
way:

DeriniTION 11 (INPUT-OUTPUT €-PSEUDOSPECTRA)

oe(AB,C)={seC||C(sI-A)7'B||>e'}. (10)

The corresponding input-output pseudospectral abscissa we define as

ae(A,B,C) = sup  Re(s).
seoe(AB,C)

We also define the input-output spectrum o (A, B,C) as the set of poles of the
transfer matrix C(sI —.A)~'B.
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2.5 Kreiss theorem

The transient behavior of a matrix exponential for a stable matrix A € RV*V can be
bounded through the so called Kreiss bounds [Trefethen and Embree, 2005, Thrm.
18.5]:

K(A) < suple™| < eNK(A). n

120

Here the Kreiss constant is defined as

K(A) = sup Res|(sI-A)7"|. (12)

Res>0

Comparing (12) to Definition 1, the relation between the Kreiss bound and
pseudospectra becomes evident. In fact, it holds that K(A) = sup.,o@c/€. In a
controls context, it is natural to not only consider the matrix exponential, but rather
an input-output setting. We therefore define the input-output Kreiss constant

IC(A,B,C) = sup RCS”C(SI—A)_IB” =sup

Res>0 e>0

a/E(AE,B,C)' (13)

3. Input-Output Transient Bounds

We now make use of the theory in the previous section to derive bounds on the
transient performance of the system (1), under the input-output scenarios introduced
earlier. We will give both lower and upper bounds. As a starting point, consider the
following proposition, which is a simple but important extension to Lemma 14:

Proposirion 15 Let A, B and C be matrices and let || - || denote a submultiplicative
norm. There exist w € R and M > ||CB|| such that

ICe'AB|| < Me®" Vi >0. (14)

Any s € C with Res > w is in the resolvent set of A, with

C(sI-A)~'B= / e S1Ce! A Bdt, (15)
0

Ce' B = 2% / es'C(sI - A)~' Bds, (16)
I

and where I is any closed and positively oriented contour that encloses o (A,1,C)
once in its interior.

Proof. First, (14) follows from the norm’s submultiplicativity and (5) as
lice™ 4Bl < ICIIBIllle" ] < lICl|Bl|Me™",
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with M = ||C||||B|| M. Letting r = 0 yields ||CB|| < M.

Next, (15) follows from linearity of the integral, i.e., the fact that for any com-
patible matrices B, C, and f(x) we have B/(f(x)dx)C = fo(x)Cdx.

Last, consider (16). Through linearity and (7), we get

Ce' B = i, / es'C (sl — A)~ ' Bds,
2ni Jr
where I'" encircles o-(A). If 07(A,B,C) = 0(A) we are done. If not, suppose that
there are n,, distinct poles s, € 0(A) such that s, ¢ 0(A,B,C). Let " be the
union of I" and n,, disjoint circles with radius € with the poles s, at the center. Let
€ be sufficiently small such that the e-circles are disjoint from o (A, B,C). Now,
since the transfer matrix C(sI —.A)~!B does not contain any poles in the interior
of the e-discs, each of the transfer functions is holomorphic in each disc enclosed
by the e-circles. By the maximum modulus principle they cannot have any strict
local maximum in the interior of each e-disc. This implies that there is an M, > 0
such that each transfer function |(C(sI —.A)~'B); j| < M. In turn, this implies that
les (C(sT = A)'B)|leo < eREGr+€)I M P on any circle y, where P is the number
of columns of B. The curve integral is thus bounded by fy IC(sI = A)"'B|lods <

PeRelspre)t M ¢ €2r, which then converges to 0 as € — 0. This is true for all n, circles
and so we can ignore the part encircling the non-observable poles. By equivalence
of norms, this is true for any p-norm. O

We will now make use of Proposition 15 to state upper and lower bounds on the
quantity sup, [|Ce’*Bl|.

