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Chapter 1

Introduction

Autonomous mobile robots have attracted the interest of researchers for decades. Their
benefit is to efficiently fulfill various tasks, which human workers or manned vehicles could
only accomplish in a very inefficient manner or which would require to expose humans
to dangerous environments. While unmanned ground transportation systems are already
widely used in industry and logistics, the recent development of microelectronics and bat-
tery technology even made Unmanned Aerial Vehicles (UAVSs) interesting for commercial
usage and triggered various projects in many different fields [BMWi, 2019; Shakhatreh
et al), 2018]. As such, the systematic application of UAVs to search and rescue missions
has been introduced by various organizations [Niemann, 2016; aerzteblatt.de, 2018; Gro-
can et al), 2018]. Further fields of commercial application are delivery logistics [DHL,
2016], inspection for maintenance [Ascending Technologies, 2017h], aerial photography,
agriculture [Mazuy, 2016] and traffic monitoring [Kanistras et al), 2013]. An especially
emerging technology in this field are autonomous multi-rotor helicopters. Autonomous
underwater vehicles (AUVs) are another promising technology with high attention in re-
search [Hackbarth et all, 2015; Klein et al), 2008§].

1.1 Multi-Agent Systems

To use the benefits of autonomous mobile robot technology for large and complex tasks
exceeding the capabilities of single robots, extensive research is done on multi-agent sys-
tems. In such systems, multiple autonomous robots (considered as agents) are working
together in a coordinated manner to jointly accomplish the given tasks. Inspired by the
swarm behavior observed in nature e.g. with flocks of birds, schools of fish or swarms
of bees, teams of self-organized robots are an important subject to research. The term
self-organized in this context means that each agent is equipped with a control unit which
enables it to interact with its team mates in a coordinated manner, such that the common
goal can be achieved without relying on a central authority. With this approach, several
advantages are aimed at:
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e« Low vulnerability As the intelligence required to accomplish the task is dis-
tributed, the system does not depend on the operability of a single unit.

o Distribution of computational load The computational load is distributed
among the agents, such that, especially for large systems, the need for an extremely
powerful central computer is avoided.

e Scalability The number of agents can be adapted to the complexity of the task.
For this purpose, distributed control schemes are desired which can be designed
independently of the actual number of agents.

o« Low controller design effort Instead of a central high-complexity controller gov-
erning a large system, only a controller with the complexity of a single agent is
designed and deployed to all agents.

The typical system setup is a group of mobile robots or vehicles, which are equipped
with local control units and communication devices to exchange information over a wire-
less network. In most parts of this thesis, aerial vehicles such as quad-rotor helicopters
are considered. An important scenario in the research field of multi-agent systems and
adopted here is decentralized formation control [Wolfe et al/, 1996; Fax and Murray, 2004;
Lafferriere et al), 2005]. This scenario considers the goal of robots achieving or maintaining
a pre-defined geometrical formation.

For applicability even under harsh conditions such as expected for search and rescue
missions, a robust system design is needed. In particular, link failures and desired changes
of the communication topology as well as agent failures and the ad-hoc integration of
additional agents into the running system are to be covered. Accordingly, scalability and
robustness against topology changes are desirable properties of the control system.

1.2 Current State of Research

In recent years several concepts and methods have been proposed for cooperative control of
multi-agent systems. In an early work in this field, [Tsitsiklis and Athans [1984] examine
cooperative decision processes. In the following vears, different aspects of multi-agent
systems such as flocking [Reynolds, 1987; Olfati-Saber, 2006]. coordination [Jadbabaie
et all, 2003]. consensus processes [Xiao and Boyd, 2004; Olfati-Saber and Murray, 2004;
Olfati-Saber et alj, 2007] and formation control [Wolfe et al), 1996] gained interest in
research. An_important basis for distributed formation control has been laid by [Fax
and Murray [2004]: Describing the interaction topology as a graph, marginal stability
of a generic multi-agent system is found equivalent to the stability of modal subsystems,
which consist of a single augmented agent model parameterized by the eigenvalues of the
interconnection matrix. Based on this, a cooperative control scheme is proposed providing
robust stability for an arbitrary but known topology. In subsequent publications this
framework is re-interpreted as a Linear Fractional Transformation (LEFT) of a group of
agents as nominal system and a static interaction matrix. In Popov and Werner [2009] the

2
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interaction matrix is diagonalized and its eigenvalues are handled as uncertainty. A similar
and more general framework is provided by Massioni and Verhaegen [2008, 2009] as the
decomposable systems framework, which considers a direct interaction of the controllers.
Cooperative control of Linear Parameter-Varying (LPV)) systems for state consensus is
treated in Seyboth et al| [2012] considering directed topologies.

Another important concept proposed in Fax and Murray| [2004] is to use an Information
Flow Filter (IFF) providing a joint determination of reference positions to be tracked.
A simplifying interpretation of this setup, referred to as consensus-based approach, is
presented in Pilz et al) [2011], decomposing it into a formation consensus algorithm and a
local position control scheme. This allows a separate design of the local position controller
and the information flow filter handling the interaction of the agents. Based on this
approach, in Pilz and Werney [2012b], Popov| [2012] and Pil7 [2013] a general information
flow framework with a combined controller is proposed describing both local control and
interaction between agents - respectively their controllers. Within this framework, both
cooperative and consensus-based approach can be seen as special cases.

To incorporate robustness against topology changes into controller synthesis and at the
same time include performance specifications, two major approaches have been developed:
In Popov and Werner [2012] a property of the adjacency matrix is used together with the
Small Gain Theorem (SGT) to formulate a condition on the ¢; norm of each subsystem,
that implies stability of the whole multi-agent system in case of arbitrary communication
delays. To synthesize a robust controller guaranteeing this condition a-priori together
with optimal performance, a combined H../¢; procedure is proposed in Pilz and Werner
[2012a].

The second approach is based on dissipativity, adopting a common concept from the the-
ory of LPV systems. After a first dissipativity-based approach to distributed control has
been proposed in Scorletti and Dud [2001], a decomposed synthesis approach based on
[Scherer], 2001] is proposed in Langbort et al| [2004] using a general framework of phys-
ically coupled subsystems. In Massioni and Verhaegen [2010] the full-block S-procedure
(FBSP, Scherey [2000, 2001]) is applied to the decomposable systems framework. This
yields a dissipativity-based controller design technique with H., performance guarantee
and allows arbitrary unknown but undirected and time-invariant topologies with non-
scaling problem size. Extensions towards directed and time-varying topologies are given
in Hoffmann et al) [2013] considering switching topologies and Eichler et al| [2013a,h]
using decompositions by means of complex eigenvalues and Jordan blocks. The same au-
thors provide further extensions regarding Lo-optimal controller design for gain-scheduled
control of decomposable Linear Parameter-Varying (LPV)) systems [Hoffmann et all, 2013:
Eichler et all, 2013b] as well as heterogenous groups with directed links Hoffmann et al.
[2014, 2015]. For the latter case, an alternative approach is given by Massioni [2014] using
singular value decomposition. An improved method to decompose multi-agent systems is
proposed in Hoffmann and Werner [2015, 2017], which allows arbitrary directed topolo-
gies. The effects of decomposing the synthesis problem on the L, performance bounds
are studied in Eichler and Werner [2013].

Recent contributions to this field encompass, among others, a distributed finite-time
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global optimal control approach for linear time-varying multi-agent systems with fixed and
known topologies [Ebrahimi Dehshalie et al), 2018], where the controller is synthesized on
subsystem level. Fathian et al| [2018] propose a semidefinite programming approach to
design a distributed state feedback formation controller for multi-integrator agents with
fixed and known topology, providing robustness against perturbations. An H..-optimal
design method for a simultaneous fault detection and control protocol for multi-agent sys-
tems is proposed in Zheng et al| [2017], considering Linear Time-Invariant (LTI) agents
with a fixed and undirected topology. One of the most recent publications treating the
distributed formation control problem of multiple UAVs is Zou et al, [2018]. It proposes a
sub-optimal hierarchical controller design strategy and Lyapunov-based stability criteria
for a fixed number of non-linear UAVs connected by a switching topology.

1.3 Scope and Contribution

The control problem addressed in this thesis encompasses systems of physically decoupled
agents, which are equipped with a local controller and connected by a data transmission
network. For this class of systems, the design of a scalable and topology-independent
distributed controller is considered, which provides stability and optimal performance. In
this context, synthesis techniques are considered in which a controller is synthesized once
at sub-system complexity and deployed to the agents of the multi-agent system. While
many publications in this field assume a known and/or fixed communication topology,
this thesis aims at allowing arbitrary, undirected and time-varying topologies as well as
an arbitrary number of agents (scalability). The considerations of this thesis are mostly
limited to LTI agents, while the concept of LPV control is used to model the interaction.
As reference scenario, mostly decentralized formation control is considered, i.e. the goal
of robots achieving or maintaining a pre-defined geometrical formation.

This thesis is inspired by the works of Fax and Murray| [2004], Popov| [2012], Pilz [2013],
Hoffmann [2015] and Eichler [2016], where important fundamentals of this field are given
and promising controller synthesis strategies are provided. For these achievements, the
scope of this thesis encompasses an analysis and comparison of the control architectures
and synthesis approaches. As second main contribution, in this thesis a new controller
design approach is introduced using the framework of descriptor systems to describe multi-
agent systems.

The scientific contributions of this thesis are summarized as follows:

1. A global system model is deduced and analyzed for time-invariant multi-agent sys-
tems. Using the distributed structure of this model, statements on the global closed
loop eigenvalues (Theorems 2.2.1 and 2.2.2) and the final meeting position of a
rendez-vous process (Theorem 2.2.3) are derived in terms of agent model and in-
teraction matrix. Furthermore, the response to assigning a desired formation is
expressed in terms of the global system dynamics and the relative part of the for-
mation reference (Theorem 2.3.2). Though not covering the full set of systems
considered in this thesis, these results are important to the general understanding
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of the behavior of multi-agent systems and the roles agent dynamics and interaction
topology play to their dynamics.

The problem of designing an information flow filter for consensus-based formation
control in the sense of Pilz et al) [2011] is examined and design objectives are formu-
lated. An extension of the consensus-based control scheme is introduced, which en-
ables the agents to react on a disturbance acting on a neighbor agent, but maintains
the performance advantages with respect to single-loop cooperative architectures.
In contrast to other combined design approaches, this scheme still considers sepa-
rate synthesis of consensus and local control. These findings have been published
in Bartels and Werner [2014].

A simulation study is conducted to compare two central controller synthesis ap-
proaches, one based on the Small Gain Theorem and one adopting an LPV control
technique. This study reveals performance benefits of the LPV-based technique,
but also uncovers an effect of the underlying synthesis approach which limits the
exploitation of the benefits from this technique. In order to achieve a meaningful
comparison among different synthesis techniques, an evolutionary tuning technique
is developed to optimize controllers across different synthesis techniques with re-
spect to common criteria in a common scenario. Central results of this work have
been published in Bartels and Werner| [2016].

This thesis introduces a representation of multi-agent systems as descriptor systems,
combining temporal states modeling the agent dynamics with algebraic relations de-
scribing the interaction. This representation provides additional degrees of freedom
to the controller design problem. As a central result, for this representation a
controller design approach is formulated in the Theorems 4.2.1 and 4.2.2 as LMI
problem, based on an existing approach for descriptor LPV systems. Its solution
allows the synthesis of a distributed Lo-optimal controller, providing scalability and
robustness against topology changes. An additional benefit is given by the ability
to cover formation control of agents modeled as descriptor systems.

The effectiveness of the descriptor-based synthesis approach is shown by means of
a numerical example considering formation control of a group of quad-rotor heli-
copters. A numeric example considering the coordination of electric circuits with
inductive load is used to illustrate the applicability to systems of multiple descriptor
agents.

Two testbeds for experimental assessment and validation of theoretical concepts on
distributed control of swarms of UAVs have been designed and realized. While one
testbed realizes a scenario of fully autonomous quad-copters interacting with each
other, the second testbed combines small-scale hardware for indoor testing with a
centralized platform for emulating distributed control. For challenges faced with
respect to the experimental platforms, different solutions have been examined and
insight about their applicability have been achieved. This especially applies to the
localization of quad-copters. For both testbeds, first experimental results have been
generated, which demonstrate the applicability of these testbeds for experimental

5
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research on the considered control aspects. In particular, the extended consensus-
based control scheme has been tested experimentally, at which the expected outcome
has been confirmed by the actual results.



Chapter 2

Dynamics of Multi-Agent Systems

In this chapter, the dynamic behavior of multi-agent systems is examined with a focus on
the roles of the agent dynamics and the interaction topology on the response of the global
multi-agent system. As result, the steady state response of an LTI multi-agent system
with fixed topology is deduced analytically. Furthermore, the influence of the topology
on the closed-loop performance is examined, including weighted links.

2.1 Preliminaries

2.1.1 General framework of Multi-Agent Systems

In the following, a general framework is introduced, which is used to describe multi-agent
systems. This general model is shown in Fig. 2.1.1. It is based on a framework proposed
in Hoffmann et al| [2015] for analysis of interconnected LPV systems.

The general multi-agent system is considered to consist of N agents, which exchange data

Figure 2.1.1: Interconnection of agents in a multi-agent system



CHAPTER 2. DYNAMICS OF MULTI-AGENT SYSTEMS

p

Figure 2.1.2: Block diagram of a multi-agent system

among each other to coordinate their actions (therefore referred to as coordination data).
Each agent ¢ sends out the data p; and receives data p, from some agents k. Technically,
the index of an agent can be seen as a unique identifier assigned to the agent and stored
on-board. We assume that each data package contains the identifier of the sender agent,
such that the receiving agent ¢ knows the identifiers k£ of the agents it receives data
from. These agents (not including agent i itself) are referred to as neighbors of agent i,
mathematically represented by the node set V.

Within agent i, the incoming data from the neighbor agents are used to compute the
network input signal ¢; as a linear combination

G =) Vpr. (2.1.1)

kEN;

The weighting factors 1);, form the pattern matrix ¥ € R¥*¥ which describes the inter-
connection between the agents and can be interpreted as the weighted adjacency matrix
of a graph representing the interconnection. Further details about this representation
are given in the following Section 2.1.2. A block diagram of the multi-agent system with
matrix representation of the interaction is shown in Fig. 2.1.2.

In addition to the communication signals, each agent has an exogenous input w;, which
can contain both a relative reference position r; within a formation and a disturbance.
For representing performance, an extra output z; is defined.

As shown in Fig. 2.1.2, each agent T'(s) can internally be considered as a feedback con-
nection of a (generalized) plant G(s), which contains the plant dynamics P(s), and a
controller K (s). Each agent 7 is modeled by a state space realization

l"i A Bw Bg Bu Z;
= C,\D,, D, D, |[w
G: | = FooTEw TTEq AU S 2.1.2
p ZP CP : Dpw qu Dpu qlp ( )
Ui Cv 1 Dvw qu Dvu U;
Y [ AT B By [
K:|w|=|¢ETDE DE| [ ], (2.1.3)
v)  Lckiph b ] \af
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where z;, 2 € R™: pF ¢ € R™, pK, ¢ € R™%;u; € R";v; € RYw; € RP; 2 € RY

For the local closed loop subsystem of agent ¢ we obtain the system representation by the
Redheffer star product [Timotin, 1995] of G and K:

ko AY L BY L By el
T=GxK : pl | = ] Qg 7: pgi],:,DJchy ] q’ (2.1.4)
v Cd Dy DY | 4t
Zi w;

In this general framework the transmitted data p; and the averaged incoming data ¢; can
be considered to consist of both measured plant data (upper index P) and data generated
by the controller (upper index K) or either of them.

Unless stated otherwise, for the signals in this framework we use symbols with lower
indices for signals of individual agents and symbols without lower indices for bundles of
the respective signals for all agents, i.e. = = vcat(zy,---,zy). Using the kronecker-
extended notation M = Iy ® M for the block-diagonal concatenation of a matrix M, a
group of identical and independent systems G(s) is represented by the aggregated system
G (s) = Iy ® G(s) by block-diagonal concatenation of the system matrices:

oy [ In®@A|IveB] [A|B [ A|B
G(s) = IveC|IvoD |~ | @ ‘ D for G(s) = D (2.1.5)
Conversely, for conveniently describing the interaction between agents each having multi-

ple interaction channels, the notation M) = M ® I, is used. These Kronecker extensions
have the following properties:

My N = NM,y for N € R™" (2.1.6a)
G(5)Mm) = M G(s) for G(s) € C™*" (2.1.6b)
My = (M) (2.1.6¢)

Details about the Kronecker product are given in Appendix A.3. Using the aforementioned
notations, a group of agents (2.1.2) can be described by the aggregated model

: AlBy B, B /a
(L) g I Y L
- z C, D D,, D w
G = JEN TR TR A 2.1.7a
p” Cp Dpw Dpg Dy | | 0" (2.1.72)
U v j DU'LU ‘D'Uq D’U'LL u
qP = \I/(m)pp. (217b)

The group of controlled agents (2.1.4) is accordingly described by the aggregated closed
loop system model

T R Y x
- I’K - écfll 5%7 75’%}7 - xK
. MR [ c c c Rl
T = G D D | | (2.1.8a)
e ¢ D;, D3, w
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]
qg=%, vi=11" { (m) } I (2.1.8b)
)

,
where II is a symmetric permutation matrix used to change the order of the coordination
signal vector, i.e. p = vcat(py,pk, -+, pn,py) is mapped to [Ip = veat(ps, -, pn,
prL PR

In this model UX represents the interaction topology of the controllers. For a practical
implementation according to Fig. 2.1.1 only the case VX = ¥ is meaningful, as this case
describes the exchange of agent and controller data by the same communication network.
However, for some theoretical considerations it is helpful to consider the more general
case.

Combining the aggregated closed loop model (2.1.8a) with the interaction topology de-
scribed by the interaction matrix ¥, the global interconnected closed loop system is then
Acl el F el (el Nl el Fel 7ycl
AT+ BIeYC, By + BieO Dy, ] (%l)

described by
a i‘cl
T\I} : ( . ) = el Nel gyl Arel Nl Ael el el (219>
z C + DLOAC Dty DA o DeL

with @ = W(] — D,,¥)~.

2.1.2 Graph-Theoretical Representation of Interaction

For modeling the interaction of the agents in a multi-agent system, a well-established
method is using tools from graph theory [Corfmat and Morse, 1976; Fax and Murray,
2004]. Referring to the previously introduced modeling framework, interpreting the com-
munication network as a graph is straight forward.

In general, a graph G = (V, ) is defined as a combination of a node set V = {vy, ...,ox}, N €
N and an edge set £ C V x V. In the interaction graph of a multi-agent system, the nodes
of the graph represent the agents and the edges represent the communication links. This
means, for each existing edge (v;,vg), the head node v; is receiving data transmitted by
node v;. For each node v;, the set of neighbors is defined as

Nz‘ = {Uk|(Ui,Uk> € g} cV (2110)
with the cardinality |V;| denoting the number of elements in V;. This number is also
referred to as the in-degree d™ of agent i. Accordingly, the out-degree d** of node wv; is
defined as the number of edges (v;, v;) in € and represents the number of agents receiving
the data transmitted by agent .

Definition 2.1.1. The graph G is called undirected, if and only if
(vi,vr) €E = (vg,v;) €E (2.1.11)
holds for all edges in £. Otherwise, the graph is called directed.

10
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The graph is called strongly connected, if for every vertex pair (v;, vg) a path from node k
to node 7 exists, i.e. a sequence of edges ((v;, vj1), (vj1,v52), -, (Ujn, vg)). For each graph
G a family of associated matrices is defined, which are particularly useful for describing
the interaction of agents: The adjacency matrix is defined both as unscaled version .A°
and the row-wise scaled version A:

(A% = { L kA4 ke (2.1.12a)

0 otherwise

1
— k#i,keN,;

Ay, = { @ (2.1.12D)
0 otherwise
Furthermore, the degree matriz is defined as the diagonal matrix D = diag(d}",-- - ,d%)

containing the in-degree values of all nodes. Based on that, the Laplacian matrix is defined
as LY =D — A° and as row-wise scaled version £ = I — A, leading to

dr i=k
L% =< —1 k#ikeN; , (2.1.13a)
0 otherwise
1 i=k
1
[Lin=q 7m k#FLEEN . (2.1.13b)

0 otherwise

Algebraic Properties It is a well known result that, based on its construction, each
row sum of £ is equal to 0. Accordingly, the vector 1 = [1 e 1]T € RY is the right
eigenvector of £ associated with the eigenvalue A\; = 0. As stated e.g. in Fax and Murray
[2004] and Popov [2012], by using Gershgorin’s circle theorem it can be shown that all
eigenvalues of £ are contained in the closed Perron disk P defined as

P={zeCllz-1] <1} (2.1.14)

According to Ren and Beard [2008] the remaining eigenvalues Ay, - -+ , Ay are non-zero, if
the graph is strongly connected.

From A = I — L can be inferred that the eigenvalues of the adjacency matrix are located
in the closed unit disk

O={zeC|z <1}. (2.1.15)

In addition, the zero eigenvalue of £ is mapped to 1, such that A has the right eigenvector
1 associated with the eigenvalue 1.