3.1 Lower bound

We begin by stating a lower bound analogous to the lower bound in the Kreiss
theorem (11). Despite its relevance to control systems, this extension of the Kreiss
theorem has, to our knowledge, not been observed in the literature apart from [Mat-
suo, 1994] and [Plischke, 2005]. The short proof we present here, however, is new.

THEOREM 16—LOWER BOUND

supIICe’ABH > sup Res||C(sI—A)"'B]| a7

t>0 Res>0

Proof. Let M = sup, ICe*AB|| and Res > 0. From (15) we have

IC(sI—A)'B| = ||/ e™S1Ce! A Bdt||
0

°° M
— IC(sT-A) "B < M/ eResgy = 2
0 Res

multiplying both sides by Res proves the inequality. O
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The theorem reveals that the input-output Kreiss constant K (A, 8,C) defined
in (13) can lower bound the transient of the system (1) under the input scenarios in
Sec. 2.2.

3.2 Upper bounds

Now we present three ways to bound the transient from above, again, using Propo-
sition 15 as a basis for the proofs.

THEOREM 17—FIRST UPPER BOUND
If A, B, C are matrices and L is the arc length of the boundary of o (A, B,C) or
of its convex hull for some € > 0, then

Leeta‘ (A,B,C)

ICe™B]| < : (18)

2me

where a¢(A,B,C) =sup{Res | ||C(s = A)~'B|| > e '}.

Proof. For any closed contour I" enclosing o (A, B,C) we have (16). Taking the
norm on both sides gives

1

tA |
lce Bl = Hzm.

/eStC(sI—A)_les
r

1 ] L tae (A,B,C)
< —/Ile”C(sI—A)_lBHds < e
2 r

2me

The second inequality follows since ||C(sI —.4) "' B|| < e~ ! along I'. The convex hull
can be used to reduce the length L of I'. This is possible as ||C(s] —.A)~'B|| < 7!
on the boundary of the convex hull. O

Theorem 17 is a fairly straightforward extension of [Trefethen and Embree,
2005, Theorem 15.2]. However, we next present a novel alternative characterization
which will prove useful, in particular for classes of higher-order matrix differential
equations.

THEOREM 18—SECOND UPPER BOUND
Let the system (1) with (A, B,C) be input-output stable and let R = a||A|| for some
a>1. Then

ICI1I B]|
2-2qg7!

R
ICe™B| < %/ IC(iw—A)"'Blldw+ 19)
-R
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Proof. By definition of input-output stability all poles of the transfer matrix C(s/ —
A)~!B lie in the left half plane. Furthermore, the spectrum o (.A) is contained
in the disc |s| < ||.A|| since for any eigenvector x of A with ||x|| =1 we have
[|A]l = || Ax]|| = |2|. Now take T to be the semicircle with radius R > ||A|| that goes
up the imaginary axis and then extends into the left half plane. Then this I" encloses
the input-output spectrum o (A, B,C) and (16) yields

ICe'AB|| < i/efRe<S>||C(s—A)-lB||ds
271' T

1 R
< — IC(iw—-A)""'B||dw
27'[ —-R
37/2 )
IC(Re'® — A)~' B||Rd6.
2 /2

If |s| = || Alla and a > 1, then, the integral in the second term can be bounded using
the following series expansion of the inverse:

I (A . 1
1-A)! —N S
This, togetherw1thsubmultlphcathltyyleld||C(Re”’ A)BIR <||ClIB]l|IAlla %%
which can be used to upper bound the second integral to ”c” ”B 1” . O

Now we will look into another bound, similar in its nature.