For the unscaled versions of the adjacency and the Laplacian matrix, by means of Ger-
shgorin’s theorem a disk as possible region of eigenvalues can accordingly be obtained.
However, in this case the radius of the disk is determined by the maximum in-degree of
the nodes. In contrast, for the scaled version the radius can always be determined as
1, even without knowing the number of nodes. This is a very useful feature to avoid
conservatism when guaranteeing scalability of the control scheme and robustness against
topology changes.
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CHAPTER 2. DYNAMICS OF MULTI-AGENT SYSTEMS

Weighted Graphs In literature such as Fax and Murray| [2004]; Massioni and Verhae-
gen [2009], the scaled Laplacian as defined in (2.1.13h) is used to describe the interaction
of the agents, which corresponds to using the scaled adjacency matrix from (2.1.12h) as
U in the model (2.1.7). This choice means that all edges pointing towards a particular
node are weighted equally, i.e. all neighbor data are weighted equally in (2.1.1). How-
ever, according to several publications [Xiao and Boyd, 2004; Carli et al), 2011; Pilz and
Werner|, 2013; Eichler and Werner, 2014] it is beneficial to choose unequal weights. This
is described by a weighted communication graph Gy = (V,E,¥) defined by vertex set V,
edge set £ and weighting matrix ¥. The weighting matrix inherits the sparsity pattern of
the adjacency matrix A, whereas the non-zero entries w;; specify the weight of the edge
(vi, vx). Thus, ¥ can be seen as a generalization of the adjacency matrix A, if we impose
the following constraint:

[ Ya>0 k#ikeN;

(Ul = { 0 otherwise ’ (2.1.16)
S wu=1 Vi (2.1.17)
kEN;

A corresponding weighted version of the Laplacian is given as LY = I — ¥ inheriting the
algebraic properties of £. The unweighted graph G is a special case of a weighted graph
with all weights chosen as ;. = 1/d". In this work we consider the set ¥ of all weighting
matrix fulfilling (2.1.16,2.1.17). Unless stated otherwise, in this thesis arbitrary elements
of ¥ are considered for describing the interaction in (2.1.7).

2.1.3 First Order Consensus

This section briefly introduces the common first order consensus process, as it is found in
various sources such as Mesbahi and Egerstedt [2010], Olshevsky and Tsitsiklig [2011] and
Xiao and Boyd [2004]. We assume to have N agents which exchange data over a network
with a topology described by the graph G = (V, ). For the discrete-time version of this
process, data exchange takes place at every discrete time step k. Starting with a vector
z(0) of initial values at k = 0, the agreement process is defined as

ik +1) = Y (k) (k) (2.1.18)

=a(k+1) = Va(k) (2.1.19)
with the nonnegative interaction matrix ¥ (k) € RV*V fulfilling (2.1.16), (2.1.17) and
p(U —1ul) <1 for ul ¥ =ul (2.1.20)
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2.1. PRELIMINARIES

Assumption (2.1.17), saying that every row of ¥ sums up to 1, implies that the vector 1
is a right eigenvector to the eigenvalue 1. This leads to the eigenvector decomposition

1 uf
— XAX T = A g
U=XAX"=[1 v uN] _ ) (2.1.21)

)\N UTJ\}
Having the eigenvalues 1 > |A\g| > -+ > |Ay| > 0, we obtain

lim UF = XA*X ! = 107 (2.1.22)

k—o00

This yields the final value of the agreement process as

lim z(k) = lim UF2(0) = 1ul 2(0). (2.1.23)
—00

k—o00

As this is a multiple of the 1 vector, all agents converge to the same value u?z(0), which
fulfills the goal of reaching a consensus. If and only if in addition 17¥ = 17 holds, i.e.
u; = 1, the agents converge to the average of their initial values.

Continuous-Time Consensus The first order consensus process can as well be for-
mulated as continuous time process, as stated e.g. in Olfati-Saber and Murray [2004];
Olfati-Saber et al) [2007]:

i(t) = = > s (O@(t) — a,(0) (2.1.24)

= 2(t) = —L"z(t) (2.1.25)
The solution of the agreement process (2.1.25) is given as
x(t) = e “2(0). (2.1.26)

For the Laplacian, the vector 1 is the right eigenvector corresponding to the zero eigen-
value. This leads to the eigenvector decomposition

T
0 uy

L=XAX"T"=[1 vy -+ wy] . (2.1.27)

with eigenvalues 0 = A} < R(A\y) < --- < R(Ay). From Ren and Beard [2008] we know
that for each \ € eig(L) we have e™* € eig(e™*!) with the same eigenvectors. For the
case of a simple zero eigenvalue of £ this yields

z(t) = XeMX12(0) and lima(t) = 1ul z(0), (2.1.28)

t—o00

because of R(A;) > 0 Vi, which implies that the contributions of all A; except for the zero
eigenvalue decay to zero.

13



CHAPTER 2. DYNAMICS OF MULTI-AGENT SYSTEMS

Leader-Follower Systems A special case of an agreement process occurs if an agent
has the role of a leader, i.e. there is a single agent that does not receive any data, but
transmits its data to its neighbors. In case agent i is the leader, the i-th row of ¥ is chosen
as the i-th unit vector e; in order to maintain Assumption (2.1.17). As a consequence,
the left eigenvector of W for the eigenvalue 1 is the i-th unit vector (i.e. el ¥ = el ). If
the properties (2.1.16),(2.1.17) and (2.1.20) are fulfilled, the agents converge to the initial
value of the leader:

= klim z(k) = 1ul £(0) = 1e] 2(0) = 12,4(0) (2.1.30)
—00

2.1.4 Formation Control

Ly
A

© )

Figure 2.1.3: Displacements and errors in a formation control problem

In a team of mobile agents, the formation control problem considers controlling the rela-
tive displacement among the agents in order to achieve or maintain a geometric formation.
Here we assume that the desired formation is specified by a reference vector r containing
the desired positions of all agents relative to an arbitrary but common reference point. Re-
ferring to the geometrical setup shown in Fig. 2.1.3 |, we introduce some related quantities
(considering N; = {1, 2, 3,4}):

Ui = Z VitV Center of neighborhood (2.1.31a)
keN;

14
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T = Z VikTk Reference center of neighborhood (2.1.31b)
keN;
Ar; =1, —T; Relative reference position of agent i (2.1.31c)
0 =1 — T Formation displacement (2.1.31d)
yl =17 + Ary =1 + 6 Desired position of agent i (2.1.31e)
e ="ri+ 06—y =y — vy Relative error (2.1.31f)
N =T — Y Absolute position error (2.1.31g)
n = Ar; —y; Absolute error to shifted reference (2.1.31h)

According to the definition given in Lafferriere et al| [2005], the agents are said to be
in formation, if the geometric pattern of the agent positions y; is equal to that of the
corresponding reference positions r;. This is exactly the case if the position errors 7;
and the velocity vectors y; are equal for all agents. Consequently, it is intended to find
an agreement on a common vector 7; = 7,. This is expressed by the following formal
definition:

Definition 2.1.2 (Formation). [Lafferriere et al|, |2005] Consider a multi-agent system
of N agents with output variables y; € R™ denoting their positions and a reference vector

r=r{ - r%]T ;7 € R™N . The agents are in formation at time t if there exist vectors
N, € R™ and v, € R™ such that
T
nt)=r—ylt)=1®n, fory=1[yl - yi| , (2.1.32)
9(t) =1 ® v,. (2.1.33)

Definition 2.1.3 (Convergence to Formation). [Lafferriere et al), 12005] The agents are
said to converge to the formation r if there exist R™-valued functions n,(t) and v,(t) such
that

limn(t) = 1@ a(t) (2.1.34)
—00
tlg&y =1 ®v,(t). (2.1.35)

For the agents to be in formation, it is however not necessary that 7; is zero for any agent.
Thus, bringing 7; to zero is not the goal of formation control. In contrast, the actual loca-
tion at which the formation is achieved and the common velocity v, at which the agents
are traveling as formation should not be determined by the formation controller. Deter-
mining them should be subject to a higher level of mission control not further addressed
in this thesis. In this context it is useful to define the agreement space with respect to an
aggregated vector for N agents each contributing a sub-vector of size p:

o ={reRY Tz, eR?: 2 =1®x,} = Span(ly ® I, (2.1.36)

The complementary space of & within RPY can consequently be named disagreement
space. Every vector x € RPY can be decomposed into an agreement part and a disagree-
ment part Z (details see Appendix A.4.1):

r=T+ 1y ®x, (2.1.37)
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CHAPTER 2. DYNAMICS OF MULTI-AGENT SYSTEMS

An important property of the extended Laplacian L) is that for fully connected topologies
the agreement space is exactly the nullspace of L) as (L® I,)(1y ®x,) = L1y @z, = 0.

Besides the formulation as an agreement problem on 7;, the formation control problem

can also be formulated as a tracking problem with the relative error e; to be brought to

zero. This is equivalent to tracking an individual reference y; defined for each agent i

with respect to the positions of its neighbors. For the geometric pattern of the neighbors

a center of gravity ¢; is obtained as weighted sum (2.1.314) of the neighbor positions, 7;

is the corresponding center of the reference formation. The individual reference position
*

y: is then easily determined by considering the displacement d; between the center of
neighborhood and the corresponding reference. Using the interaction matrix ¥, we obtain

Uy, 7=Ur, (2.1.38)
r—y—VY(r—y) (2.1.39)

o
Il

2.2 Rendez-vous of LTI Agents

The concept of agreement processes described in Section 2.1.3 for agents with first order
dynamics can be extended to the rendez-vous process of a group of general LTT systems.
Here the term rendez-vous refers to the goal of all agents meeting asymptotically at a
common point, which results from team negotiation and is not specified a priori (as
examined e.g. in Ren and Beard [2008]). This is a special case of the formation control
problem with a zero formation reference » = 0, meaning the agents starting with initial
state x(0) = xy are desired to meet at a common point.

In the following, the analysis of consensus processes provided e.g. in Mesbahi and Egerst-
edt] [2010] is used as a starting point to deduce analytic formulation on processes in
multi-agent systems with LTI agents and a time-invariant network. Although these re-
sults are a straight-forward extension of well-known results, they are helpful to understand
important relationships in multi-agent systems.

?:Qv Lim L9 5 f —T—>y

Figure 2.2.1: General Multi-Agent System

We consider the group H(z) of N identical agents H (z), which exchange their output data
y;(k), as shown in Fig. 2.2.1. The interconnection is described by the Laplacian matrix
L with property £1 = 0. Here the examination of the closed loop properties is restricted
to systems fulfilling the following assumption:

Assumption 2.2.1. The number of integrator poles of the closed loop system is less than
or equal to the number of integrator poles of the open loop agent H.
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2.2. RENDEZ-VOUS OF LTT AGENTS

Let the agents be described by the discrete-time state space model

H: 2.2.1
{ w(k) = Cni(h) (22.1)
u(k) = =Lmyy(k) = —Lm)Cz(k) (2.2.2)

with z; € R™ and wu;,y; € R™. This yields the closed loop model
2(k+1) = (& — [LC)x(k), (2.2.3)

which has the form of the first order consensus process (2.1.19) with closed loop state
transition matrix ®, = ® —I'L(,,)C at the place of the interconnection matrix. Using the
eigenvector decomposition of the closed loop system

/\1 (0
b, = [Ul oo UnN} T : . (224)

with [A1] > ... > |A\.n|, we obtain the rendez-vous state values as

limz(k) = lim ®52(0) = ¢ 7 vulz(0) M| =...=|M]=1 |\l <1 (2.25)

Theorem 2.2.1. Consider a multi-agent system according to Fig. 2.2.1 consisting of
identical agents with discrete-time dynamics H(z) given in (2.2.1) and a strongly connected
interaction graph with Laplacian L fulfilling L1 = 0 and ufT/j = 0. The closed loop
state transition matriz O, has at least v eigenvalues \; = 1 with right eigenvectors
v; = 1y @i and left eigenvectors u; = u¥ @ull, if the agent model H(z) has v integrator
poles corresponding to linearly independent eigenvectors vF (and left eigenvectors ull) of
the system matrixz P.

Proof: The interconnection matrix £ and the local system matrix ¢ can be decom-
posed as

0 uf’
Ag ug’
L=1 vf k] ? 2 (2.2.6)
L T
AN L
T
[IJXV I U{I
T T :
d=[of vl vl ] o (2.2.7)
|
H
| An | [utl”

with R(\S) >0Vi € [2,N], [N <1Vie[v+1,n]
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Using this together with the mixed product property, the vector v; = 1y @ v, 1 <i <wv
can be identified as the right eigenvector of the closed loop system matrix for the eigenvalue
1:

[LmyCvi = T(L® L) (In @ C)(1y @ vf) = [(L1y ® Cvf!) =0

v, = (Iy @ P) 1y @) =1y @ S =1y @ v (2.2.8)

In the same manner, the vector u; = uf ®uiH , 1 <4 < visidentified as the corresponding
left eigenvector:

UL C = (f @ u ) (Iy 9 T)L® 1,)C = (uF Lou ' T)C =0
Wl = (uf @u)T(Iy @ @) =uf’ @ull & =uf" ull” (2.2.9)
= uZT(qA) — fﬁ(m)é) = ulT

|

The same result is obtained for a continuous-time model of the process: Let the agents
be modeled by the state space model

f @i(t) = Aw(t) + Buy(t)
e { yi(t) = Cuy(t) (2.2.10)
u(t) = =Lmy(t) = —LimCa(t) (2.2.11)

with the same signal sizes as (2.2.1). Accordingly, the continuous-time closed loop model
is obtained as

~ ~ ~

Ji(t) = (A - B,C(m)C)I@), (2.2.12)

which is equivalent to the first order consensus process (2.1.25 with A, = A— Bﬁ(m)é’ =
—L. Presuming an eigenvalue decomposition of A, according to (2.2.4) with (A1) >
R(A2) > -+ > R(A\n), we can find an equivalent to the discrete-time result (2.2.5):

o0 éR(/\l) >0
limz(t) = limed'z(0) = { SV vaulz(0) RA)=...=R(\)=0,R(\ 1) <0
t—o0 t—o0 0 8%()\1) <0

(2.2.13)

Theorem 2.2.2. Consider a multi-agent system according to Fiq. 2.2.1 consisting of
identical agents with continuous-time dynamics H(s) given in (2.2.10) and a fully con-
nected interaction graph with Laplacian L fulfilling L1 = 0 and ufTE = 0. The closed
loop state transition matriz Ay has at least v eigenvalues N\; = 0 with right eigenvectors
v; = Ly @ v and left eigenvectors u; = ut @ ull, if the agent model H(s) has v integrator
poles corresponding to linear independent eigenvectors v (and left eigenvectors uf') of
the system matriz A.
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Proof: The interconnection matrix £ and the local system matrix A can be decom-
posed as in (2.2.6) and

T
01/><1/\ U{I
‘ ’777\75\1{? 77777777 .
A=[ofl o ol ] o (2.2.14)
|
H
1 A ] {uf”

with R(AF) < 0Vi € [v+ 1,n]. Using this, the vector v; = 1y ® v, 1 <i < v can be
identified as the right eigenvector of the closed loop system matrix for the zero eigenvalue:
BLmCvi = B(L® I,)(Iy @ C)(1x @ v) = B(L1y ® Cvf) = 0
Av; = (In® A1y @ v) = 1y @ Av? =0 (2.2.15)
= (121 — Bﬁ(m)é’)vi =0

In the same manner, the vector u; = v ®ul’, 1 <i < v is identified as the corresponding
left eigenvector:

U BLwC = (uf @ u )T (Iy @ B)(L ® I,)C = (uf' Lo ul" B)C' =0
ul'A = (W @uf) ' (Iy @ A) = ufT ® uZHTA =0 (2.2.16)
= u! (A~ BLyC) = 0.

|

The following theorem concludes the deduction of the rendez-vous result and yields the
rendez-vous position, at which the agents meet at ¢ — oo.

Theorem 2.2.3. Consider a multi-agent system according to Fig. 2.2.1 consisting of
identical agents with local dynamics H given by either (2.2.1) or (2.2.10) and a fully
connected interaction graph with Laplacian L fulfilling L1 = 0 and ufTE = 0. For
r(t) = 0 and initial state x(0) = xy the multi-agent system converges to the rendez-vous
states
rT v g HT
2t = o0) = § (MU @2y viui )wo v >0 (2.2.17)
0 v=20

if the multi-agent system fulfills Assumption 2.2.1 and the local agent model has v integra-

tor poles with corresponding left and right eigenvectors ufl and v¥ being linear independent
for1 <i<w.

Proof:  As the local agent model is assumed to have v integrator poles with linear
independent left and right eigenvectors uff and v’ Theorem 2.2.1 provides v linear inde-
pendent eigenvectors of the discrete-time closed loop system. A corresponding statement
for the continuous-time representation is provided by Theorem 2.2.2. This implies that
the closed loop system has at least v integrator eigenvalues. As Assumption 2.2.1 gives
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v as upper bound on the number of closed loop integrator poles, in case this assumption
holds it is clear that the closed loop system has exactly v integrator poles. Using Theo-
rem 2.2.2 together with (2.2.13), or for a discrete-time representation Theorem 2.2.1 and
(2.2.5), the steady-state values of the rendez-vous process can be obtained:

v v

lima(t) = Y vulwo = (v @ o) (wf @ ul)ao =3 (Axul” @ vflul" ),
=1

t—o0
i=1 i=1

From the definition of the kronecker produckt it is straight forward to obtain (2.2.17),
which concludes the proof. [ |

In (2.2.17), the expression left of the Kronecker symbol is a dyadic product with the one-
vector 1 as left factor, thus it is a matrix of N copies of the same row. This fact yields
the result z1(t — o0) = ... = xy(t = o0) and corresponds to the agents meeting at a
single point. The resulting rendez-vous position is obtained by the output equation of H
as

yi(t — o0) = C’(ufT ® Zvlﬂufﬁ)xo. (2.2.18)
i=1

Remark 2.2.1. Assuming that the discrete-time model H(z) in (2.2.1) is obtained by
zero-order hold discretization of the continuous-time model H(s) given in (2.2.10) at
sampling time T, the state transition matriz of H(z) is obtained as ® = eT. From this
expression one can infer that with a decomposition A = XAX ™! the discrete-time system
matriz can be decomposed accordingly as ® = XA T = X AT X1 (see Ren and Beard
[2008]). In this case the eigenvectors of the state transition matriz corresponding to the
integrator eigenvalues are equal for the continuous-time and discrete-time representation.
Thus, Theorem 2.2.3 provides the same result for both representations.

Note that the local system matrix ® having an eigenvalue at 1 (or A having a zero
eigenvalue) is equivalent to the local system H(z) (or H(s), respectively) having integral
action. If, instead, all eigenvalues of H(z) have absolute values less than one, the agents
will converge to the origin. For the case of the existence of integrator poles in H, the
eigenvectors v/7 and uf, 1 <i < v describe the steady state value of the free response of
the local system H:

uk) =0=z(k+1) = dz(k) (2.2.19)
= lim (k) = dF1(0) = ;vfuf z(0). (2.2.20)

Consequently, the steady state response of the global multi-agent system is determined
both by the properties of the interconnection matrix £ and the free response of the local
subsystems H.
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2.3 Formation Establishment

Formation establishment covers the process initiated by the assignment of a timewise
constant formation reference vector r at time ¢ = 0. At this time instance the system is
assumed to have the initial state z(t = 0) = xy. The response of the closed loop system
can be expressed as a superposition of the free response to the initial states xy and the
forced response to the assigned reference. While the free response is equal to the rendez-
vous process described in the previous section, the forced response can be seen as step
response to a reference input signal r(t) = ro(t), where o(t) is the unit step function.