THEOREM 19—THirD UPPER BOUND
Let the system (1) with (A, B,C) be input-output stable. If ||C(sI - A)~'B|| < M|s|#
forall |s| > K for some B> 1, M >0, and K > 0. Then

1 o0
ICe™B|| < E/ IC(iw—A)~'Blldw < . (20)

Proof. Taking the norm of (16), we get
1
|Ce' B < — / lles'C(sI - .A)~'B||ds.
2r r

Now, use the same semicircle I as in the proof of Theorem 18 with radius R > || A]|.
This I' encloses the input-output spectra o (A, 3,C). Furthermore if R > K we have

1 R
[Ce™B|| < — lim (/ le’“!C(iw—A)"'B|ldw+7RMR™
27 R—o R
1 [ee]
= —/ IC(iw—A)"" Blldw,
27 )
where the last equality follows from the condition 8 > 1. O
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The condition on S in Theorem 19 can be related to the relative degree of the
system. For instance, if C(s] —A) "' B = (s?I+sA; +Ag)~! and is input-output stable,
then 8 =2 and it is possible to apply the theorem.

The usefulness of the three upper bounds boils down to the fact that the spectrum
is usually difficult to characterize. For the first bound (18), a good description of
the pseudospectra is needed, while in the second and third bounds (19)—(20) good
knowledge of the resolvent along the imaginary axis is needed. We will clarify
through two simple examples.

ExampLe 7 Consider the dynamical system

: 0 1
¢= -1 -2

y= [1 0]5.

E+

u

0
1

21

Suppose we are interested in the impulse response of the system. Then we have

1

-1 _
ClsT=A)B=

In this case we can see that the e-level curves of ||C(sI — A)~'B|| = 1/e are given by
the circles |s+1| = \/e. From (18) we see that the upper bound for each € is

zn\/get(—H\/E) ez(—1+\/E)
2me h Ve ’

The lowest upper bound is achieved for € = 1 and is simply ||Ce'AB|| < 1.

The third upper bound (Theorem 19) requires input-output stability, which is
clearly satisfied. The relative degree is 2 which implies B =2 > 1. To calculate the
bound (20) we need to calculate the integral along the imaginary axis. In this case

ICe™AB|| <

(e8]

ICe! B < %/ IC(wil - A) ™' Blldw

1 = 1 1
-1 / =1
nJo w?+1 2
A lower bound of this system can be calculated by only considering the real axis
(and in this case this is also optimal). This leads to optimizing

1

sup ||Ce™*B]| = sup T

t>0 x>0

(x+1)2

Since this system is very simple it is also possible to calculate the actual maximum
which is sup, . ||Ce’AB]| = 1/e.
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As demonstrated above, Theorem 19 is useful if the relative degree of the system
transfer function is greater than 1. Now we show a case where where we cannot use
this theorem.

ExampLE 8 Consider the same system (21) as before, but now the response to a
non-zero initial value £(0) = [x0,0] . This can be represented by B = [1,0]7. Then
we have

s+2

14 _
Clot= A" B= s

To calculate our first upper bound in (18) we need to encircle the spectrum. The
shape here is non-trivial but at least we know that for any circle centered around —1
with radius smaller than 1 we have

2
(s+1)2

s+2
(s+1)2

The previous calculations give us the upper bound ||Ce"*B|| < 2. In this case we
cannot use Theorem 19 since the relative degree is 1 and therefore § < 1. However,
we can use the very similar Theorem 18 to give an upper bound. || A||. =3 and so
for any R > 3 we can use the theorem. It remains to calculate the curve integral
along the imaginary axis. Doing this with numerical integration for R =9 yields the
upper bound ||Ce'B|| < 2.025 (Through optimization this bound can be lowered to
ICe' 8| < 2.023)

Through these examples we have shown that the best upper bound depends
on the situation. The upside of using Theorems 18 and 19 is that they are quite
easy to compute numerically. Theorems 16 and 17 relate to the level curves of the
input-output pseudospectra and can be qualitatively seen through inspection of these
curves, as we will demonstrate in the next section.