Here the forced response is examined, considering the multi-agent system as shown in
Fig. 2.2.1 with the agent model H(s) given in (2.2.10), a non-zero reference r and zero
initial states (0) = 0. The input vector is given as

u(t) = Lonye(t) = Lony(r —y). (2.3.1)

The closed loop system model is accordingly obtained as

%(t) = Acll‘(t) + Bcl’f‘

T A 2.3.2

s — ot (2:32)

with Acl = A - B,C(m)é Bcl = B,C(m). (233)

Using the decomposition
Ay = XAX 1= [Xl Xg} —Ql’fl’f;fff Yy yr=Xx-1! (2.3.4)
c j Ag Y'2T ’ o

with Ay = diag(A,41,- .., Aun) < 0, for the formation establishment process of this system

the following can be stated:

Theorem 2.3.1. Consider a multi-agent system according to Fig. 2.2.1, fulfilling Assump-
tion 2.2.1 and consisting of identical agents with local dynamics H(s) given by (2.2.10)
and a fully connected interaction graph with Laplacian L fulfilling L1 = 0 and ufTE = 0.
For a constant reference r assigned at time t = 0 and zero initial states, the closed loop
multi-agent system converges to the finite steady state x(t — o0) = —XoA, 'Y Byr,
where Xy and Yy contain the right and left eigenvectors of the global closed loop system
corresponding to its non-zero poles. The transient response is given by

2(t) = —XoA; 'Yy Bar + XoAy 'Y Byr. (2.3.5)

Proof: 1t is well known that the forced response of an LTI system can be obtained
as the convolution integral of the impulse response of the system and the assigned input
signal. For the formation establishment process this yields

t
x(t):/ A=) Byr(T)dr. (2.3.6)
0

21



CHAPTER 2. DYNAMICS OF MULTI-AGENT SYSTEMS

Using (2.3.4), for the step reference function r(t) = ro(t) one obtains

o(t) = [X, X {El(’f) _ (tJ {YQT} Bur (2.3.7)
with

t
El(t) - / eO(t_T)dT =t-Lxy
0

t
Zo(t) :/ eM2t=7) dr
0

nN t nN 1
= diag(/ MU dr) = diag (—)\—(1 — e’\it)> = A (1 —eM).
0

i=v+1 i=v+1 i
Accordingly, z(t) is a superposition of three terms:
z(t) = X,V Byr -t — XoAS 'Y Byr + XoA; 'Y, Byr (2.3.8)

For a non-zero vector X;Y;" Byr the response x(t) integrates the input signal and thus
grows linearly to infinity for a non-zero constant or step reference input. However, if the
requirements of Theorem 2.2.2 or 2.2.1 are fulfilled, the respective term disappears, as a
row-wise examination yields

[YBa], =ulBa=(wfou'(I@B)(Lol)=u Lou B=0 Viell,v].
In this case, as the third term in (2.3.8) decays to zero for ¢ — oo, the global closed loop
system converges to the second term in (2.3.8). This concludes the proof. [ |

In Theorem 2.3.1 the state response of the formation establishment process is given as
a linear function of the absolute reference vector r. In contrast, the formation control
problem formulated in Section 2.1.4 limits the control task to the relative displacements
instead of the absolute positions. However, one can easily show that under a reasonable
condition on the closed loop input matrix B, the closed loop response only depends on
the relative reference vector 7:

Theorem 2.3.2. Under the conditions of Theorem 2.3.1, the response of the multi-agent
system to the assignment of a constant reference r at time t = 0 is given by

2(t) = — XoAy 'Yy Bai + XoA; 'Yy By, (2.3.9)
ot — 00) = — XoAy 'Y By (2.3.10)

with ¥ = r —r, being the relative part of r according to (2.1.37) if the closed loop input
matriz By fulfills of C ker(Bg).

Proof: 'The proof is easily concluded by expressing r in terms of the agreement and
disagreement part:

r=r+1Qr,
= Byr = By + By(1®r,) = Byt as 1 ®r, € ker(By)

In the following, a simple example is given to illustrate the previous results.
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Example 2.3.1 (Swarm of SISO Vehicles). Consider a swarm of N = 5 vehicles with
second order dynamics

p. ) Bl = {8 —01.05} xi(t)*[o(.)l} wlt)
yi(t) = [1 0] ()

Here the movement is only examined in one spatial dimension, such that the vehicles
can be modeled as Single Input Single Output (SISO) systems. Each vehicle is con-
trolled by a local controller K (s), such that the local agent model is H(s) = P(s)K (s).
The controller is chosen as

s+ 0.005

K(s) = 20—

The communication topology is given by the adjacency matrix

01100 1 -3 -1 0 o0 0
10011 -+ 1 0 -1 -3 0.667
A=110010|= L£=|-3 0 1 -1 0 [with\=]| 1
01101 0 -3 -3 1 -3 15
01010 0 -3 0 -1 1 1.83

The local agent model has poles at M = [0 —0.05 —2.4}T, thus v = 1. For the
closed loop system the eigenvalues are computed as

A=1[0 —0.05 —0.05 —0.05 —0.05 —0.05 —0.87 ... —2.40]"

which confirms that the closed loop system inherits the integrator pole of the lo-
cal agent model. Computing the rendez-vous position according to 2.2.17 yields
y;(t — 00) = 10/3 ~ 3.3 and is marked as black asterisk in Fig. 2.3.1.

Figure 2.3.1 shows the position of the vehicles during the rendez-vous process starting

at the positions yy = [1 1 3 3 10}T. As clearly visible, all agents converge to the
expected rendez-vous position.

The formation establishment process is shown in Fig. 2.3.2 for a reference r =
[1 2 35 7]T and zero initial states. From (2.1.37), the agreement part is ob-
tained as r, = 3.6. Consequently, the formation is expected to be established at the
positions 7; = r; — 3.6. The black asterisks mark the steady state positions computed
according to Theorem 2.3.1. It is clearly visible that the agents correctly establish
the desired formation at the expected location.
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rendez-vous process mation establishment process

2.4 Relationship between Performance and Topology

The previous section already outlined that the closed-loop dynamics of a multi-agent sys-
tem are not only governed by the local agent dynamics and the distributed controllers, but
are as well influenced by the interaction topology. To illustrate this fact and to motivate
future research on the topology aspect, in the present section the effect of the interaction
topology on the performance of a distributed control scheme in a multi-agent system is
examined by means of a numerical example. This comprises both the connectivity of the
network as well as different link weighting policies.

2.4.1 Network Properties and Connectivity Measures

Here some terms and definitions are introduced to characterize the interaction topology
and the role of particular nodes within the network by means of spectral graph theory.
These definitions are adopted from Bertrand and Moonen [2013].

o Algebraic Connectivity The term connectivity is a property of the graph and
describes how densely it is connected. This property can be quantified by means
of the second-smallest eigenvalue \5 of the unweighted Laplacian £, referred to as
algebraic connectivity in the following. For connected graphs, A5 is strictly positive.
Furthermore, it is monotonically increasing with the number of links in the network
[Bertrand and Moonen, 2013].

o Fiedler Vector The Fiedler vector f is the eigenvector of L corresponding to the
second-smallest eigenvalue \5. Together with A\, the Fiedler vector provides im-
portant information about the clustering properties of the graph, which is relevant
to the properties of distributed algorithms operated over the network [Bertrand and
Moonen, 2013].
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o Centrality The centrality is a property of a node in a network and can be in-
terpreted as the influence or importance of this node in the network. There are
multiple ways to quantify this property:

— Degree Centrality The simplest centrality measure is the in-degree d*, which
is the number of neighbors the node ¢ receives data from. The drawback of
this measure is that it only takes into account the local environment of a node
rather than the whole network.

— Eigenvector Centrality The importance of a node beyond its local neighbor-
hood can be measured by taking into account not only the number of neighbors,
but also their importance, i.e. their centrality. An intuitive definition of the
centrality ¢; of node i is thus ¢; = 1/a ),y ¢ (a is a normalization factor).
This definition can be rewritten to the eigenvector problem ac = V¢ with
c=c; -+ cy]? and the adjacency matrix W. It can be shown that for re-
stricting ¢; non-negative, a unique solution is given by the principal eigenvector
of U corresponding to its largest eigenvalue [Bertrand and Moonen|, 2013].

o Distance In the context of graph theory, the term distance is a property of a node
pair and means the number of links traveled along the shortest path between these
two nodes.

2.4.2 Influence of Connectivity and Link Weights on Control

In this section a numerical example is presented to study the influence of the interac-
tion topology on the control performance. It considers the performance of a distributed
formation control scheme for a swarm of 10 quad-copter agents in cases of different, but
time-invariant interaction topologies. In particular, for various instances of the inter-
action matrix W the global closed loop system model Ty was composed according to
definition (2.1.9) and the Ho, norm of this system was computed numerically. Due to the
assumption of a time-invariant topology, the global closed loop system is time-invariant
as well and the H,, norm is equal to the induced L, gain and is a reasonable performance
indicator. With the representation used here, all existing links are assumed ideal.

The agents are modeled by the linearized model from Section B.1, which is the underly-
ing model of the simulations presented in Section 3.3.1. Accordingly, the control scheme
was chosen as the cooperative architecture with interconnected controllers as shown in
Fig. 3.2.8c. For controller synthesis the interconnection-scheduled approach from Hoff-
mann and Werner [2017] presented in Chapter 3.1 was used, for which the problem formu-
lation and choice of shaping filters were adopted from the simulation study of Section 3.3.1
(see case (iii) of Table 3.1).

For the present example, 20 leader-follower topologies (one leader, 9 followers) were gener-
ated randomly. To sample various different connectivity values, for each topology instance
a different link existence probability was taken from the range 0.2 to 0.8. With these
topologies, different heuristic weighting schemes were tested. They were chosen with the
requirement of being implementable in a distributed manner, such that the distributed
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character of the control system including the link weights in preserved. Two different
ways of assigning the weights are tested: One method is directly assigning a charac-
teristic value as unscaled weight ¢%. The second method uses a pre-defined increasing
sequence s, known by each agent [Mirali and Werner, 2018]. Locally, the neighbor agents
are assigned a priority by a specified criterion (corresponding to the weight assigned for
the direct method) and the first di* values of s, are assigned as weights ¢ = s, by the
order of the neighbors’ priority. In both methods the normalized weights v, fulfilling
(2.1.17) are obtained as

Vi = U5/ DU (2.4.1)
JEN;
In this work, s, was chosen as the sequence of integer numbers, i.e. 1,2,3,.... The

following weighting schemes were tested, which are mostly inspired by Mirali and Wernex
[2017]:

1. Equal weighting All neighbors are weighted equally, thus % = 1 Vk € N;. In
this case W equals the adjacency matrix of the communication graph.

2. Eigenvector centrality, direct Here the eigenvector centrality is used as defined
in Bertrand and Moonen [2013]: ¢% = ¢;. Thus, the weight of the data from agent
k is the higher the more central node k is in the network. A method to determine
the centrality in a distributed manner is given in Bertrand and Moonen [2013].

3. Eigenvector centrality, sorted sequence This method uses the eigenvector cen-
trality as well, but assigns the sequence values s,, in the order of the (increasing)
centrality.

4. In-degree, direct Here each neighbor is weighted according to its in-degree, i.e.
9. = d™. The idea behind is that a neighbor is assumed more important if it is
influenced by more other neighbors. If a neighbor is a leader (who has in-degree

zero), its weight is set to ¥, = in?vxw?k + 1 in order to assign a high weight to the
€Ny

leader. Without this modification a leader would be disconnected.

5. In-degree, sorted sequence Same criterion as (4), but assigning the sequence
values as weights in increasing order of the in-degrees.

6. Leader distance, direct This is a specific weighting scheme for leader-follower-
systems with emphasis on leader tracking. Therefore, the weight of each neighbor is
chosen as the shortest path length in the communication graph from the leader to
this neighbor. This quantity can be easily obtained using a distributed algorithm.

Figure 2.4.1 shows the resulting values of || Tiy||o for the tested topologies, plotted over
the algebraic connectivity A5 of the corresponding topology W. As a first observation, a
general tendency of a performance increase for increasing connectivity is clearly visible for
all weighting schemes. This is the expected result, as a higher connectivity means a faster
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Figure 2.4.1: H., performance indicator plotted over the algebraic connectivity of the
interaction topology

propagation of information through the network. As second observation, especially for
sparsely connected networks the performance highly depends on the weighting scheme. In
contrast, for rather high connectivities the performance difference between the weighting
schemes is marginal. Among the tested weighting schemes, equal weighting achieves the
second-lowest performance, which indicates a large benefit of choosing unequal weights. In
most cases the best performance is achieved for weighting according to the leader distance,
followed by a sorted sequence weighting with respect to the in-degree. For both centrality
and in-degree used as weighting strategy, with most topologies the sorted sequence leads
to a better performance compared to the direct weighting.

This example emphasizes the high influence of the topology and the choice of link weights
on the global system performance. In doing so, it gives a strong motivation to further
research on this aspect, which is beyond the scope of this thesis. In particular, the given
example does not consider delays or limitations of the channel capacity, which are expected
to be relevant in reality under some conditions. While an increase of the connectivity was,
as expected, found to be generally beneficial in the present example, this result might be
different if non-ideal channels are modeled. In reality, a higher connectivity might come
at the price of channel congestions or collisions, which lead to delays or packet dropouts
and will most likely decrease the performance. Such aspects are explicitly addressed in
recent literature. Among others, a stabilizing controller design approach for the case of
packet dropouts is proposed in Pan et al) [2017] and a memory weighted protocol for
consensus under packet dropouts is addressed in Datar et al) [2018].
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Chapter 3

Distributed Control of Multi-Agent
Systems

As one of the contributions of this thesis, the present chapter examines different ex-
isting control architectures and controller synthesis approaches, establishes a common
framework encompassing these approaches and provides a study comparing the achiev-
able performance.

The basis is laid by outlining two existing controller synthesis approaches to be further
examined. Different methods of formulating the addressed control problem in consider-
ation of the control objectives are examined and corresponding control architectures are
described and related to the common control framework. Particular interest is given to the
consensus-based formation control approach, for which an extended version is introduced.
Furthermore, a methodology used to compare the achievable performance for different
controller synthesis approaches is presented and results of a corresponding comparative
simulation study are provided.

3.1 Existing Controller Synthesis Approaches

3.1.1 Robust Control Using the Small Gain Theorem

This approach is proposed in Pilz and Werner [2012a]] and is based on the stability criterion
introduced in Popov and Werner| [2012]. It is used in connection with the interconnected
plant architecture. Accordingly, a direct data exchange between the controllers is not
considered. The controller guarantees robust stability both for arbitrary and changing
communication topologies as well as for communication delays [Pilz and Werner, 2012a].

The key idea of this approach is to exploit knowledge about the adjacency matrix in
order to formulate a stability condition in terms of a single subsystem. The row-scaled
adjacency matrix A from (2.1.12b) features an ¢; norm independent of the topology, which
permits a controller to be robust against topology changes. As described in
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Popov and Werner [2012], from the construction of A it can be inferred
[ AY (#)loo
[Ally = sup =
v#0 [[y(t)le

for arbitrarily switching topologies and arbitrary delays. Using A(,) = A ® I,,, for the
Multi-Agent System (MAS) shown in Fig. 2.1.2 and applying the small gain theorem
w.r.t. the #; norm to this loop, we can derive the sufficient stability condition

IDT(s)D7 | = | In ® (DT(s)D~Y) |1 < 1, (3.1.2)

(3.1.1)

with an invertible scaling matrix D € R™*™ [Popov and Werner, 2012|. Using the prop-
erty ||T(s)|l1 = ||T'(s)]|1 of the ¢; norm, we can reduce this condition to a single subsystem,
which leads to the following statement:

Theorem 3.1.1. Popov and Werner [2012] A multi-agent system as shown in Fig. 2.1.2
1s stable for any number of agents N and arbitrary and switching communication topolo-
gies with any time-varying communication delays, if there exists an invertible matrix
D € R™™ satisfying ||D7}fé(3)D_1||1 < 1, for T,, denoting the transfer function from
interconnection input q; to interconnection output p; according to Fig. 2.1.2.

From Theorem 3.1.1 a stabilizing controller synthesis problem can be formulated as finding
a controller K (s) for which the closed loop system fulfills the ¢; condition of Theorem 3.1.1.
In Pilz and Werner [2012a] this problem is extended by an H., criterion on the local
performance, which is defined as the relation between exogenous input w; and performance
output z; of the system model (2.1.2). This extension leads to the following mixed H.. /{1
synthesis problem:

Problem 3.1.1. Pilz and Werner [20124] Find a controller K(s) that satisfies

min [T o (3.1.3)
subject to HDT;;D_lHl <1, (3.1.4)

with a suitable scaling matriz D and T, and T,, denoting the local closed-loop transfer
functions from reference/disturbance input w; to performance output z; and from inter-
connection input q; to interconnection output p; according to Fig. 2.1.2.

The combined synthesis problem can be solved using a Youla parameter-based approach
proposed in Pilz and Werner [2012a]. A less computationally expensive alternative is
to instead solve the following Problem 3.1.2, which is the H./Ho companion of Prob-
lem 3.1.1, and to check the ¢; condition a posteriori.

Problem 3.1.2. Pilz and Werner [2012d4] Find a controller K(s) that satisfies

min | T 3.1.5
subject to | DT D~ _ <1, (3.1.6)

with a suitable scaling matriz D and T, and T, as in Problem 5.1.1.

For the special case of a symmetric interaction matrix, i.e. A4 = A", Popov and Werner
[2012] show that solving Problem 3.1.2 is sufficient to guarantee stability even in case of
time-varying topology and delays.
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Figure 3.1.1: Analogy of interconnection-scheduled MAS control (left) and gain-scheduled
LPV control (right)

3.1.2 Interconnection-Scheduled Approach

The basic idea of this approach is presented in Hoffmann et al| [2014, 2015] and Hoffmann
and Werner [2017] and is sketched in Fig. B8.1.1: The interconnected system introduced
in Section 2.1.1 is interpreted as LPV system in LF'T representation in the sense of
Scherer| [2001] with the interconnection matrix ¥ handled as parameter block A. For this
class of systems, Scherer [2001] provides a technique to synthesize a controller which is
scheduled by means of an LFT loop connection with a parameter block AX. As here A
describes the interconnection of the subsystems, the LFT gain scheduling can be realized
by connecting the controllers over a network with the corresponding topology WX, If
U = WX holds, the controllers inherit the topology considered to connect the plants,
which equates the framework from Section 2.1.1 with the controller interaction in place.
In this interpretation the controller is scheduled by interconnection and in this work we
refer to this approach as Interconnection-Scheduled Control (ISC).

In this context, the definition of the upper LFT (Def. A.1.2) can be applied to formulate
the multi-agent system as parameter-dependent system (assuming ¥ = ¥¥):

(L o (0), B0 ] [ %
T (V) : 5527 _[%(\11)9(\11)] U:Cw* : (3.1.7)

Acl Bcl Bcl
— ~ AW 4
{ ¢ D, ] ! {D

with U = diag(¥ ), \IJ{;)) Following the lines of Scherer [2000, 2001], for this system a

criterion for stability and performance can be formulated using the Bounded Real Lemma:

F{(xp) @(m)}

¢(v) (V) }‘I’C“ ~ D) G D] (318

cl
zq

Theorem 3.1.2. The system T (V) given in (3.1.7) is asymptotically stable for all in-
teraction matrices ¥ and has a bounded induced Loy gain ||.T (V)| z, < 7, if there exists a
symmetric Lyapunov matriv & > 0 fulfilling

0 210 0 o (D) @(\1/)1

T
Q712 oo o I 0
H 00 0 7@ ] <0 WY (3.1.9)
0 0|0 —vI 0 I
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A core feature of the method from Scherer [2001] is the Full-Block & Procedure: For a
condition (3.1.9) expressing robust quadratic performance of an LPV system with ratio-
nal parameter dependence, an equivalent condition is established in terms of the LFT
representation, at which the nominal system model and the scheduling parameter are
separated into different Linear Matrix Inequalities (LMIs). To connect these two LMIs,
a new variable .# € R2VN™<2Nm called multiplier is introduced. Applying this method to
the aforementioned LPV representation of the multi-agent system leads to an LMI prob-
lem with a complexity corresponding to the whole interconnected system. In Hoffmann
et al, [2013] the idea is proposed to restrict the multiplier as

| INn®@ My Iy @ My

M= In@Ma Iy @ Mol

(3.1.10)

With this restriction the interconnection matrix is the only non-block-diagonal element in
the LMI problem. As it is only contained in one of the LMIs, the second one can already
be decomposed into N instances of the same LMI of single subsystem size, which only
needs to be considered once. With this method, the following statement is formulated in
terms of the closed loop model 2.1.4:

Theorem 3.1.3. [Hoffmann et al), 12015] The multi-agent system consisting of T and
Vi) = \Ilgn) is stable with induced Lo gain y from w to z for all interconnection topologies

U, if there exist an X € R®*2" with X = XT > 0 and a multiplier M € R™>4m qith
M = MT fulfilling

A B BT
S I 0 0
*T 7{\/!‘)(;‘777‘7777 ’aa*bglf—ljcr,
s IM e T T <o (3.1.11)
* M en by |
Lo 0 I |
T INm
N IN®M11 IN®M12 INm
******* 0 YU 3.1.12
{*} |:IN®M21 IN®M22:| \I/(m) > ( )
V)
with
0 X ir o
= = |7
Ma [X 0] o My [0 _ﬂ} (3.1.13)

If ¥ is normal, a unitary diagonalizing transformation exists [Hoffmann and Werner,
2017], which transforms the multiplier condition (3.1.12) into a family of conditions

T
* M My I, ‘
{*} {le M22:| N, >0 VA€ eig(V). (3.1.14)
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With this step, a decomposition of the global synthesis problem into a family of problems
on the level of a single subsystem is achieved. By means of the projection lemma and the
dualization lemma [Scherer, 2001], a synthesis condition can be derived in terms of the
(generalized) plant matrices:

Theorem 3.1.4. |Hoffmann et al., |2014] There exists a distributed controller K such
that the multi-agent system consisting ofT and U is stable with induced Lo gain vy from
w to z for all interconnection topologies U, if there exist X = X7 >0,Y =Y >0 and
symmetric multipliers M € R?>™?™ aqnd N € R?*™®™ fylfilling

A B, B,
AT 0 X I 0 0
- X 0 | C, D,, D,,
T il I B P Pq pw
Nx Z 77777 i{WiLiii 70777[77797 Nx<0, (3.1.15)
! 1 P CZ qu Dzw
0 0 I |
[ —AT -7 —c. ]
RER N Y o I 0 0
x o T T _p. T pT
M T % YON qu D[pq %q Ny >0, (3.1.16)
,,,,, _ _ 1 . e o
¥ N, | =B, =D —D.T
0 0 I
X I
{[ Y] >0, (3.1.17)
T T
* I * Vi )
l*] ]\/[l)\[ >0, L] Nl 7 } <0 Ve eig(V) (3.1.18)
with
R ST R ST
M = N =2 = 1.1
{S Q]’ {S @}’ (3-11%)
7 0 ir o1
= |7 — |7
T L R .10
Nx =ker ([Cy Dyy D)), (3.1.19¢)
Ny =ker([B," D," D..']). (3.1.19d)

As this synthesis problem is convex, it can be solved by checking the multiplier condition
(3.1.18) only at the boundaries of the interval of the expected values of A.