4. Application to networks: vehicle strings

To illustrate our bounds, we consider the problem of controlling a string of vehicles
— the platooning problem. While performance bounds on platoons and their relation
to the network or interaction structure has received ample attention, as we stated in
the introduction, the problem calls for bounds relating to the quantity sup, ||y (?)||c,
where y captures a displacement error. Bounds of this type are important, especially
in platooning, since they directly relate to the allowable spacing between consecutive
vehicles. However, they tend to be difficult to derive analytically. Here we illustrate
how our pseudospectra-inspired approach can be used to evaluate string stability
properties for various platoon structures in terms of this quantity.
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For this purpose, consider a platoon of size n where each unit is modelled as a
double integrator in one spatial dimension, i.e.

X =ug

where xg is the position of the kth vehicle with respect to a fix reference and uy is
the input force at vehicle k.

To control the platoon we consider a control law that depends on relative distances
to neighboring vehicles and relative to a speed reference. For k € {2,...,n—1} we
get:

up = (1+B4q)(Kp—1 —xx) = (1 = Ba) Gk — Xka1) + @ (Veef — Xi)
+(1+8p) (xp—1=xk=d) = (1 = Bp) (xk—xk41—d), (22)

where B4 and ), are parameters capturing the degree of symmetry in the control
law (i.e., look-ahead vs. look-behind control), d a desired intervehicle spacing, vyer
is a velocity reference, and @ > 0 is a weight. For the first and last vehicles, we
simply define X| = —(1 = B4) (k1 —%2) +@(Vier —%1) = (1 = Bp) (x1 —x2 = d), Xy = (1 +
Ba)(Xn—1—%,) +a(Veer —Xn) +(1+8,) (x,-1 —x, —d). By considering the translated
dynamics Xy = xx + kd we get the same dynamics as if we assume d = 0, so for
simplicity we set d = 0 and consider the dynamics around this equilibrium.
The closed-loop system can be written:

-

y=[c 0] m =C¢, (23)

0 1
-L, -Lq—al

0
al

X

|+
X

] Vref = A§+Bvref-

where L,, Lq € R™" are graph Laplacians capturing the vehicle interactions
(see further down for definitions). This and similar systems are well studied, see
e.g. [Stidli et al., 2017].

A way to ensure the platoon is well-behaved (e.g. string stable) is to make « large
in comparison to L4 and L. This, however, essentially transforms the problem to
an open-loop system, which is obviously problematic in a real-world setting with
disturbances and measurement noise or bias. This motivates the use of a fairly small
a, allowing the inter-vehicle adjustments to dominate. In this example, we will
use a =0.1.

We use the framework from Section 3 to analyze this system for two cases, one
where both Laplacians are asymmetric (a directed string) and one where both are
symmetric (bidirectional string). For each system we consider the output

X1 —X2
Y= (XIN/2] —XIN/2]+1 >
Xn—1—Xn
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which samples three inter-vehicle distances: at the start, middle, and end of the
platoon. We will consider the initial condition response, i.e. B = I,,. We expect a
string unstable system to perform poorly for at least one of these outputs.

One merit of our proposed method is the possibility to analyze very large systems.

In both cases considered here, we therefore model a platoon of n = 400 vehicles.
We remark that it would of course be possible to simulate the systems for many
different inputs and through simulation bound the possible outputs. But as n grows,
this quickly becomes very computationally heavy. Using our theorems generates
bounds on the worst case input without any additional effort.

4.1 Directed vehicle string

Consider the control law (22) with 8, = 84 = 1, which renders it fully asymmetric.
In this case, we obtain in (23) L, = Ly = Lasym, with

0
-2 2
Lasym = . . . (24)

-2 2
In Fig. 1 we show the shape of the input-output pseudospectra corresponding to an
initial condition response, that is, the level curves of the quantity [|C(sI —.A) " I, ||l
of (23) with n = 400 vehicles. We can see that the level curves extend far into the right
half plane with magnitudes of order 10°* where Re(s) is of order 10~'. Through
the lower bound in Theorem 16 we can immediately see that there will be a large
transient of ||y(#)||e in at least the orders of 10?°. Through a line search, starting at
the maximum along the imaginary axis and going into the right half plane we learn

that the lower bound in amplification from the worst-case initial conditions to the
output (see Section 2.2) is at least

suplly(1)llw 2 4.3-10%,
t>0
for some & such that [|&|l < 1.