For controller reconstruction, the general method provided in Scherer| [2000] is not applica-
ble here, as it considers constructing a more general controller scheduling function AK(A)
depending on the multiplier results, usually not fulfilling A¥ = A. In the correspond-
ing interpretation as interconnected system, this would mean to construct a controller
topology WX £ W ie. to consider the controller interaction topology as design param-
eter. This fundamentally contradicts the objective of a control scheme which provides
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robustness with respect to an interaction topology given by physical circumstances. For
this reason, an alternative method is required to ensure WX = W. This is provided by
the D/G-scalings approach proposed in Dettori and Scherer [2001], which restricts the
multipliers to

R ST R ST
AR 10
with R >0, R<0, S+ST=0, S+57=0. (3.1.21)

A beneficial property of this restriction is that it makes the multiplier condition (3.1.18)
trivially fulfilled for all interaction matrices with a spectrum inside the closed unit disk.
In this case the controller K can be computed by solving the LMI problem (3.1.15) to
(3.1.17), reconstructing the closed-loop multipliers [Dettori and Scherer, 2001] and solving
for the controller variables. Note that for a robust control problem without providing con-
troller scheduling, like in case of an application to the interconnected plant architecture,
this synthesis problem loses convexity and the previously mentioned LMI technique will
no longer work. Instead, other solving methods like p-synthesis would have to be used.

Weighted Links

In the examples of Hoffmann et al| [2014, 2015]; Hoffmann and Werney [2017], ¥ was
chosen as scaled adjacency matrix (thus using unweighted links only) and its property of
a spectrum within the closed unit disk was used to limit the range of A. It should be
noted that this approach can easily be extended to weighted links: Choosing ¥ according
to (2.1.16) and (2.1.17), no matter whether the weights are equal, we obtain the same
bound on A:

Lemma 3.1.1. Every matriz ¥ chosen according to (2.1.16) and (2.1.17) fulfills

A <1 VA€ eig(V). (3.1.22)

Proof: The proof is easily done by using Gershgorin’s circle theorem: As W adopts
the sparsity pattern of the adjacency matrix, all diagonal elements are zero. Thus, all
Gershgorin circles are centered at the origin. As all 1, are chosen positive, from the
stochasticity assumption (2.1.17) follows that the radia of the circles, which are the sum
of the absolute values of the off-diagonal elements, are one. This limits A to the closed
unit disk. [ |

Extension to Non-Symmetric Interaction

In the previously described derivation of a synthesis procedure on subsystem level, the
step from the global condition in Theorem 3.1.3 to the decomposed multiplier condition
(3.1.14) plays a crucial role. However, this step relies on ¥ being unitarily diagonalizable,
which normally is not fulfilled in case of directed topologies such as leader-follower sys-
tems or non-symmetric weighting. To allow such a decomposition for arbitrary systems
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even in case of non-diagonalizable interaction matrices, in Hoffmann and Werner [2017]
methods are proposed using a reformulated problem. The key idea is to express ¥ in
terms of a unitarily diagonalizable augmented interaction matrix U as ¥ = VW using
augmentation matrices V' and W fulfilling VW = al (a is some real scalar). With this
expression, the original closed loop system model Ty = ¥ T from (2.1.8) can be written

Ty =T« ({W}W} TT F/(]"“D (3.1.23)

by moving the augmentation matrices into the nominal system model. Choosing the
augmentation matrices V and W to consist of diagonal blocks of size N, i. e.

V=v®ly, W=w®Ily withveR> weR™! (3.1.24)

preserves the decomposability of the nominal system. Thus, the synthesis problem for-
mulated in terms of ¥ can be decomposed into a subsystem-level problem according to
Theorem 3.1.4 in terms of the augmented subsystem

w1 o T 2 Vm) By,

[ = = | wuC AT D o) c

T‘{ Jm} T{ I )} = | wem Gy | W) Dygvim)  wem Dy | - (3.1.25)
o Dioemy D3

There are multiple possibilities of choosing the augmentation, which result in different
performances of the resulting controller. The most promising one found in Hoffmann and
Werner [2017] (there titled "Proposition 17) is

V=[Iy 0], W= {I(J)V},@: [\I‘?T _gT}. (3.1.26)

This augmented interaction matrix U is normal, since 07 = UT¥ holds.

Meanwhile, the symmetrization method previously proposed in Hoffmann et al| [2014,
2015] has two important drawbacks: Firstly, it imposes constraints on the communica-
tion topology. Secondly, it does not allow the use of a row-wise scaled interconnection
matrix like (2.1.12h), but requires a both-sided scaling. This has two drawbacks: Firstly,
the out-degrees of the neighbors need to be known, which requires additional effort and
potentially higher communication load, secondly the resulting weighting of the neighbors’
data distorts the consensus.

Remark 3.1.1. The choices of V and W in [Hoffmann and Werner [2017] have the draw-
back that the augmented interaction matriz U is not symmetric and thus their eigenvalues
are complex. In that case, formulating a meaningful problem requires a modification of
the LMI condition resulting in a 2-dimensional parameter space to be checked. This can
be avoided by choosing the sub-blocks of Proposition 2 |Hoffmann and Wernen, 2017 with

= Up Vg Iy
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Up=05U+0") =0} Vg=05U-0")=—-0]

with an arbitrary symmetric real V.. The advantage of this proposition (3.1.27) is that
U 4s symmetric real, such that its eigenvalues X are real as well and the LMI condition
(3.1.18) only has to be fulfilled on a real interval.

3.2 Problem Formulation and Control Architectures

In this section, first the performance objectives are stated, which are pursued in dis-
tributed controller design for multi-agent systems. They are formulated as requirements
on sensitivity functions in terms of the generic multi-agent system model used in Chap-
ter 2.2. Based on this, generalized plants of the form (2.1.2) are given for different control
architectures used in the existing approaches reviewed in this thesis.

3.2.1 Control Objectives

E E Ey1 EE d
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Figure 3.2.1: Global Closed Loop

A general representation of the system under consideration is shown in Fig. 3.2.1, where
H(s) is the model of a controlled agent. For an agent system H(s) consisting of a con-
troller and the local agent dynamics, K (s) denotes the transfer function from e; to the
control input wu; assigned internally to control the local dynamics. The reference vector
r defines the desired formation, further external inputs are the output disturbance d and
the measurement noise n. Corresponding to (2.1.31), the output and error signals are

n=r—y-—n, (3.2.1a)
e Z,C(m)n = E(m)<7“ -y — n), (321b)
y =H(8) Ly (r —y) +d. (3.2.1¢)

Regarding the goal of achieving and maintaining the formation defined by r according to
Definition 2.1.3 at reasonable control effort, the following objectives can be formulated:

e lim(r—y(t) =1

t—o00
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= Tf(r — e) small for formation reference tracking

= Tf(d — e) small for disturbance rejection
o Tf(n — y) small for noise attenuation

o Tf(r — w) small for reduction of control effort

Solving (8.2.1) for n and y yields

n =+ H(s) L) (r —d—n), (3.2.2)
e :E(m)([ + H(S)L‘(m))f (7” —d— n), (3.2.3)
y =H(8)Limy(I + H(8) L))" (r — d — n). (3.2.4)

These expressions contain important transfer functions describing the relation of the ex-
ternal inputs and the outputs of the closed loop system:

S(s) = (I + H(s)Lm)) ™ (absolute) Sensitivity Function (3.2.5a)
Sr(s) = Lany(I + fl(s)ﬁ(m))_l Formation Sensitivity Function (3.2.5Db)
T(s) = ]:I(s)ﬁ(m)(l + H(s)ﬁ(m))_l Complementary Sensitivity Function — (3.2.5¢)
KSp(s) = K(s)Sp(s) Control Sensitivity Function (3.2.5d)

The core idea of H..-optimal mixed-sensitivity controller design, as described e.g. in
Skogestad and Postlethwaite [2005], is based on minimizing the #H., norm of shaped
versions of S(s) and KS(s). This coincides with the usual design objective of reducing
the absolute control error r — y. However, in case of the formation control problem
we are not interested in reducing 1 to zero. Instead, the goal is to reach a common
(but possibly non-zero) error for all agents. Thus, shaping S(s) is not meaningful in a
formation control problem. A reasonable alternative is provided by shaping the formation
sensitivity function Sp(s) = L) S(s), which yields zero whenever S yields a common error
n= 1® Na-

In terms of S the formation control objectives can be formulated as follows:

1. a(Sr) =0 at w < wy for reference tracking

2. 7(Sr) =0 at w < w, for disturbance rejection

3. a(T) =0 at w > w, for noise attenuation

4. o(KSp)~0 at w > wy for control effort reduction

A reasonable border between the low frequency range of objectives 1 and 2 and the high
frequency range of objectives 3, 4 is the sensitivity bandwidth according to Skogestad
and Postlethwaite [2005]. With respect to Sg, it is defined as the frequency w;, at which
7(Sp(jws)) = 1/4/2 holds.
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Although the H., optimization technique referred to here in context with a frequency do-
main representation of the sensitivities only exist for time-invariant systems, it is common
in LPV| control theory to extend this technique to the induced £, gain of time-varying
sensitivity operators. For this reason it is meaningful to use the H., argumentation to
formulate the synthesis problem even for time-varying systems.

3.2.2 Single-Loop Architectures

In the previous section the control objectives have been introduced for a general control
scheme (see Fig. B.2.1) consisting of the generalized agent model H(s) and the Laplacian
L of the interaction graph. In general, the agent model H(s) contains both a model P(s)
describing the local agent dynamics (here also referred to as plant model) and a controller
K (s). The task of this controller is twofold in a single control loop: On the one hand it
has to stabilize and control the local dynamics, on the other hand it has to control the
interaction, i.e. to influence the dynamics of an individual agent in a way that the whole
team of interacting agents achieves the desired properties. For the particular control
architecture, meaning the internal setup of H(s) and the composition of the data being
transmitted, different possibilities have been proposed in literature. In the following, some
of them are reviewed.

Figure 3.2.2: Global system with control architecture from Pilz and Werner [20124]

The simplest and most straight forward architecture consists of a series connection of
controller K(s) and agent model P(s), resulting in H(s) = P(s)K(s). In this scheme,
which is considered in Pilz et al| [2009], the controller inputs are limited to relative
data with respect to the neighbor agents and do not provide any information about the
absolute state of the agent. For this reason it is only useful if the local agent dynamics P
are stable and easy to control or, as in Pilz et al| [2009], if P already contains an existing
local controller stabilizing the agent dynamics. If, instead, a controller is to be designed
to fulfill both tasks, it is reasonable to feed local data to the controller as an additional
input ¢;. This leads to the control scheme proposed amongst others in Fax and Murray
[2004] and Pilz and Werney [2012a], which is shown in Figure 3.2.2.

For the application of robust controller design techniques to the control architecture shown
in Fig. 3.2.2, the global control loop can be redrawn in LF'T form as shown in Fig. 3.2.3
(with switch position (ii)). The interaction is expressed by Ly, = I — W(,,, of which
¥ is considered as uncertainty. The exogenous inputs are combined to the generalized
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Figure 3.2.3: Generalized plant for an architecture with plant interaction

input w™ = r —d — n. With this arrangement the distributed control problem has the
form of a robust control problem, in which a controller K is to be found such that closed
loop stability and performance requirements are robustly fulfilled for all ¥ in a specified
set [Pilz and Werner, 2012a]. While the setup shown in Fig. 3.2.2 considers the error
n; to be transmitted to the neighbors (referred to here as error data exchange), other
formulations such as in Hoffmann et al] [2015] consider the output y; to be transmitted
(output data exchange). In Fig. B.2.3 the latter option is shown as switch position (i),
error data exchange as (ii). As the transmission is modeled as a linear operator, e =
Lmyn = Lmyr — Lmyy holds and both formulations are equivalent. This can be easily
seen from Fig. 8.2.2. For the output transmission formulation (i) the generalized input is
wD = L (r —d—n).

To allow the usage of loop shaping techniques, additional fictitious output channels are
defined as the formation error e; and the control signal u; weighted by the shaping filters
Ws and Wi [Pilz et all, 2009]. For this choice the transfer functions from w to zg and zg
are obtained as the weighted formation sensitivity function Ws(s)Sg(s) and the weighted
control sensitivity function Wy (s)KSr(s). A typical choice of these shaping filters is
shown in Fig. 3.2.4: For Wy a low-pass filter is chosen in order to penalize the formation
error at low frequencies (corresponding to Objective 1 and 2 in Section 3.2.1), but to
allow a transient error at high frequencies (w > wj). The filter W, penalizes the control
effort (Objective 4) and is chosen as a high-pass filter, which imposes a higher penalty
for high-frequency control action in order to avoid an amplification of measurement noise
(Objective 3).

An extension of the architecture from Fig. 3.2.2 is shown in Fig. 3.2.5 and is provided by
the idea of a direct data exchange among the controllers, which is introduced in Massioni
and Verhaegen [2009]. The controller K is assumed to generate a separate coordination
signal pX, which is transmitted to the controllers of the neighbors using the same data
transmission link as the plant coordination data. The composition of the coordination
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Figure 3.2.5: Global system with plant and controller interconnection

data pX is defined by K and thus is obtained and optimized as part of the controller
synthesis procedure.

Considering ¥ as uncertainty, an LFT representation can be derived with a copy of ¥,
LFT-wise connected to K(s), as shown in Fig. 3.2.6. This corresponds to the control
structure subject to the gain-scheduled control problem in Scherer [2000, 2001] and thus
allows the application of techniques developed for this kind of problems.

A drawback of this architecture is that for each agent 2m instead of m data transmission
channels have to be provided, which means an increased communication load. A modified
architecture avoiding this drawback is proposed in Hoffmann et al, [2015], where the ab-
solute error 7; is fed to the controller instead of the formation error e;. The corresponding
generalized plant is shown in Fig. 3.2.7. Within this generalized plant the interaction
input ¢ only influences the virtual output zg and can thus be considered as virtual itself.
For a practical implementation of this architecture, only the controller interaction data
would be required to be transmitted.

Figure 3.2.8 shows an overview of the three proposed architectures.
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Figure 3.2.7: Generalized plant for an architecture with controller interaction and error
data exchange

3.2.3 Consensus-Based Formation Control

An important property of the previously presented cooperative control architecture con-
sists of having a single controller which is responsible for controlling both the interaction
with neighbors and the local dynamics. As visible in Fig. 3.2.2, in this architecture the
agents are coupled by linking the main control loops containing the controller and the
local dynamics P(s) of the particular agent.

An alternative control architecture is introduced in Fax and Murray| [2004]. The basic idea
of this approach is to let the agents jointly determine a formation reference position to be
tracked locally by each agent. In Pilz et al. [2011] this scheme is simplified and separated
into a consensus loop and a local position control loop, as shown in Fig. 3.2.9. The task
of the consensus loop depicted on the left is to estimate an absolute position reference 7;
for each agent, which is fed to the local position control loop to be tracked by ;. With
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Figure 3.2.9: Consensus-based formation control scheme [lPilz et al.|, |2011|]

F(z) = I ® F(z). this loop has the same structure as the general global control loop
shown in Fig. 3.2.1 with H(s) = F(s). Meanwhile, the position control loop shown on
the right does not contain any interaction elements (i.e. all transfer function matrices are
block-diagonal). Thus, it consists of NV independent instances of a local position control
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Figure 3.2.10: Generalized plant for information flow filter design [Pilz et al{, 2011]

loop consisting of the agent model P(s) and the local controller K (s) enabling the agent
to track the estimated reference position 7; determined by the information flow filter.

A major advantage of this setup is the separation of interaction dynamics and local
dynamics, which allows them to run in separate time scales. This separation is similar to
the reduced formulation by time-scale separation in networked systems, which is proposed
and theoretically analyzed in Awad et al| [2015]. An important case to consider here is
a consensus loop reacting significantly faster than the agent dynamics, for which the
overall performance is dominated and limited by the agent dynamics (later referred to
as fast consensus). As another benefit of the consensus-based approach, K(s) and F(s)
can be designed independently, as no feedback connection between position control part
and consensus loop exists. For the local position controller, this allows the usage of well-
established techniques without considering the interaction with neighbors, also non-linear
control schemes such as LPV gain-scheduled controllers are admissible [Gonzalez Cisneros
et all, 2015].

In this architecture the dynamics of the interaction are designed by designing the infor-
mation flow filter F(s). The goal is to find an F' which provides good estimated absolute
reference positions 7 for which the agents are in formation according to the given for-
mation reference r. This problem is analogous to the formation control problem defined
in Section 2.1.4 with 7; considered as agent position y;. The objective of good reference
tracking is measured by the consensus sensitivity function

Sp(8) = Loy (I + F(8)Lmy) ™ (3.2.6)

describing the relation of the formation reference input r and the relative estimation error
e (also referred to as reference disagreement). Good reference tracking corresponds to
a(Sr) = 0 for low frequencies.

For the application of loop shaping techniques to design the information flow filter, the
consensus loop can be reformulated into the generalized plant form shown in Fig. 3.2.10
and proposed in Pilz et al) [2011]. Similar to the cooperative control architecture, here W
is considered as uncertainty. The Information Flow Filter (IFF), which is the system to be

43



CHAPTER 3. DISTRIBUTED CONTROL OF MULTI-AGENT SYSTEMS

designed, is considered as controller. The fictitious performance output z; is defined as the
estimation error e; weighted by the shaping filter Wy, such that the weighted consensus
sensitivity function Wg Sy is obtained as transfer function from reference r to z.

An important difference between the information flow filter design problem and the single-
loop cooperative design problem is the absence of a dynamic plant model within the gener-
alized plant of the IFF design problem. In terms of standard robust control terminology,
this results in a direct throughput from the control input (which in this case is the es-
timated reference 7) and the measured output fed to the controller. For this reason the
control sensitivity function equals the complementary sensitivity function, such that an
explicit penalization of the control sensitivity is not meaningful and thus omitted here.
When using LMI-based synthesis tools for IFF design with this problem formulation, the
direct throughput from 7; to e; can lead to difficulties. To avoid these, a low-pass filter
J(s) can be added as shown in Fig. 3.2.10 with a reasonably high bandwidth.

Direct IFF Design Regarding the formulation as an optimization problem, the absence
of plant dynamics has an important impact: As complementary sensitivity and control
sensitivity are equal, in a multi-objective formulation as in Fig. 3.2.4 the sensitivities to
be shaped (Sg and KSfg) are complementary to each other. Thus, both objectives are
no longer independent and the resulting optimization problem would reduce to finding
the minimal positive real value 7 fulfilling |WsSr|le < 7. As this problem has arbitrar-
ily many solutions (“everything which is below Wg'(s)”), it is no longer meaningfully
formulated.

In the context of this difficulty in the optimization problem it is good to know that in
most cases it is not even reasonable to tackle the information flow filter design problem
as an optimization problem at all. Instead, having the shaping filter Wy given to specify
desired properties of the formation sensitivity function, F(s) can be obtained directly:

Theorem 3.2.1. Consider a multi-agent system as shown in Fig. \3.2.9 consisting of N
agents equipped with an information flow filter F(s) = Ws(s) — I and a local controller
K(s) stabilizing the agent dynamics P(s). This system is stable for any number of
agents N and arbitrary and switching communication topologies with any time-varying
communication delays, if Wg satisfies

[Wst =1 < 1. (3.2.7)

Proof: The consensus loop of the considered multi-agent system can be represented
as an LF'T interconnection of a generalized plant Gp(s), the information flow filter F'(s)
and the adjacency matrix W as shown in Fig. 3.2.10 (with J = I'). We consider T'(s) to be
the LFT interconnection of a single instance of the generalized plant and the information
flow filter F'(s). For this system the closed-loop the following transfer functions are
obtained:

T..=I+F)"'=Wwi (3.2.8)
Tpg=—FTp = —(Ws = DWg' =Wg' — 1. (3.2.9)
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Accordingly, assumption (3.2.7) implies ||T),]/1 < 1. From this finding the proof can be
concluded using Theorem 3.1.1. [ |

The role of Wy in this case is similar to that in the usual optimal design problem. How-
ever, here the information flow filter is obtained directly, such that the local formation
sensitivity function exactly equals the shaping filter, corresponding to v = 1.

Design Objectives for Information Flow Filter For the consensus-based forma-
tion control architecture the decoupling of interaction and local dynamics, provides the
possibility to design the information flow filter, which determines the dynamics of the
consensus process, independently of the dynamics of the agents. For holonomic agents to
be controlled in cartesian space, it is furthermore possible to handle the consensus scheme
separately for each dimension, such that only SISO design problems are to be solved.

The main property of the consensus loop to be influenced is its closed loop bandwidth
w¢, which determines how fast the agents can adapt their reference position 7; to changes
of the formation reference r or the reference position of the neighbors. With respect to
the bandwidth wp. of the local position control loop, the choice of we can follow one of
the following strategies:

we > wpg Fast Consensus The goal of this strategy is to achieve formation consensus
as fast as possible, such that the bandwidth of the overall system is dominated
by the local bandwidth wpy. This is reasonable if the physical capabilities of the
agents are considered as bottleneck and the reference r is to be tracked as quickly
as possible.

we < wpg  Slow Consensus With this strategy the bandwidth of the entire system is
to be determined in a range below the local bandwidth by designing the information
flow filter. In contrast to the fast consensus strategy, here the local agents are able
to track the position reference 7; almost exactly, as the high-frequency content of
the formation reference is already attenuated by the consensus loop. This strategy
is reasonable for example in teams of heterogeneous agents, for which more agile
agents are to be prevented from executing fast movements which their team mates
are not able to perform. Another usage case is to cope with low data rates of the
communication channels preventing higher bandwidths of the consensus loop by
limiting the sampling rate.

we ~ wpy Matched Consensus The idea of this strategy is to choose the consensus
bandwidth (almost) equal to the local bandwidth and is a compromise of the two
extreme strategies above.

The strategies of fast and slow consensus are illustrated in the following example:

Example 3.2.1. A consensus-based formation control scheme according to Fig. 3.2.9
is considered with point mass agents (P(s) = m/s?) controlled by a first order lead
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compensator. The information flow filter is obtained directly as

F(s) = We(s) — T from choosing Ws(s) = =€ (3.2.10)
S
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Figure 3.2.11: Fast Consensus Figure 3.2.12: Slow Consensus

Fig. 3.2.11 and 3.2.12 show the local frequency responses of the transfer functions of
the consensus loop Tp = F(I + F)™!, of the locally controlled agent Tp = Tf(7; —
y;) and of the combination of both (7, = TpTr). For the fast consensus case a
heavy agent with a low bandwidth is considered, while for the consensus scheme a
bandwidth we = 10rad/s is chosen. As clearly visible, for frequencies up to w¢
the frequency response of the entire system is almost equal to that of the local agent.
Thus, the performance of the entire system is only limited by the physical capabilities
of the agents. In contrast, for the slow consensus case, where more agile agents are
considered, we is chosen lower than the agent bandwidth. This causes the response of
the entire MAS to decrease for frequencies above w¢, although the agent bandwidth
is significantly higher.

Time responses for formation establishment are given for both cases in Fig. 3.2.13 and
3.2.14, where the position y; (solid) and the estimated position reference 7; (black dot-
ted) are shown in z-direction. As clearly visible, for the slow consensus case the agents
track their estimated references almost exactly. In contrast, for the fast consensus
case a formation consensus is achieved quickly, but the agents need a comparatively
long time to reach their target positions.
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3.2.4 Extended Consensus-Based Control Scheme

pa

Figure 3.2.15: Extended information flow scheme

Despite the advantages of fast consensus and separate controller design, the consensus-
based control scheme has an important drawback: As no feedback exists from the actual
agent output to the consensus scheme, there is no possibility for the agents to react
on any disturbances acting on neighbor agents. In the following, an extension of the
consensus-based control scheme is introduced with the goal to combine the performance
and design advantages of the consensus-based scheme with the ability of the agents to
react on disturbances of other agents.

This scheme is shown in Fig. 3.2.15. Unlike in the consensus-based scheme, where in-
formation flow filter and position controller are only connected in a feed-forward way,
here the agent position is fed back locally to an extended information flow filter F'(s).
Thus, the coordination signal 7 can be influenced by the agent’s output, which permits
to transport information about an output disturbance d, acting on the agent and enables
the other agents to react on that. Nevertheless, 7 is used as reference estimation for the
position controller.

For this architecture the local position control loop is considered in the same manner as in
the consensus-based scheme, thus it can as well be designed independently. Assuming that
such a controller K (s) has been designed according to the objectives of reference tracking,
disturbance rejection, noise attenuation and reasonable control effort with respect to the
local control loop, the control objectives for the information flow filter are
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1. Tf(r — 7) =~ 1 for formation consensus
2. Tf(d — ) small for disturbance rejection

3. Tf(d — 7) ~ 1 for information propagation

Objective 3 follows from the fact that 7; is the signal which is transmitted to the neighbor
agents. Obviously, the objectives 2 and 3 are contradictory. However, these contradictory
claims become reasonable when having a closer look on what disturbance rejection in case
of a formation control problem means: The geometrical shape of the formation is to be
restored after an agent has been driven out of its place by an external disturbance. This
can be accomplished both by the disturbed agent moving towards its desired position and
by the other agents moving the whole formation towards the place of the disturbed agent.
For the latter movement, it is necessary to propagate the information of the displacement
caused by the disturbance to all other agents of the formation. For quickly restoring the
formation, especially the signal components around the bandwidth wp, of the position-
controlled agent need to be passed to the neighbors, which results in claiming objective
3 for frequencies in this area. Instead, objective 2 mainly is a claim regarding the steady
state accuracy. For this reason, the conflict is resolved by formulating the objectives in a
frequency-dependent manner.

The aforementioned objectives are similar to the frequency-dependent objectives of track-
ing and control effort limitation encountered in standard mixed sensitivity design prob-
lems. Thus, here it seems natural to formulate a multi-objective design problem as well:
Like for the decoupled consensus-based control scheme, for the extended version the qual-
ity of reference consensus is measured by a consensus sensitivity function Sg. In order to
adjust the coupling between the agents, a coupling sensitivity function S¢ is to be formu-
lated as relation between the reference r and a coupling error signal ec measuring how
well the desired information to be fed to the neighbors is contained in the transmitted
signal 7 (i.e. the lower ec, the closer 7 is to the signal to be transmitted). This signal
can be chosen in different ways: In Bartels and Werner [2014] it is proposed to choose
the local position error e = ep = 7 — y. A straight-forward choice based on Objective 3
is ec = 7 — d, which is considered in the following. The sensitivity functions and the
corresponding disturbance sensitivity functions are obtained as

= Tf(r =€) = Loy (I + F1 Ly — FyTp) (I — FyTp) (3.2.11a)
st = TH(d — €) = — Ly (I + Fi Ly — FoTp) " FyTpy (3.2.11b)
So = TH(r — ec) = (I + FiLpmy — FoTp) ' FiLm) (3.2.11c)
Sca = THd — e¢) = (I + FiLmy — BoTp) ' EyTpg — 1 (3.2.11d)

where [ is partitioned as F = [F 1 Fg] according to its inputs e; and y; and the transfer
functions of the position-controlled agents are given as block-diagonal functions

Tp =Tt — y) = (I + PK)"'PK (3.2.12a)
Tpg = Ti(d — y) = TH(# — ep) = (I + PK)™! (3.2.12D)
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Figure 3.2.16: Generalized plant for extended information flow filter design

Details about obtaining these transfer functions are given in Appendix A.4.2. In terms of
the sensitivity functions, the objectives can be summarized as follows:

W K Wpe o Sp — 0 for local reference tracking
e Sp — 0 for reference consensus

e Spg — 0 for disturbance rejection

W =~ Wpcl e Sgg small for coupling

e S small for fast reference consensus

W > Wpel e Sp a1 for noise rejection

e SpK — 0 for reasonable control effort

The objectives concerning Sp = Tf(7; — ep;) and SpK are to be considered when de-
signing K (s). The synthesis problem for F(s) can be formulated using the generalized
plant setup shown in Fig. 3.2.16. Like in the decoupled IFF design, the shaping filter Wg
is used to penalize the formation consensus error. To tune the coupling of the agents,
a second performance channel zo is introduced penalizing the coupling error ec by a
shaping filter We(s). In contrast to the decoupled consensus-based architecture, here the
consensus loop is influenced by the agent position y;. Thus, the closed loop dynamics of
the position-controlled agent have to be included into the IFF design problem, which is
done by expressing y; by y; = Tpr; + Tpad; as given in (3.2.12).

An important aspect has to be considered in tuning the extended information flow filter
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regarding the objectives in the active frequency range (w &~ wp.): Enforcing small values
for both S and S, leads to a conflict. From (3.2.11b) and (3.2.11d) one can see that the

CO

independent factor —Ly,).

co
is

mplementary sensitivity corresponding to S¢y only differs from Sp, by the frequency-
Thus, increasing the bandwidth of Wy for achieving faster
nsensus (increasing the bandwidth of Sr) also increases the bandwidth of Sgg, which
shaped by Wy as well. The complementarity to Scq then leads to an increase of the

bandwidth of S¢y and moves its value at wpy towards 1, which contradicts the coupling
objective. Thus, the choice of the shaping filter bandwidths is a trade-off between fast

CO

nsensus and coupling.

20

Example 3.2.2. This example considers the control task from Example 3.2.1 to be
accomplished by using the extended consensus-based control architecture shown in
Fig. 3.2.15. To design the information-flow filter F'(s), a four-block mixed sensitivity
problem is formulated using the generalized plant shown in Fig. 3.2.16. The agents are
point masses with m = 1 controlled by the lead compensator used in Example 3.2.1.
The shaping filters are chosen as

3.333 s+1
—] = 100———15. 2.1
Sl Wels) = 100 : (3:2.13)

Ws(s) = s+ 1000

This design problem is solved using the robust control approach from Pilz and Werner
[2012a] based on the small gain theorem, which is reviewed in Section 3.1.1. Here
Problem 3.1.2 is solved and the ¢; norm is checked a posteriori.
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Figure 3.2.17: Sensitivity plots for design of an extended information flow filter;
singular values of the inverse shaping filter (red) and the sensitivity function (blue)
plotted over frequency

Fig. 3.2.17 shows the shaping filters together with the singular values of the resulting
sensitivity functions plotted over frequency. The agent bandwidth wp. is indicated
by a black dotted line. The design objectives regarding the steady state w < wpgy
are clearly fulfilled, as both S and Sg, are small for low frequencies. The agent
bandwidth almost coincides with the bandwidth of the consensus sensitivity Sg, which
indicates a matched consensus case, i.e. the consensus loop reacts more or less as
fast as the agents. At wp. the coupling disturbance sensitivity already has a value
significantly below 1, such that good coupling can be expected.

Frequency responses of the resulting decomposed system (¥ = 0) are plotted in
Fig. B.2.18 showing the transfer functions of the consensus loop T = Tf(r — 7), the
local system Tp = Tf(7 — y), the entire system 7,, = Tf(r — y) and the coupling
Trqg = Tf(d — 7) (details see Appendix A.4.2). Corresponding to the matched
consensus case observed in Fig. 3.2.17, the bandwidths of the consensus loop and
the local loop almost coincide. The coupling transfer function is close to zero for
very small frequencies, but close to 1 for high frequencies. Thus, in steady state
the disturbance has almost no influence on the commanded position. Tp and Tryg
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intersect with magnitudes close to 1, which means that an active frequency range
exists in which the agent is able to react on disturbances acting on neighbors.

T T TTTT] T T TTTT] T TTTET T T TTTT
i!:i 0
& — Consensus loop Tk
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i —50 — Entire MAS T,
i.; — Coupling Trq
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Figure 3.2.18: Singular value plots of the input-output transfer functions

4

x-Positions

Time [s]

Figure 3.2.19: Position in a-direction (solid) and estimated reference 7 (black dotted),
plotted over time for formation establishment and disturbance rejection

A simulated time response of the entire multi-agent system is shown in Fig. 3.2.19.
The simulated scenario considers a group of six agents commanded to achieve a
line formation with a spacing of 1. At ¢ = 10sec an output disturbance dg, =
—50(t — 10sec) is acting on agent 6. As clearly visible, the other agents react on
this disturbance and quickly move in negative z-direction. The formation is restored
within approx. 4 seconds.

52



3.3. COMPARISON AND BENCHMARK

(1) (i) (iif)
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Table 3.1: Synthesis specifications
3.3 Comparison and Benchmark

3.3.1 Comparison of Control Architectures

The simulation study presented in this section aims at a comparison of (i) the robust
cooperative control scheme introduced in Section 3.2.2, (ii) the decoupled consensus-
based control scheme from Section 3.2.3 and (iii) its extension presented in Section 3.2.4.
The controllers used to generate the presented results were synthesized by means of the
small gain theorem-based robust approach presented in Section 3.1.1. Specifications of
the synthesis problem are given in Table 3.1.

The scenario simulated here is adopted from Pilz and Werner [2012a] and considers a
group of five identical quad-rotor helicopters modeled by the linearized 12-th order model
given in Section B.1, which is discretized here with a sampling time of 10ms. This group
of agents is guided by a virtual leader with a given position. Although the simulation
considers a 3D space, here only a change in the x-coordinate is commanded. Starting
positions and desired relative placements of the quad-rotor agents are given as
T T
[:cl(O) 22(0) x3(0) 24(0) :c5(0)] = [Om Im 2m —1m —Zm] (3.3.1)
T T

[7’173& Toyw T3z T T57x:| = [IOm 9 8m Tm Gm} . (3.3.2)

The communication topology is chosen as unweighted graph with an interaction matrix
partitioned as

\I/FF \I/FL T
U = , Upp = [1 100 0] , (3.3.3)
0 0

where W pr describes the topology among the followers and W, describes that the virtual
leader is connected to the agents 1 and 2. The topology among the followers is chosen
randomly and is updated every 0.1s. Additionally, the communication links are affected
by random time delays in the range of 1 to 6 sampling instances. At t; = 25s agent 5 is
affected by a step disturbance d, = —50(t — t4) acting on its output.
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Figure 3.3.1: Position y;, (solid) and estimated reference 7; (dotted) for different control

architectures

The results in terms of the agents’ positions in x-direction are shown in Fig. 3.3.1 for the
three examined formation control schemes. For both cooperative schemes the estimated
reference 7 is plotted as well. Comparing the time to reach the formation, one can see
that for the cooperative architecture (Fig. 3.3.1a) an approximately three times larger
settling time is needed compared to the consensus-based architectures.
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(c) Extended consensus-based control scheme

Additionally,
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Figure 3.3.2: Control input us of agent 5

here a significant dithering is visible during the whole movement, which suggests a high
sensitivity to the topology changes. In contrast, the results shown in Fig. 3.3.1b and
3.3.1¢ are smooth and do not noticeably show such effects.

Rejecting the disturbance on agent 5 at ¢ = 25s is performed rather quickly in all cases,
where consensus-based and extended IFF formation control show a noticeable overshoot.
As expected, in the fully decoupled consensus-based case (ii) the neighbor agents do
not show any reaction on the disturbance. In both other cases a significant attempt to
follow the disturbed agent is visible. As described in Section 3.2.3, the behavior of case
(ii) is explained by the feed-forward architecture, in which no actual position data are
transmitted to neighbor agents. In contrast, both for the cooperative scheme and the
extended consensus-based scheme, the coordination data depend on the actual position
data, such that the neighbor agents notice the disturbance on agent 5 and are able to
react on it.

In Fig. 3.3.2 the control input us representing the pitch torque around the y-axis, which
is the control input mainly responsible for movements along the z-axis, is shown. As is
clearly visible, for the cooperative scheme the control signal reaches much higher values
than in the other cases and can be assumed to go beyond the actuator limits. Referring to
the output results, in case of the consensus-based and extended consensus-based schemes
a significantly better transient performance is reached with significantly less control effort.

From these observations the consensus-based and the extended consensus-based control
schemes appear to clearly outperform the cooperative scheme. The only major advantage
of the cooperative approach over the consensus-based one, which is the ability of the
formation to react to disturbances of a single agent, turns out to be achievable with the
extended consensus-based scheme at a significantly lower price in terms of performance.
Comparing these results to those of the combined architecture shown in Pilz and Werner
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[2012b] and Pilz [2013], the extended consensus-based scheme shows significantly better
performance in terms of settling time and formation maintenance.

Further tests have shown that in most cases controllers synthesized by solving the H ., /H oo
problem 3.1.2 pass the a posteriori check of the ¢; condition and provide the same perfor-
mance compared to those obtained from solving the full H../¢; problem 3.1.1. Thus, as
long as the results fulfill the ¢; condition, solving Problem 3.1.2 can be seen as preferable
method for the robust design approach.

3.3.2 Automated Controller Tuning

Although the controllers obtained as results of H,-optimal synthesis techniques achieve
the optimal performance in the sense of the specified optimization problem, the way how
this problem is formulated is not unique and has significant influence on the resulting
performance. For problem formulations as given in Section 3.2 the tuning mainly consist
of the choice of shaping filter coefficients.

In the following section, different synthesis techniques for cooperative controllers accord-
ing to Section 3.2.2 will be examined comparing the achievable performance in a simula-
tion study. In order to achieve a good comparability of the simulation results generated
with the examined control approaches, the goal is to find for each approach individually
that set of coefficients, which achieves the best performance in a common, pre-defined
simulation scenario with respect to a common performance measure. As the coefficient-
to-performance relationship including the behavior of the solver algorithm and the sim-
ulation scenario is difficult to describe and varies between the examined approaches, in
this study an automated tuning technique was used based on a simple genetic algorithm
Zalzala and Fleming [1997].

The present study considers synthesis problems with generalized plants constructed as in

Fig. 3.2.3 and 3.2.6 with shaping filters Wg and Wy chosen as

_ngs ) (S —|-C<.)S)2 )
M S (S + Csws)2 ’

CK S+ Wk
= . : > 1. 3.3.5
Mg s+ cxwg’ K ( )

Ws(s)

0<ecg <1, (3.3.4)

WK(S)

Consequently, the result to be found by the automated tuning procedure is the tuning
parameter vector

T
C = MS wsg Cg MK WK CK] (336)

containing the coefficients of the shaping filters defined in (3.3.4) and (3.3.5). The problem
of performance optimization is formulated here as minimization of the objective function
J(c) defined as the sum of the agent objective functions J;(c) for all agents i:

J(e) =" Jilc), (3.3.7)

eV
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Ji(c) =aelle;(t)|| + aul|w; () || + tootioco + QtrMir; + agma. (3.3.8)

This function consists of the weighting factors a, and expressions describing the criteria

«  Error norm: [le;(t)|| = 1/ [, |ei(t)|dt
«  Control effort [|u;(t)|| = \/ [.=, [ui(t)[?dt

« Steady state error e; o = |e;(t — 00)|

) Yiri — Ti

« Tracking overshoot my,; = =————
T

« Disturbance rejection overshoot mg; =

where 9,; and g4; are the peak values of y;(t) after a reference step change and an output
disturbance step, respectively. For a reasonable comparison the weighting factors have
been chosen equally for all examined approaches.

Starting with an initial population of individuals ¢y, at iteration &k for each individual the
controller synthesis procedure is executed and the result is tested in a simulation of the
scenario described in Section 3.3.3 using Simulink. The obtained results are evaluated by
computing the value J(c) from the data generated by the simulation. Based on this, a
set of child individuals c;. is generated using the reproduction methods elitism, crossover
and mutation [Zalzala and Fleming, 1997]. The whole procedure is repeated iteratively.

For reproduction into a new generation of individuals ¢y, parents ¢, are selected by
ranking with respect to the objective function J. The fittest ne;, individuals are copied
directly into the next generation (elitism). Furthermore, from the np,, fittest individuals
forming a parent group, crossover is performed to produce nxover children. In addition,
nmut children are generated by random mutation. Commonly, mutation is performed by
additive superposition of the parent individuals’ parameters and random values [Zalzala
and Fleming, 1997]. As the parameters to be found in this work are in terms of cor-
ner frequencies and magnitudes, which are desired positive and cover several orders of
magnitude, it is more suitable to modify the mutation mechanism such that the additive
mutation takes place in logarithmic scale:

Ck—i—l,j == ck,j . 105, (339)

where ¢ is a zero-mean random value. With log,y(cri1,) = logiy(ck ;) + &, in a double-
logarithmic plot of the shaping filter this mechanism (3.3.9) appears as an additive shift.

Figure 3.3.3 shows the results of the automated tuning algorithm applied to the [SC
approach for seven reproduction steps. In this case a population size of n = 6 was used,
the initial population was created manually including (but not only) promising results of
manual tuning. The following reproduction settings were applied:
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Figure 3.3.3: Output of the tuning algorithm for the ISC approach in terms of the objective
function Jy(c), 6 individuals
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It is clearly visible that already after seven reproduction steps the performance values (in
terms of Ji ;) of most individuals are very close together. This indicates good convergence
properties of this algorithm. A reasonable convergence after a low number of steps is
necessary in this study, as the number of iteration steps as well as the population size
need to be kept low. The reason is the high computational effort, as in each iteration
step both synthesis procedure and full simulation have to be done n times (once for every
individual).