Fig. 2 displays a Bode plot of the system for various platoon sizes n. That is,
we plot the amplitude ||C(sI —.A) ™I, ||e for s = iw, w € (0, ). Here, we can see
the extreme amplification of the frequency response close to the frequency w = 1.
According to our Theorem 18, we can use this frequency response to calculate an
upper bound on the transient through integration. By numerical integration we can
estimate the upper bound to be

sup [y(1)|leo S 1.4-10%.

t>0

From these two bounds we can already conclude that this topology is not suitable
for a string of vehicles.
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Figure 1. The input-output pseudospectra of (23) for a directed vehicle string with n = 400
vehicles. The black dots are the eigenvalues of .A. The large values of the input-output
pseudospectra even for small s in the right half plane indicate an unfavorable lower bound in
Theorem 16.
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Figure 2. Bode plot displaying the worst-case frequency response of (23) for a directed
vehicle string. The amplitude is measured in | - ||o and the response is shown for various
platoon lengths n.

Remark 5 The bounds were possible to compute, since the inversion C(sI — A)™!
can be reduced to the sparse problem C(s*I+sLy +Lp)‘], where C € R>". As Ly
and L, are tridiagonal this can be computed in O(n) operations.
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4.2 Bidirectional (symmetric) vehicle string

Now, let B4 = 8 = 01in (22), leading to the symmetric Laplacians L, = Ly = Lgyn,
with

Loym = . (25)

This corresponds to a bidirectional string of vehicles. In Fig. 3 we show the shape of
the input-output pseudospectra corresponding to an initial condition response of (23)
with n =400 vehicles. We can see that the input-output spectra is quite well-behaved
and do not extend far into the right half plane, indicating transients will be modest.
By Theorem 16 and a line search along the real axis, we learn that the lower bound
in amplification from initial conditions to output is

sup [ly ()l % 2.2,
t>0

for some & such that ||&||e < 1.

In Fig. 4 we can see the frequency response calculated for various n. Interestingly,
the common slope among the curves seems to only behave like a square root which
would mean that there is an upper bound independent of the platoon length which
bounds the transients due to arbitrary non-zero initial conditions. The numerical
upper bound when n = 400 was calculated to

sup [Ce' &)l $ 9.3

120

This can be compared with the upper bound calculated for 7 = 10® which evaluated
at 9.4.

5. Conclusions

In this work we have proposed a pseudospectra-based approach to analyze tran-
sient performance of input-output systems, and generalized existing bounds for this
purpose. Through our bounds it is possible to quantify sup,., ||Ce’ AB| in terms
of lower and upper bounds. These can be seen as bounding the performance from
a worst-case input disturbance to an output y(¢) in any p-norm — otherwise often
intractable to study. Regarding the problem of controlling vehicle strings in Sec. 4,
we illustrated one application where we believe our bounds can be useful, opening
the door to future analysis. For instance, deriving analytical bounds for special net-
work structures. The theorems can also be used to numerically calculate bounds for
network structures where the worst inputs are non-obvious, for instance when the
agents are non-homogeneous or interaction matrices non-normal.
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Figure 3. The input-output pseudospectra of (23) for a bidirectional vehicle string with
n =400 vehicles. The black dots are the eigenvalues of .A. The level curve corresponding
to ||C(sI — A)~1|| = 101 can be roughly inscribed in a 1 radius circle, which hints through

Theorem 17 that the transients of ||y(#)||c Will be small.
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Figure4. Bode plot displaying the worst-case frequency response of (23) for a bidirectional
vehicle string. The amplitude is measured in || - ||« and the response is shown for various
platoon lengths n.
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