3.3.3 Comparison of Synthesis Techniques

This section presents the results of a simulation study comparing the achievable perfor-
mance of the robust approach from Pilz and Werner [2012a] and the interconnection-
scheduled approach from Hoffmann et al, [2015] presented in Chapter 3.1. The focus of
this study is set on the application of these approaches to the synthesis of cooperative
controllers according to Section 3.2.2. The synthesis problem is formulated based on a
generalized plant constructed as in Section 3.2.2. For both approaches the tuning param-
eters of the shaping filters are obtained from the evolutionary tuning algorithm presented
in the previous Section 3.3.2. The weighting factors for tuning the cost function of this
algorithm are chosen as shown in Table 3.2.
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Qe 7 Qoo | Qyr Qaq

1 |5e4] 50 | 2 |200

Table 3.2: Weighting factor values

Synthesis approach computation time [sec]
Robust control, H,, /H synthesis 24.45
ISC, H synthesis 10.37

Table 3.3: Computation time for controller synthesis

Discussion of the Synthesis Approaches Here some important features and differ-
ences of the examined synthesis approaches are discussed. While for the robust control
approach the composition of the coordination data is specified in the generalized plant
setup, the Interconnection-Scheduled Control (ISC) approach considers the coordination
data as output signals of the controller. Accordingly, they are specified by the system
matrices C’]f( , D;g and D;f] of the controller (2.1.3). In contrast to the fixed generalized
plant matrices, the latter are determined by the synthesis algorithm. This fact provides
additional freedom for optimization and can be expected to reduce conservatism. In ad-
dition, as the ISC synthesis problem is adopted from LPV| gain scheduling control, it can
be easily extended to be combined with actual scheduling parameters, such that also LPV
subsystems can be handled [Hoffmann et all, 2014].

In case of the robust control approach, communication delays are considered by the syn-
thesis problem, such that robustness against arbitrarily high delays is guaranteed. The
interconnection-scheduled approach does not provide any robustness guarantee against
delays. In return, relinquishing the demand of such a formal guarantee can be expected
to reduce the conservatism of the synthesis problem.

Regarding the computation effort, the benefit of the interconnection-scheduled approach is
a convex LMI problem, which can be efficiently solved with medium effort. For the robust
control approach, instead of the H,/¢1-Problem 3.1.1 in most cases it is sufficient to solve
the Hoo/Hoo-Problem 3.1.2 instead, for which the computation effort relatively small.
However, this does not immediately provide any stability guarantee and the corresponding
¢y condition (3.1.4) has to be checked a posteriori. If it is violated, a computationally
expensive iterative procedure has to be applied, which increases the controller order.
In this study even solving the H.,/H~ problem exceeded the computation time of the
ISC synthesis (details are given in Table 3.3). For this reason the ISC approach can be
considered as the computationally more attractive choice.

Simulation Scenario The benchmark scenario considered in this study is similar to
the scenario examined in the previous simulation study of Section 3.3.1. Its subject is a
formation flight of five identical quad-rotor helicopters as followers (index F’) and a non-
dynamic leader agent (index L) with given position trajectory. Accordingly, the topology
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is structured as

Upp U
v=| 7 (3.3.10)
0 0

where W pr is the topology among the followers and Vg, describes which follower agent
receives data from the leader. Among the followers a directed topology (described by
Upp) is randomly chosen and updated every 5 seconds, Vg is manually specified and
time-invariant. The followers are modeled by the linearized model given in Section B.1.
Their goal is to achieve and maintain a given formation with relative positions

T T
Tz T2z T3z Tag 7“5@} = [1m 2m 3m 4m 5m] . (3.3.11)

with respect to the leader. In addition, agent 5 is affected by an output disturbance
d;.(t) = =5-0(t — taist). Although motion is modeled in 3D, here we display only results
in the z-direction. Unless stated otherwise, the local error is transmitted (p!” = n;, switch
position (ii)), the existing links are assumed ideal and no communication delays occur.

T

15 ; ]

—_
S

ot

x-positions [m]

time [s]

Figure 3.3.4: Positions y;, for robust control (dotted) and interconnection-scheduled

approach (solid), error data exchange, all agents connected to the leader (i.e.
Upr = [1 1]T)

Simulation Results In the following, the results of the comparative simulation study
are presented. Figure 3.3.4 shows the simulated agent positions for both robust control and
interconnection-scheduled control (ISC). The leader position is plotted as dark blue solid
line. It is observed that for the ISC-designed controller both formation establishment
as well as the reaction to the leader movement is performed significantly faster. At
the same time, this controller achieves a smaller overshoot of both leader tracking and
disturbance rejection in comparison with the robust controller. This observation, which
indicates superior performance of the ISC approach, coincides with the expectation of this
approach to be less conservative.
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Figure 3.3.5: Positions y; , with error data exchange;
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Figure 3.3.6: Positions y; , for robust control (dotted) and interconnection-scheduled con-
trol (solid) for delayed communication; error data exchange, ¥p;, = [1 1 0 0 0]7

If some followers do not directly receive leader data, successful tracking requires to prop-
agate the leader information through the group of followers. This fact can be expected
to have a damping effect on the tracking behavior of the MAS. Exactly this observation
can be made in Fig. 3.3.5: Limiting direct leader connection to agents 1 and 2 leads to a
slow-down of the tracking behavior, meaning an increase of rise time and settling time to-
gether with a reduction of the overshoot. The formation accuracy is however maintained.
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These observations are made in a similar manner for both robust control (Fig. 3.3.5a) and
ISC (Fig. 8.3.5b) approach.

A potential drawback of the ISC approach is the lack of stability guarantee for delayed
communication, which in turn promises less conservatism when delays are insignificant.
As delays are likely to appear in practical applications, it is an interesting question how
the ISC-designed controller performs in the presence of delays. Here we consider a scenario
with time-varying random delays (updated every 0.1s), which take gaussian-distributed
values with 1s mean value and a standard deviation of 0.5s. Fig. 3.3.6 shows results of both
designs for this delay scenario. Although the ISC synthesis does not guarantee stability, in
the presented example a stabilizing controller is obtained and even outperforms the robust
controller: For both designs the tracking performance is significantly affected by the delay.
The robust controller needs a significantly longer time to reach the desired position and
shows a larger overshoot in the disturbance response. Even for larger delays no instability
of the ISC setup was observed in this study, which indicates a good robustness against
delays in spite of the lack of formal guarantee.
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(b) Output data exchange pf = y; (i)

Figure 3.3.7: z-Coordinate of the coordination signals pX of the controller (solid colored)
and p! of the plant (black dotted), ISC approach, ¥pr, = [1 1 0 0 0]F
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Besides not considering delays, the control architecture for which the ISC approach is
used can be expected to contribute to a reduced conservatism: The direct interaction of
the controllers provides an additional degree of freedom in the search for the optimal con-
troller. Regarding the actual composition of p¥, an interesting observation can be made
in Fig. 3.3.7: For both versions (i) and (ii) of choosing the plant coordination signal p”,
the actually transmitted data p® show no visible difference to p”. From this fact one can
infer that, at least for the setup used in this work, the ISC synthesis chooses the interac-
tion signal as a copy of the plant coordination signal defined in the generalized plant. By
doing so, it imitates the robust control scheme instead of exploiting the additional degree
of freedom. This effect is referred to as "Feed-Through Effect” in this work and is further
examined in the following Section 3.3.4.

T T T T T T T T T

15 1

T

x-positions [m]

x-positions [m]

time [s]
(b) Interconnection-scheduled control approach

Figure 3.3.8: Positions y; . for (i) output data exchange (p/" = y;, dashed/dotted) and (ii)
error data exchange (pﬁP =7, solid); Ve, = [1 1]T

An important choice to be made in the problem formulation is on the signal to be used
as plant coordination signal p! in the sense of Fig.3.2.3 and 3.2.6. The results shown so
far (except Fig. B3.3.7b) have been achieved using p; = 7;. Another reasonable choice is
pY = y;, results for which are shown in Fig. 3.3.8. As easily noticeable, for the robust
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control approach both designs lead to equal results. This is plausible, because the two
choices only differ in the dependence of p; on the input w;. As the robust control approach
does not consider the cross-relation from w; to p; (only T, and T, are handled separately
in Prob. 3.1.2), this difference has no effect. In contrast, the ISC design handles the system
T as a whole and thus also depends on the cross-relation 7},,. Accordingly, in Fig. 3.3.8b

we can notice a visible difference as for p; = y; a slightly faster tracking behavior is
observed.

T
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(a) Robust control approach
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Figure 3.3.9: MAS response y; ,, (solid) and estimated reference 7; (dotted) for consensus-
based control, Upr =[1 1 0 0 0]

Results for the consensus-based formation control scheme are presented in Fig. 3.3.9,
where the information flow filter has been designed using the robust control approach in
one case and using the interconnection-scheduled approach in the other. Tuning values

were obtained using the same genetic algorithm as for designing the cooperative con-
trollers.

As we can observe comparing Fig. 3.3.9a and 3.3.9b, the ISC approach achieves a signifi-
cantly faster consensus in both formation establishment and leader tracking. With both
approaches a good formation accuracy is achieved and no noticeable overshoot of the esti-
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mated reference appears. According to the results presented in Bartels and Werner [2014)]
with respect to the robust [FF design, the consensus-based control scheme achieves a sig-
nificantly higher tracking performance compared to the cooperative scheme. The results
of this work also confirm this observation for the interconnection-scheduled IFF design.
Due to the architecture of the consensus-based scheme, it is expected regardless of the
IFF design that a disturbance acting on a single agent will not lead to any reaction of the
other agents. This is confirmed in the shown results.

3.3.4 A "Feed-Through” Effect in Controller Interaction

The previously presented study reveals an interesting observation regarding the con-
troller interaction signals generated by the ISC controllers: The results of this study
(see Fig. 3.3.7) show that for both tested problem formulations of the ISC approach,
the controller interaction signal pX is identical to the virtual plant interaction signal p!.
While, in contrast to the robust approach, here the controller matrices defining the in-
teraction output are variables to be chosen by solving the synthesis problem, obviously
a result is obtained which imitates the architecture of the robust approach, as the con-
trollers feed through the interaction signal of the plant. The resulting numerical values
of the controller matrices show that the signals p/” and pX do not just look similar, but
for this particular controller always are exactly identical: The synthesis problem is de-
fined according to Theorem 3.1.4 using the generalized plant from Fig. 3.2.7. Solving this
particular problem yields a controller of the form (2.1.3) with the following structure:

(&5 | AT BS By | [
w|=ci o pE || w=|" (3.3.12)
|
Gi
Py 0 [ 0] 0 q

This clearly shows that the plant interaction signal pI’, which is part of the measured out-
put v;, is directly transmitted to the neighbor controllers. As this observation contradicts
the expectation of an additional degree of freedom to be provided by the ISC approach,
it is worth to further examine this effect.

In the presented case study the described effect was observed for the synthesis of dis-
tributed controllers for multi-agent systems. However, the underlying synthesis technique
originally is a gain-scheduling controller synthesis technique for LPV systems. This fact
raises the question whether the same effect can be observed also for "ordinary” LPV
gain-scheduling control problems, i.e. without a distributed control interpretation. In the
following, the effect is indeed reproduced for a SISO LPV example.

SISO Example The subject of this example is the second order non-linear SISO system
described by the differential equation

mij = —by? + u.
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Figure 3.3.10: Generalized Plant of the gain-scheduled LPV control problem

This model describes the dynamics of a body with mass m, which is moved by input
force u and is subject to aerodynamic drag Fy.e = —bv? depending quadratically on the
velocity. For this system a quasi-LPV model can be constructed with the state vector
r=y y]T describing position and velocity of the mass and the velocity ¥ as scheduling
parameter. An LFT representation of this system reads

01, 0,0
i 0 01 —L 2L x
_ o __L_DMm_m _
pl=101,0 011|q|; (3.3.13)
- - R -
Yaug 1 0: 0 :0 u
01,0 10

The examined problem is the design of a two-degree-of-freedom position controller for
this system, to which the position error and one of the system outputs, either (i) the
velocity ¢ or (ii) the position y, is fed. Figure 3.3.10 shows the corresponding generalized
plant for case (i).

To this control problem we apply the synthesis technique from Scherer [2001], which is the
basis of the distributed controller synthesis technique by Hoffmann and Werner [2017].
This yields a gain-scheduled controller of the form

i A% BE BE| |a2®

u | =|CEK DE DE| |ewg| - (3.3.15)
pX C)x DE DE | "

¢~ = Agp”. (3.3.16)
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The multipliers computed as intermediate results have the same general form (3.1.19a) as
in the distributed control problem. Here we consider both (a) the D/G-scalings approach
from Dettori and Scherer [2001] imposing the structural constraints (3.1.20) and (b) full-
block multipliers. For the D/G-scalings case, the system block matrix of the controller
(3.3.15) is computed as

55.36  —7.64 82.81 —728.20 ' —1954.37 2159.20 ' 66.04
~31.29 022 —2852 —105.43 200  94.66, —2.01

—1723.48  56.14 —1304.29 —103.83 | 1877.87 —934.41 | —60.33

Weo=9 26.53 —20.40  —84.28 —2835.03, —63.74 3636.48  2.39
362 014 058 068 403 410 —013
000 —0.00  —0.00 0001 000 100 000
[ 913.97 —67760.10  296.79 16922.861 2333.95 840223.011—97.54'

_772.02 —57519.62  177.84 14337.07 | —144.12 706300.87 |  3.68

) | -11446 458545 —124.70 1755.533—135.86 155895.463 4.59

We=y: 54.31  3958.51 —10.46 —1008.75, —52.90 —50916.11 |  0.47
o022 873 —L70  -330' 020  —200.84' —0.02
000 —003 000 025 002  —042. 001

In the highlighted rows the same observation is made as in the previously presented
study on distributed control: For choosing the velocity as the second feedback channel,
the controller exactly reproduces the plant LFT loop signal, which in this case is the
velocity ¢. Although the interpretations are different, both synthesis problems have in
common that an LFT form plant is considered which feeds the same signal both to the
LFT loop and to the controller (here ¢ or n; in the distributed ISC problem). Interestingly,
for feeding y instead of ¢ to the controller of the SISO LPV control problem, the described
feed-through effect does not appear (see above the row highlighted in blue).

The loop output signals p©” and p for the SISO LPV example are plotted in Figure 3.3.11
for all four examined cases. The feed-through effect is clearly observed for the case of the
velocity fed to the controller in combination with multipliers restricted to D /G structure.
For all other cases p” and p® show visible differences. This observation indicates that the
feed-through effect is a general property of D/G-scalings for control problems in which
the controller has access to the plant loop output signal p”.

Preliminary results of this chapter have been previously published in Bartels and Werner
[2014] and Bartels and Werner [2016].
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(i) Velocity Feedback (ii) Position Feedback
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I
o —1,000 || -
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Figure 3.3.11: Loop output signals p of the 2-degree-of-freedom LPV gain-scheduling
example
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Chapter 4

Descriptor-Based Design of
Distributed Controllers

As one of the contributions of this thesis, in this chapter a descriptor representation
for multi-agent systems is introduced and a distributed controller design approach for
systems in this representation is proposed. The initial idea behind this approach is based
on Wollnack [2016] and consists of using the descriptor system framework to model both
the local dynamics of the agents as well as the interaction within one descriptor model.
This formulation is chosen in a way such that the resulting descriptor model affinely
depends on the interaction matrix, which is considered as scheduling parameter. The
benefit of this approach is twofold: The fact that a regular state space model can be
expressed by infinitely many equivalent descriptor systems provides additional degrees of
freedom to the synthesis problem. This fact promises a reduction of conservatism, while
the affine formulation avoids the necessity to impose further constraints on the variables
such as inherent in the Full-Block S-Procedure (FBSP). Secondly, descriptor models
describe a wider class of systems than state space models and for many systems provide a
more natural way of modeling [Xia et al,, 2009; Hill and Mareels, 1990; Sastry and Desoer,
1981)]. This extends the proposed method to further classes of agent models which cannot
be handled by existing approaches based on regular state space models.

This fact also motivated research on the consensus of multiple descriptor systems. In
Yang and Liu [2012, 2014] a stabilizing output feedback controller is designed for fixed
topologies. Consensus in case of switching topologies is handled in Xi et al) [2014], the
case of delays is examined in Xi et al) [2012]. A state feedback approach to distributed
formation control for swarms of descriptor systems is proposed in Meng et al| [2016]
using Jordan decomposition of the interaction matrix. An output feedback approach for
heterogeneous descriptor multi-agent systems is given in Ma et al. [2016].

This work is inspired by Masubuchi et al| [2003] and Masubuchi et al. [2004], where
an LMI-based design approach for gain-scheduled control of descriptor LPV systems is
proposed. The controller is obtained as descriptor system itself and for affinely parameter-
dependent plants it inherits the affine dependency. Using this method we propose a new
approach to design a distributed Lo-optimal controller of the same architecture as in
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Hoffmann and Werner [2017]. It provides scalability and robustness against topology
changes.

In this work, the framework of descriptor systems is used to describe multi-agent systems
in accordance with the formalism introduced in Section 2.1.1.

4.1 Descriptor Representation of Multi-Agent Sys-
tems

For the descriptor representation the framework of multi-agent systems introduced in
Section 2.1.1 is extended by considering agents described by descriptor models: Descriptor
models corresponding to plant model (2.1.2) and controller (2.1.3) are considered as

Zl CZ : ‘DZ'U) DZq DZ’lL wZ
G: = ! , (4.1.1)

pfg Cp : Dy Dpq Dy qz‘P
UZ CU : D'Uw D'Uq D'Uu ul

grir\ [ ax B pr ] (oK
T R .

u | uv U
|
b ) Leriox o | e

with signals z; € R™; 2K € R™; pf ¢ € R™; pK ¢f € R™x; u; € RY; o € RY
w; € RP and z; € RY. For the case of a singular agent model, i.e. FE is singular, we
assume the structure £ = diag(Ey, 0) with a regular block E; in R™*™ . This structural
assumption does not restrict the set of admissible systems, as according to Bender and
Laub [1985]; Bara [2010] every descriptor system with an arbitrary matrix £ can be
transformed into this structure using a singular value decomposition of E. The first n,
states in x; are referred to here as temporal states, as they correspond to the differential
part of the model, while the remaining states express algebraic constraints. The controller
construction technique presented in this work yields a controller with a regular left factor

EX of the size of F,.

Introducing the augmented state vector £ = vecat(x, ¢*, p*’) of size Nnp with np = n+2m,
this system can be reformulated as the following descriptor model:

E€ = o (W)€ + Byw + Buu (4.1.3)
z = ézg + [)zww + [)zuu
U= év€ + Dvww + ﬁvuu
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with the augmented system matrices

E A B, 0
E=| o |, W) =|C D, -I|. (4.1.4)
0 0 —I W
B, B.| C=|¢ b, 0],
By=1Dp|+ Bu= |Dyl
0 0 C, = [OU Dy, O]

The augmented state equation in (4.1.3) is a composition of the state equation from
the local state space model (4.1.1) describing the internal dynamics of the agent, and
the algebraic relation ¢© = U, p” (2.1.7b) describing the interaction of the agents. In
the following, the calligraphic font (like A, B) will be used for the system matrices of
the descriptor representation, while the normal font is used for the matrices of the local
nominal model.

The descriptor-based controller synthesis technique presented in this thesis yields a con-
troller inheriting the form of representation (4.1.3):

EEEK _ 7K (g eK | BK
& =7 (e +B (4.1.5)
u=CKeR 4+ DRy,

where the matrix &% (¥) € R"Px*"0k affinely depends on the interaction matrix W. The
closed loop consisting of this controller and the plant (4.1.3) then reads

gcl el ﬂcl U cl +Bcl

¢ = @70+ B (4.1.6)
y = Cdfd + Dd?},
where €9 = veat(£, £K) and £9 = diag(€, EX).

Assuming that W is diagonalizable, the system (4.1.3) can be decomposed into a family
of modal subsystems parameterized by the eigenvalues A of U:

€& = ANE + Buw; + By,
Zi = Czé‘z -+ Dzww -+ Dzuui (417)
U = Cvgz + Dvww + Dvuui
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with
E A B, 0
&= 0 |. AN =1|C, Dy —I|;

0 0 —1 M

. [Cz b 0}7 (4.1.8)

By, B,
Bw - Dpw ) Bu - Dpu )
0 0 C, = [CU D, 0] .

Accordingly, in this case the distributed controller (4.1.5) can as well be decomposed into
a family of affinely parameter-dependent controllers

EREN = AK(N)EE + BEw, (4.1.9)
U; = CKg,LK + DKUZ'

4.2 Controller Design for Descriptor Multi-Agent Sys-
tems

In this section we will provide a method to design an Ly-optimal output feedback controller
according to (4.1.9) for multi-agent systems in descriptor representation (4.1.3). This
result is based on the controller design method presented in Masubuchi et al| [2003] and
Masubuchi et al) [2004] for single LPV descriptor systems.

The approach presented here is based on the assumption that the interaction matrix ¥ is
unitarily diagonalizable, i.e. the existence of a unitary matrix Z fulfilling

U = ZAZ" with A diagonal, (4.2.1)

for which the diagonal elements A of A are the eigenvalues of W. The set A is defined as
the set of all possible eigenvalues of admissible interaction matrices W.

4.2.1 Stabilizing Controller Design

As first step, a synthesis problem for a stabilizing controller is derived. We consider the
system (4.1.3), but the performance output z is neglected and the reference input w is
assumed identical to zero. This yields the system

EE = (V)€ + Buu (4.2.2)
v = évg + Dvuuv
for which the closed loop system using the controller (4.1.5) is obtained as

g = g7 (W)e, (4.2.3)
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Theorem 4.2.1. Consider the multi-agent system (4.2.2) with a possibly time-varying
interaction matriz V € W that is unitarily diagonalizable at all times. There exists a
distributed controller (4.1.5) that stabilizes the closed loop system (4.2.3) if there exist
X,Y,H e Rwoxno ¢ R*"0*h gnd G € R>"> with the structure

X 0 Y1 Y
x=|"" , y=|" "7, (4.2.4)
Xo1 X 0 Ya
X1 = X[} e RmX™, Y =Y € R
satisfying
£ YT oI .
=P=P">0 (4.2.5)
ET I X
Q+QT <0 YAeA (4.2.6)
ANYT + B, FT A(N)
with Q = . (4.2.7)
HT XTAN) + G*¢,

Proof: ~ The proof of this theorem combines the controller synthesis approach for
descriptor systems proposed in Masubuchi et al) [2003] with the decomposition approach
used in Hoffmann and Werner [2017]. As starting point we consider the global closed
loop system (4.2.3) and derive a stability criterion on global level. Subsequently, this is
decomposed to obtain the criterion on the level of a single subsystem.

According to Masubuchi et al| [2003] the stability of the global closed loop system is
provided by the existence of a Lyapunov matrix % € RN®p+np)xN(np+nok) gatisfying

E.T =, EN >0 (4.2.8)

A (VD] + P (¥) <0 VU e W (4.2.9)
As o, contains the unknown controller matrices, the inequality (4.2.9) is bi-linear in the
variables. To obtain an LMI problem, Masubuchi et al) [2003] propose a change of vari-
ables, which transfers the problem (4.2.8, 4.2.9) into a linear problem of the form (4.2.5,

4.2.6) in the variables 2", %, #,9, 7. With the Lyapunov matrix being partitioned into
Nnp x Nnp blocks as

. Y
a,— | TP (4.2.10)

Yo1 Do

and . = P1,%,, ' %, the new variables are chosen as

Z
F = (C, @=—(B"2, (4.2.11)
I
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For further details the reader is referred to Masubuchi et al. [2003]. With this change of
variables (4.2.11), the corresponding controller and %, satisfy (4.2.8,4.2.9) if 2", %, F#, 94, 4
fulfill

£ T I
) =P =" >0, (4.2.12)
ET T &
Q+09"<0 YWew (4.2.13)
. A (YT 4 B, FT o (V)
with Q = .
AT 2T (V) +97C,

In order to decompose this LMI problem, we constrain the variables to have a block-
diagonal structure: For 2", % and ¢ we impose

Xn X Xi
Z = |Xn Xpn X (4.2.14)
Xy Xs X

with partitioning [Nn Nm Nm] and each sub-block being repeated block-diagonal

with NV repetitions of the corresponding subsystem-level variables. Likewise, we partition
# and ¢ into block-diagonal sub-blocks as

T
7= B OE] . 9=[6 G G (4.2.15)

With this structure of 2" and % the coupling condition (4.2.12) already has a structure
which allows decomposing it into NV identical expressions (4.2.5). The decomposition of
the LMI condition (4.2.13) is obtained using the unitarily diagonalizing transformation
Z: The inequality (4.2.13) is post-multiplied with the transformation matrix diag (2, Z)
and pre-multiplied with its inverse, where Z = diag(Z(n), Z(m), Z@m)). The structural
constraints on the matrix variables have been chosen such that they commute with this
transformation matrix. This yields

Q+ Q" <0 with (4.2.16)
- | 2T () 29T + B FT 2T/ (0)Z
HT 2TZTo (W) 2 +97C,

From the structure of &7 given in (4.1.4) we obtain for the transformed version of </

~

A B, 0
ZrAd(W)Z = |C, Dy, —I (4.2.17)
0 —I Z5 W Zm
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where Z(Tm)\I/(m)Z(m) can be replaced by the diagonal A(,,). Thus, condition (4.2.13) can
be decomposed into N instances of the subsystem-level condition (4.2.6) parameterized
by A. Consequently, we have transformed the global-level LMI problem into a family
of parameter-dependent LMI problems in common variables X,Y, F, G, H with respect
to the modal subsystem (4.1.7). From a solution to this problem, a controller can be
reconstructed by solving the decomposed version of (4.2.11) for the controller matrices
yielding

AS = (AN + X TGy = X THT +B,FT) 577,
BK — _)(—TGVT7 CK — FTS_T7 ,DK _ 07 EK _ 8
with § =7 =X (4.2.18)

The structural constraints on the subsystem-level Lyapunov matrices given in (4.2.4)
result from the symmetry requirement of P in the coupling condition (4.2.5). [ |

As the matrix A(\) of the modal subsystem (4.1.7) is an affine function of A, the controller
coefficient matrix AX()\) constructed according to (4.2.18) is an affine function of \ as
well. Another fact resulting from A(\) being an affine function is that the LMI constraint
(4.2.6) is convex in the parameter A. This is an important observation, as it allows us to
infer condition (4.2.6) being fulfilled for all A in an interval [\, A| from just checking that it
is fulfilled for the bounds A and A. Thus, with this observation we avoid the requirement
mentioned in Theorem 4.2.1 of checking the LMI condition for infinitely many values of
A. For interaction matrices W fulfilling (2.1.17), by Gershgorin’s circle theorem we obtain
the bounds A € [—1, 1].

According to (4.2.11), the variable global-level J# is an affine function of ¥. From the
decomposition, the corresponding local-level variable is thus obtained as affine function
H(\) = Hy + AH; of A\. However, a parameter-dependency in H can lead to a con-
troller matrix AX()\) with parameter dependency in all elements. This would require
the number of interaction channels to be equal to the number of states of the descrip-
tor subsystem model (4.1.7) and prohibit using a reduced number. To avoid this, a
parameter-independent choice H = H, is proposed accepting conservatism introduced by
this restriction. In the numerical example tested in this work no significant benefit of
allowing a parameter-dependent matrix H was observed.

4.2.2 Controller Synthesis for Performance

In Theorem 4.2.1 a synthesis problem on subsystem level is considered, providing a sta-
bilizing controller. It is straightforward to extend this problem to the synthesis of a
controller with guaranteed Lo performance. In Masubuchi et al; [2003] and Masubuchi
ot al| [2004] the synthesis problem adopted in this work already provides Ly-optimal
design. Using this, we can state the following:

Theorem 4.2.2. Consider the multi-agent system in descriptor representation (4.1.5
with a possibly time-varying interaction matrix V € W that is unitarily diagonalizable
at all times. There exists a distributed controller (4.1.5) providing that the closed loop
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system G from (4.1.6) is stable and fulfills |G|, < 7, if there exist X, Y, H € R"p*np,
F e R"0*h gnd G € R>*" with the structure (4.2.4), which satisfy (4.2.5) and

QN +Q"(\) @ QF

Q% —yI DI, | <0 VA€A (4.2.19)
QC’ Dzw _71
with @ from (4.2.7) and
By,
Qp = : (4.2.20a)

XTB, + GTD,,

Qe = |C.YT + D, F' C, (4.2.20b)

Proof: 'The proof of this theorem is an extension of the proof of Theorem 4.2.1. We
apply the optimal synthesis conditions from Masubuchi et al) [2004], which provide that
the global system G being stable and fulfilling ||G¢||z, < ~ is implied by the existence
of ', %, 7,4, fulfilling (4.2.12) and the extended LMI condition

Q(V)+Q"(v) Qp QF

of —~I DT | <0 VUeW (4.2.21)
QC ﬁzw _’Y]
with Q as in (4.2.13) and
B.,
Qp = ; (4.2.22a)

X TBy 4+ 97 Dy
Qv =|C.#" +D..F" C.|. (4.2.22b)

For the global-level variables 2", % ,.%,9, 7 we assume the same sizes and structural
constraints as in Theorem 4.2.1. Using the extended transformation diag (Z, Z, Z(,), Z(4))
with Z = diag(Z(m), Zim), Z(m)), wWe obtain a version of the extended LMI condition
(4.2.21) with all blocks being block-diagonal. This allows the decomposition into a family
of parameter-dependent conditions (4.2.19) and concludes the proof. Note that as long
as Z is unitary, diagonalizing G¢ by means of Z does not change its induced £, gain, see
Eichler and Wernery [2013] and Remark 10 in Massioni and Verhaegen [2009]. |

4.2.3 Construction of the Interconnected Controller

The controller synthesis method described in Section 4.2.1 and 4.2.2 yields a parameter-
dependent local controller (4.1.9) in descriptor form, where the coefficient matrix AX(\)
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is obtained from (4.2.18) as an affine function of the parameter A. In the following we
describe how this parameter-dependent controller can be converted into an interconnected
controller K (s) of the form (2.1.3).

In the controller construction law (4.2.18) the parameter-dependence comes in by the
plant coefficient matrix A(\). The latter can be written as A(A) = Ay + A\A;. For the
controller this leads to the expression A% = AL + \AF with

A = (Ao +XTG"C)YT — X TH" + B, FT) ST,
A = A YT T (4.2.23)

The state equation of the controller (4.1.9) then reads
ENEN = ARl + Bl + M€ (4.2.24)

Introducing the controller coordination signal ¢/* = Ap/* and a factorization Al = BXC),
the parameter-dependent controller can be formulated as an LFT interconnection of a

nominal (and thus parameter-independent) controller in descriptor form and a scheduling
block AI:

[ex¢\ | AFL 8% B | ()
Wi =| CcK DK 0 v; (4.2.25a)
|
Py Cri 00 q*
q = M, .pF. (4.2.25b)

For implementation it is often desirable to convert the nominal controller given by (4.2.25a)
into a regular state space representation (4.1.2). From (4.2.18) we know that £¥ is equal
to &€ given in (4.1.8) with a regular sub-block E; € R™*". From this we can infer that
the first n; elements of £X are the temporal states to be present as elements of X in
(4.1.2). Partitioning the system matrices of the nominal controller (4.2.25a) accordingly,
we obtain the controller K in (4.1.2) as

AKX BK  BK AK, BE

,7}(47—;}{——7%* K A6<12 K —1 K K
C 1 Dl Dl | = | ox [D 0] - | A Al ] @220
1 2
Cy 1Dy Dy, !
AK AK BK CK
with AK — 011 012 BE BE| =1 = |CK ¢cK|,
0 [A(I)(m Aégg [ q] Bf sz( [ 1 2}

partitioned according to AL, € R"*™. As EX = F,, for G chosen as regular state space
model with £ = I (implying n; = n), we obtain EX = I as well.

The N parallel instances of nominal controllers K (s), each scheduled by LFT connection
with one of the diagonal elements \; of A, are obviously equal to an LFT connection of
the block-diagonal controller K (s) and the diagonalized pattern matrix A. This setup
is equal to the LFT of K and W, as one can show using a suitable Kronecker extension
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of the transformation Z. which commutes with the block-diagonal system K(s). In the
same manner as in Hoffmann et al) [2015], this setup of K and W is interpreted as an
interconnection of the controllers by the network described by W.

For practical reasons it is desirable to keep the size mg of the scheduling block, which
is equivalent to the number of communication channels required to implement the dis-
tributed controller, as low as possible. For this purpose we can use the structure of the
plant coefficient matrices given in (4.1.8), where the parameter-dependent part is already
concentrated in the lower right m x m-block of A:

A Agg A A 0 0

AN = = A 4.2.27

9@ [Azl )\[] [Am 0]+ [o 1] (42.27)
Al

Assuming a fully populated right factor R = YTS~7T partitioned according to A, we
obtain from (4.2.23)

R
AK = AR = for R=|_"|. (4.2.28)
2 Ry
Thus, a reasonable choice for obtaining controller coordination signals of size m is
K 0 K
B = Il C, = R,. (4.2.29)

Example 4.2.1. (Coordination of multiple electric circuits)

] |'|ﬁ 0 Vz‘j/'.
; °

I Vrra

Figure 4.2.1: System of multiple electric circuits with inductive load

This example illustrates the applicability of the descriptor-based controller design
approach for multi-agent systems with descriptor systems as agent models. The
system under consideration consists of multiple electric circuits as shown in Fig. 4.2.1.
Each circuit consists of an inductive load consisting of resistor R = 1§2 and inductance

= 1H, driven by an ideal current source providing the source current Ig,. From
Kirchhoff’s laws a transfer function from source current Ig; to output voltage Vgr ;
is obtained as P(s) = R+ Ls. As this transfer function is not proper (has more zeros
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than poles), a regular state space representation does not exist. Nevertheless, there
exists a descriptor model with state vector z; = [Is; Vrri]':

L -R 1 0
0 1 0 -1 7
Vi = [0 1] (4.2.30D)

As an analogy to the formation control problem, the goal is to control the output
voltages Vgp; such that they achieve a "formation”, meaning that a specified ”spac-
ing” in terms of the voltages 0V;; measured between the output terminals of some two
circuits ¢ and j is reached. We assume that each current source is governed by a local
controller of the form (4.1.2) with u; = Is; and ¢; = y; = Vg, which is interacting
with those of other circuits. Accordingly, the whole setup is a multi-agent system in
the sense of Section 2.1.1.

For controller synthesis, the LMI problem given in Theorem 4.2.2 was solved and the
controller was constructed according to (4.2.23) and (4.2.29). The generalized plant
model was constructed as shown in Fig. 3.2.6, version (ii), with ¢; = y; and shaping
filters chosen as

_a)s 1
7MS S+ wg
S+ Wi

CK
%% = . ; > 1. 4.2.32
K(S) MK s+ CKWEK ) CK ( )

W(s) (4.2.31)

with coeflicients

Mg | ws | Mg | wg | ¢k
04 | 0.2 led | be-3 | 1e6

All existing communication links are assumed ideal and no communication delays oc-
cur. The pattern matrix ¥ is chosen as unweighted adjacency matrix of an undirected
topology with degree 2 at each node:

(0 05 0 0 0.5] —0.809
05 0 05 0 0 —0.809
=0 05 0 05 0], A=diag]| 0.309
0 0 05 0 05 0.309

05 0 0 05 0 1
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Output voltage [V]
[a)

|
)
[

0.5 1.5 2 2.5 3 3.5 4
time [s]

e}
—_

Figure 4.2.2: Simulation results: Output voltage Vzy, for five circuits

Figure 4.2.2 shows the output voltage Vg ; as simulation result for five circuits. The
system is switched on at ¢ = 1s with a reference vector givenasr =[1 2 3 4 5TV
corresponding to 0V;; = 1V for all circuit pairs of neighboring index. As visible in
Figure 4.2.2, the desired goal is achieved.

4.3 Comparison of Synthesis Approaches

This section examines the relationship between the controller synthesis approach pro-
posed in this thesis for multi-agent systems in descriptor representation and the existing
approach from Hoffmann and Werner [2017] using an LFT representation consisting of
regular state space models. Both approaches share the same roots in robust control theory
and Lyapunov-based stability analysis. Corresponding to the bounded real lemma (The-
orems A.2.1 and A.2.2) stated among others in Gahinet| [1992]; Scherer [2000], a stability
and performance condition for descriptor systems is given in Masubuchi et al| [2003] based
on Masubuchi et al] [1997]. For the multi-agent system in descriptor representation this
reads

Theorem 4.3.1. Bounded Real Lemma Masubuchi et al) [2003] The descriptor system
G given in (4.1.6) is admissible * for all parameter matrices ¥ € W and has a bounded
induced Lo gain ||9(9)| |z, < 7, if the following equivalent statements hold:

1. There exists a generalized Lyapunov matriz %y € RNotno)xNnotnow) fylfilling

Eal = W, EL >0 (4.3.1)
B da + AWl ‘%ZCE B.
Ca2! —I Dy | <0 VUcW. (4.3.2)
B DL -yl

1” Admissible” in Masubuchi et al) [2003] means that the pencil sécl — o is regular, impulse-free and
has no unstable exponential modes.
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2. There exists a generalized Lyapunov matriz 2y € RNMotno)xNmptnoK) fyifilling

EX = 2TE,>0 (4.3.3)
XL A+ ] Xa 2 iBa Ch
BL 2., —I DL <0 VUeU. (4.3.4)
Ccl Dcl —’}/]

While in this theorem no constraints are stated on the Lyapunov matrix itself, the bounded
real lemma formulated for the regular state space representation (see Theorem 3.1.2) re-
quires the Lyapunov matrix to be symmetric and positive definite. Instead, here sym-
metry and positive semidefiniteness are required for the expression @cléch (or %ITF:'CZ,
respectively). To illustrate the differences between the descriptor approach and the exist-
ing state space approach, the bounded real lemma for the descriptor representation can be
reformulated according to the multiplier form of (3.1.9): For comparison, the class of sys-
tems under consideration is limited to those covered by the existing approach, which are
characterized by E = I,,, E¥ = I, and thus n; = n. Using a suitable permutation on the
closed loop descriptor system leads to a re-ordered state vector ¢ = veat(z, 2%, ¢, ¢, p, p™)
and € = diag(E , EX ,0,0). This allows a partitioning into temporal and algebraic states,
ie. & = veat(&y,&) with & = veat(z,2%). The system matrices can be partitioned
accordingly. The Lyapunov matrix is partitioned as

X

From (4.3.3) one can infer N' =0 and X = X7 > 0. The bounded real lemma (4.3.4) is
now reformulated as

0 X | | 1 [d g B
R Lo S I r o __o
* o0 My l gyl Ay (V) B
‘MT 0 | I 0 0

L . e Foae oo <0, (4.3.6)

* | 0 P, %cl %%(‘IJ) Bg
| | o P o ] 0o I 0
i H 1/4I 0 cd cg DA

i | | 0 I |o0 0 I

A comparison of this expression with the bounded real lemma (3.1.9) for the regular state
space representation shows that X of (4.3.6) corresponds to the Lyapunov matrix 2~ of
(3.1.9) subject to the same constraints. Meanwhile, the additional variables M and P
are not constrained at all and represent additional degrees of freedom. For the synthesis
problem in descriptor formulation this fact promises a reduction of conservatism.

Table 4.1 gives an overview of the LMI sizes, the contained decision variables and their
additional constraints for the LMI problem finally obtained after applying the described
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FBSP-based approach Descriptor-based approach
Decision . X, Y c RnXn . th Y'H c R»*n
variables L.
e RS R,SeR™™ o XTI Y, € R2m
e veR, o Xy, Yoy € RZmX2M
N He R(n+2m)><(n+2m)
N F e R(n+2m)><h
N G e Rlx(n—i—Qm)
- veRy
Constraints
e X=XxT e Xu=Xj
- Y=YT e Yu=Y]
X I
. >0 R >0
1Y I Xy
e R=RT>0,R=RT<0
e S+8T=0,5+58"=0
LMI sizes )
o Primal LMI: ny, o LMIfor \: 2(n+2m)+p+q
o Dual LML nyy,, e LMIfor X: 2(n+2m)+p-+q

Table 4.1: Properties of the synthesis problems in FBSP and Descriptor approach

steps such as the full block S-procedure, the projection lemma or the change of variables,
respectively. Here the correspondence between X, Y of the FBSP approach and Xi, Y7, of
the descriptor-based approach is visible, the same is true for the performance indicator ~.
In contrast, for the other variables no obvious correspondence is observed. The descriptor-
based approach comprises more and larger matrix variables, which in contrast to the FBSP
multipliers R, S, R, S are not subject to any constraints at all. This again corresponds to
the additional degree of freedom.

The size of the LMIs to be solved in the FBSP-based approach depend on nyr, and ny;,,,
which denote the dimension of the kernel spaces Ny and Ay. These spaces defined in
(8.1.19¢, 8.1.19d) are the null spaces of the feedback output matrix [C,, D,; D,,] and
the transposed feedback input matrix [B,” DpuT D.,7], which are the spaces to project
on when using the projection lemma to eliminate the controller matrices. Referring to
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(4.1.1), their dimensions are bounded by

n+m+p—1<ny, <n+m-+p, (4.3.7a)
n+m+q—h<ny, <n+m-+gq (4.3.7b)

depending on the rank of the input and output matrices. This shows that the descriptor-
based approach requires LMIs of a larger size to be solved and thus unveils a drawback
of the descriptor-based approach.

To study the effect of these properties on the resulting control performance, the proposed
synthesis approach was applied to the same numerical example for which results were ob-
tained using the FBSP approach as part of the simulation study presented in Section 3.3.3.
It considers the formation control problem for quad-rotor helicopters. Here the results for
both approaches will be compared:

Example 4.3.1. (Formation control of quad-rotor helicopters)

The scenario of this example is a formation flight of five quad-rotor helicopters, each
modeled by a linearized unstable 12" order state space model proposed in Lara et al.
[2006]. Their goal is to achieve and maintain a given geometric formation with relative
spacingasinr, =[1 2 3 4 5]. Motion is modeled in 3D, but here only results
in x-direction will be displayed.

For controller synthesis the generalized plant was constructed in the same manner
as in Example 4.2.1 with shaping filters of the same form, but with different tuning
values:

MS wgs MK WK CK
0.01 | 0.01 | 1ed | 1e3 | 1led

For solving the main LMI problem the following computation times were measured:

Synthesis method computation time [sec]
Descriptor approach 5.53
FBSP approach 5.06

In this example they are almost equal, where the FBSP approach is slightly faster.
The expected longer computation time for the descriptor method due to its larger
LMI problem is confirmed by this result, but in this example the magnitude of this
effect is observed to be marginal.

For simulations of this example the assumptions about the communication topology
and the pattern matrix ¥ were adopted from Example 4.2.1.
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Figure 4.3.1: Simulation results y; ,, for five quad-rotor helicopters, using the resulting
controllers from the descriptor-based (solid) and the FBSP-based approach (dashed)

Fig. 4.3.1 shows simulation results of a formation flight in terms of the position of the
agents in x-direction. The results show a successful formation establishment for both
approaches. While the rise time is almost equal, the FBSP-based approach suffers
from an oscillatory response with a significant overshoot resulting in a considerably
longer settling time.

Although the agents in the previous example are modeled as regular state space models
and thus allow the usage of existing state space approaches (as presented here for com-
parison), the performance benefit shows that it is nevertheless worth to use the descriptor
framework to handle the interaction.

4.4 Extension to Non-symmetric Interaction

The synthesis approach for descriptor multi-agent systems presented so far is limited
to interaction topologies represented by an unitarily diagonalizable interaction matrix
U. The interconnection-scheduled approach from Hoffmann et al| [2015], from which
the decomposition methodology was adopted, in its basic version suffers from the same
limitation. However, as described in Section 3.1.2, Hoffmann and Werner [2017] propose
a method to overcome this limitation by using an augmented system model: It is possible
to find matrices V and W with VW = al (a is some real scalar) such that ¥ = VWV
with W unitarily diagonalizable (and thus normal). Accordingly, it is an obvious idea to
adopt this method to the descriptor synthesis approach as well.

Having substituted the interaction matrix as ¥ = VWU within the loop consisting of
agent dynamics and interaction matrix (see Fig. 3.1.1), the transformation matrices W
and V' can be considered part of an augmented agent model by introducing

P=Wwmp, q=Vmq (4.4.1)
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With U € RAV*AN - 3 ¢ N, an augmented version of the system model (2.1.7a) is obtained
as

T A : B, BqV(m) Bu x
= z éz : Dzw [)zq‘/(m) Dzu w
G: = o A N X (4.4.2)
P’ Wiy Gyt Weny Dy Wem) Dpg Vi) Wemy Dy | | @7
~ | . N
v | Cv j Dy qu‘/(m) Dy, ] Uu
q" = Vnp"” (4.4.3)

with interaction channels pf, & of size m = fm. The decomposability of this augmented
system model is preserved by choosing augmentation matrices composed of diagonal blocks
such as (3.1.24).

The augmented LEFT state space model (4.4.2, 4.4.3) corresponds to an augmented version
of the descriptor model (4.1.3) in terms of the state vector & = veat(z,G", p") with the
following system matrices:

A ByVim 0
(V) = | WimCp Wi DpgViwy  —Isnim
0 —Ignm W)
B, B,
B, = Wy Dpw | B, = Wy Dpu | (4.4.4)
0 0

N A

C.= ¢ DViw 0], Co=|C DuViw 0]

N

With ¥ being unitarily diagonalizable at all times, one could naively assume this problem
formulation to fulfill the conditions for Theorems 4.2.1 and 4.2.2 to be applied. However,
the decomposition of the LMI problem in Theorem 4.2.1 makes use of the fact that the
system matrices of the global system model commute with the transformation matrix
diagonalizing the interaction matrix. For the original system model, this property is
ensured by the structure of the global system model, where the system matrices have the
block-diagonal structure Iy ® M with the number of repetitions corresponding to the size
of W. In the augmented system model (4.4.4), this property is no longer given. For this
property to be given, the augmented system matrices would need to be block-diagonal
with 2N repetitions, corresponding to 0, which is not the case. Thus, Theorems 4.2.1
and 4.2.2 are not necessarily applicable to this model. For this reason, an extension of
the descriptor approach to multi-agent systems with non-symmetric interaction is not
straight-forward and remains unsolved in this thesis.
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Chapter 5

Experiments on Multi-Agent
Systems

This chapter presents the experimental work conducted in the scope of this thesis. The
goal of this work was the development of a test platform and based thereon an experi-
mental examination and validation of the theoretical approaches presented in the previ-
ous chapters. Although the experimental results actually achieved in the scope of this
work do not provide a comprehensive validation of the proposed theoretical concepts, a
proof-of-concept is provided for different approaches to the realization and examination
of distributed formation control schemes on multi-agent systems.

5.1 Experimental Platforms

The experimental platforms considered in this thesis are mainly oriented on multiple quad-
rotor helicopters (also short-named quad-copters) as mobile agents, which collaborate
according to the concept of multi-agent systems. In this context, two different types
of experimental platforms were examined: Firstly, the development of fully autonomous
quad-rotor devices in out-door operation was continued based on preceding experimental
research of the institute [Pilz, 2013]. The key feature of this work is an actual realization of
the considered agent capabilities regarding interaction and control by means of on-board
hardware and direct agent-to-agent data exchange. The major challenge is the precise
localization of the agents.

The second type of experimental work was motivated by the advantages of camera-based
indoor localization (see Section 5.1.3) and the desire to conduct indoor formation flight
experiments avoiding the drawbacks of outdoor experiments such as wind influences or the
demand for a suitable outdoor test field. To cope with the limited available flight space,
which is constrained by the camera vision space, parts of the MAS functionalities to be
tested are implemented virtually on a laboratory PC, which is referred to as Hardware In
the Loop (HIL) experiment. In this concept either a reduced number of physical agents
with full functional range is operated and complemented by further virtual agents, or
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Hummingbird CX-10
Manufacturer Ascending Technologies Cheerson
Size [mm] 540 x 540 x 85 40 x 40 x 22
Weight [g] 530 14.2
Flight time [min] | 20 5
Sensors e 3-axes gyro e 3-axes gyro
o 3-axes accelerometer o 3-axes accelerometer

e 3-axes magnetometer
& (both not accessible)

e barometric height sensor

« GPS
User- LPC2146 ARM by NXP none
programmable
CPU

Table 5.1: Properties of the quad-rotors used in the scope of this thesis

smaller agents with reduced on-board capabilities are used with an external realization of
the missing functionalities.

5.1.1 Quad-Rotor Helicopters

For the preceding experimental research of the institute, a hardware platform had been
designed in a joint project of the Institute of Reliability Engineering, the Institute of
Aircraft System Engineering and the Institute of Control Systems [Witt et alj, 2011] and
experienced several modifications. Although some formation flight experiments had been
successfully conducted using this hardware (results are published in Pil7 [2013]), at the
time the work reported in this thesis started, it still suffered from significant weaknesses
especially affecting its reliability. For this reason, the decision was taken to purchase a
fleet of four commercially produced quad-copters of the type Hummingbird developed and
produced by the company Ascending Technologies'. These devices came fully equipped
with an accessible on-board computation unit, the required sensors and wireless commu-
nication hardware to provide fully autonomous operation. While these devices showed
a remarkable benefit in terms of flight properties and reliability compared to the previ-
ous hardware, the localization of the quad-rotor, which is an important requirement for
successful position control, still remained an open challenge.

lhttp://www.asctec.dd. more detailed information is provided in the AscTec Research Line wiki at
http://wiki.asctec.dd [Ascending Technologies, 2017l
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In context of indoor formation flight experiments, low-cost miniature quad-copters Cheer-
son CX-10 were chosen as hardware platform. These devices, of which 16 units were
purchased, significantly reduce the space requirements at the price of less on-board capa-
bilities.

For future experiments, an interesting perspective is given by the Crazyflie 2.0 miniature
quad-copter provided by the manufacturer Bitcraze? as open source development platform.
It is equipped with open-accessible sensing and computation hardware comparable to the
Hummingbird on-board hardware, while size and weight allow indoor experiments at low
space consumption. However, this quad-copter only gained maturity during the time this
thesis was composed and therefore was not available for experiments in the scope of this
thesis.

Table 5.1 shows the fundamental properties of the quad-rotor helicopters used for exper-
iments in the scope of this thesis. In the following, the hardware and software setup is
described for both types of quad-rotor helicopters.

Hummingbird On-Board Hardware

XBee UART |<——| Ground PC |<——| XBee UART

¢ ¢

Acc X,Y,Z — GPS -
Low Level ' High Level
Gyro X > Processor | GPS Data .+ Processor
Gyro ¥ = (SeRsorData ||y pata | |AscTec SDK
Gyro Z >
Attitude ~ Motor Commands
Pressure | || Control ) User-defined
Sensor - ser-define
- Attitude Commands Program
Control ~ Waypoint Commands
R/C Rec (— SPI
¢|2C
Motor Ctrl

Figure 5.1.1: On-board setup of Hummingbird quad-rotor

Each Hummingbird quad-rotor is equipped with a main control unit named AscTec Au-

2Detailed information is available at https://www.bitcraze.id and https://wiki.bitcraze.iq
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toPilot. This module comprises two LPC2146 ARM microprocessors [Ascending Tech-
nologies, 2012], an Inertial Measurement Unit (IMU) and various interfaces. Figure 5.1.1
schematically shows the setup of the AscTec AutoPilot. The Low Level Processor (LLP)
is programmed by the manufacturer to provide low level functionalities comprising sen-
sor data fusion, attitude control and waypoint trajectory control (referred to as position
control by AscTec). It is not intended to be programmed by the user. In contrast, the
High Level Processor (HLP) is intended to execute custom code and can be programmed
via a JTAG interface.

Except for the GPS receiver, which is connected to the HLP, all sensors are connected to
the LLP. Both processors can exchange data via an SPI interface running at 1 kHz. It
allows the HLP to access sensor data and the LLP to receive flight control commands from
the HLP. For communication with a ground station, both processors can be connected to
XBee radio modules via UART. While this interface is not prepared by the manufacturer
to establish a direct link between multiple quad-rotors, such a link was enabled in the

scope of this work by modifying the on-board software accordingly [Gonzalez Cisneros,
2014).

On-Board Software

mainloop ()

| uBloxReceiveEngine ()
“[Read in GPS data

SDK_mainloop()

b 2

Custom code

UARTO0_ SendPacket()
(@_)Transmit packet via XBee

. HL2LL_write_cycle()

\\ /  "|Write data to LLP

Figure 5.1.2: Structure of Hummingbird HLP on-board program

L 4

To support the development and upload of custom C-code to the HLP, an eclipse-based
SDK is provided by AscTec together with a C-coded software framework providing many
basic functionalities as a wrapper for custom code. The structure of this wrapper program
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is shown in Fig. 5.1.2: The function mainloop () is triggered by a timer at a frequency of
1 kHz and calls functions to execute the tasks to be fulfilled repeatedly. Besides reading
in GPS data and writing data to the LLP, this comprises the function SDK_mainloop()
designated to contain custom code such as a controller. For the development of custom
code, AscTec provides a Simulink toolkit. 1t contains a Simulink model with pre-defined
interfaces, from which C-code can be generated automatically using the Simulink coder.

The sensor data obtained from the LLP and the GPS receiver are stored in global variables,
which are accessible within the functions executed at the HLP. In the same manner, global
variables are defined for transmitting values such as control input data to the LLP. On
the LLP control data are accepted in four different modes:

1. Direct motor access: Set individual motor thrust directly
2. Motor mapping: Command (¢, 6, ¢, Fryp,) for feed-forward mapping into motor thrust

3. Attitude control: Command attitude controller references (4, g, 7y) for ¢, 6, @/} and
thrust setpoint Fry,

4. Waypoint control: Command waypoints for trajectory controller

The waypoint mode is not part of the Simulink toolkit provided by AscTec, but was
included in this framework in the scope of this thesis [Bilgin, 2014].

[yi,ac yi,y yi,z]T

Sensors

L [k} Uy, =]

‘ N (2w | F(2) > Ug

? 3 o= _1 2l LLP
gi= — SO0— > NIPLIR -
CE _52 )y | ] Fy(Z)_] > _;Ky(Z) U¢:
i o (%) sz<Z) L, A
F(z) K(2) it
;=0 Di ]

Figure 5.1.3: Structure of the Hummingbird on-board software implementing the extended
consensus-based formation control scheme

In the scope of this work, the consensus-based formation control scheme according to Sec-
tion 3.2.3 and the extended version according to Section 3.2.4 were implemented based on
the Hummingbird framework. Fig. 5.1.3 shows a block diagram of the on-board software
implementing the extended consensus-based control scheme. The blocks Fy(2) and K,(2)
are discrete-time state space implementations of the extended information flow filter and
the local position controller. Outputs of the controllers are reference values of total thrust,
pitch and roll angle as inputs to the local attitude controller, which is executed on the
LLP operated in Mode 3 with inputs u = [ry, 19 74 Frp|. The yaw rate reference is
set to zero.
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CX-10 Hardware and Software

As the CX-10 quad-rotor is a low-cost design focused on the needs of hobby usage, the
on-board hardware is kept lean and no official documentation is available. Here we refer
to a third party review [RCGroups.com, 2017]. The on-board hardware consists of an
STM32 F050K4 microcontroller, an Infineon 6050C IMU (3-axes gyro sensors and 3-axes
accelerometer) and a BK2421 radio receiver chip. The design does not provide any cus-
tom programming of the microcontroller and no interface is provided to access the IMU
data. To manually control the device, a remote control unit is provided using a propri-
etary protocol for sending control commands to the internal attitude controller. For the
implementation of custom outer control schemes, an interface module was developed in
the scope of this thesis to transmit control commands from a PC to the quad-rotor by im-
itating the remote control protocol ®. This module consists of an Arduino microcontroller
board with USB interface and an NRF24L01+ radio transceiver module. The commands
are accepted on the USB port in terms of the total thrust and reference values of roll and
pitch angle as well as yaw rate, i.e. w= [Fr, 14 19 7y]. This corresponds to mode 3
of the Hummingbird quad-rotor.

7 Image Camera
CV [«
A
)
- " _J :
Y [P B O i | é—
r . Kpos(2) Interface» *r Ko C —| >y
PG - - o
g 0006

Figure 5.1.4: Position control scheme for a CX-10 quad-rotor with camera-based localiza-
tion

In contrast to the Hummingbird quad-rotors, which provide programmable on-board hard-
ware, for the CX-10 all control levels above the local attitude control had to be imple-
mented externally. For this reason the position control loop is closed using a central lab
PC performing both localization and position control. The control architecture is shown
in Fig. 5.1.4. Position feedback is provided by the camera-based localization system, for
which the camera periodically feeds images to the PC. These images are processed by
a Computer Vision algorithm providing a 3D position estimation g for each quad-rotor
visible in the camera image. This position estimation is compared to the reference r to
obtain the error, which is fed to the controller K,(z). The controller output data u are
transmitted to the quad-rotor using the transmission protocol interface.

3This work was done by Peter Paulsen based on code provided at by the users "samuelpow-
ell” and "goebish”.
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5.1.2 Communication and Interaction

The existence of data exchange links between the agents is a crucial prerequisite for the
implementation of cooperative control in a multi-agent system. In case of mobile robots
or even flying devices as agents, as considered in this thesis, it is clear that wireless com-
munication among the agents is required. The theoretical concept of multi-agent systems
according to Section 2.1.1 considers a peer-to-peer network, i.e. the agents communicate
to their neighbors by direct links only and no forwarding of packets takes place. Thus,
no additional network components such as routers or coordinator nodes are considered.
With respect to the OSI model, for the realization of such a system the realization of the
physical and the Media Access Control (MAC) layer can be assumed sufficient. Besides
the agent-to-agent communication network, for practical implementations additional links
from the agents to a ground node are required for monitoring and safety purposes.

Full Realization

For the experimental platforms examined in this thesis, wireless communication hardware
operating in the 2.4 GHz Industrial, Scientific and Medical (ISM) band was used. The
original equipment of the Hummingbird quad-copters comprises XBee Pro radio modules
implementing the IEEE 802.15.4 standard. With a transmission power of 10 mW, a
range of 750 m is stated by the manufacturer [Digi International, 2015]. The IEEE
802.15.4 standard defines both physical and MAC layer, where the latter follows the
Carrier Sense Multiple Access/Collision Avoidance (CSMA /CA)) principle. For networking
functionalities such as routing, the usage of a network layer according to another standard
is intended, for which some standards such as ZigBee are suited to the IEEE 802.15.4 MAC
layer. However, in this work only physical and MAC layer are used. The radio modules
are configured to use the same channel across the network, such that all messages are
transmitted as broadcast and can be received by all agents within the transmission range.
As long as no further disturbing effects are acting, the resulting topology is a proximity
graph.

A drawback of the XBee modules with respect to future research is their fixed implemen-
tation of the IEEE 802.15.4 MAC layer, which does not allow the implementation of a
custom MAC protocol. However, for the performance of distributed control schemes, in
some cases such as large swarms with a high density of agents, the MAC protocol can be
a critical feature. To allow experiments on this aspect, some tests were performed in this
work using the NRF24L01+ transceiver in connection with a simple custom CSMA /CA
protocol [Farnbacher, 2017]. The results indicate a good suitability of this hardware for
experiments on distributed control.

Above the two basic layers of the wireless links, a custom layer has been developed and
implemented in the scope of Gonzalez Cisneros [2014] to realize the interaction considered
throughout this thesis (see Section 2.1.1). The main part is the Buffer, which processes
data packets received by the on-board radio module, manages the information about the
connected neighbors and provides the control-related data ¢; to the controller. Fig. 5.1.5

93



CHAPTER 5. EXPERIMENTS ON MULTI-AGENT SYSTEMS
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Figure 5.1.5: Flow diagram of the buffer

shows the program flow of this buffer. Each data packet is assembled as

Pi=1[i pix Piy Pis] (5.1.1)

where ¢ is the ID of the transmitting agent. To manage the incoming connections, each
agent maintains a database, which contains one entry for each connected neighbor and
thus represents the set N;. Each entry contains the neighbor ID, the latest coordination
data pj received from this neighbor and a watchdog timer. An incoming packet Py is
processed by updating the entry for ID k or, if no such entry exists, creating a new one.
To detect a link failure, the watchdog timer is used. It is increased in every main loop
cycle and is reset when a packet from the particular agent is processed. In each loop cycle
all entries with a watchdog value exceeding a given threshold (timeout period) are deleted
from the database. Exceeding the threshold means that at least the timeout period has
passed since the last packet from the respective neighbor has arrived. Thus, it is assumed
that the link with this neighbor no longer exists. At each controller execution step, the
number of neighbors d; = |V;| is determined by counting the entries (after deleting the
timeout entries) and the value ¢; is computed as

1

" keN;
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summing up all neighbor data currently stored in the database. This corresponds to
choosing the scaled adjacency matrix A as pattern matrix .

Hardware-in-the-Loop Realization

The communication setup described so far aims at a full realization of the considered
agent interaction and is a reasonable approach for fully equipped agents such as the
Hummingbird or Crazyflie. However, it requires the on-board capabilities to implement
the data management as well as the agent-to-agent connections. For agents with reduced
functional range, such as the CX-10, the interaction part can be emulated on the central
laboratory PC as an extension of the hardware-in-the-loop setup shown in Fig 5.1.4.
In the experiments conducted with CX-10 quad-rotors in this work, the communication
was realized by simply implementing the matrix representation ¢ = W,,)p for a given
interaction matrix W.

Besides allowing agents with reduced on-board capabilities, this realization has a second
benefit: In recent research programmes such as the DFG Priority Programme ”Cyber-
Physical Networking™, a focus is set on the data transmission network and its role in the
control scheme. This comprises simulation studies with an advanced and more detailed
representation of the communication network. In this context the HIL framework allows
to combine the advanced network model with actual agent hardware and offers a rapid-
prototyping testbed for experimental validation of advanced communication protocols and
control schemes. This is particularly attractive for experiments in which the MAS is to
be tested under critical conditions like large distances or critical communication load. For
such scenarios, the risk of communication failures or instability of formation control is
fairly high. For a full on-board realization, this will likely lead to losing control of one
or more agents and thus means a significant risk of serious damage. In contrast, in a
HIL realization the interaction takes place within the lab PC program and allows critical
outputs to be trapped, such that the physical agents remain in safe operation.

5.1.3 Localization

An important prerequisite for successful implementation of formation control in multi-
robot systems and at the same time one of the major challenges is the accurate localization
of the robots. At the beginning of the work reported in this thesis, the equipment to be
used did not provide a satisfactory localization solution. For this reason, a significant
part of the experimental effort was spent for developing and testing suitable localization
solutions for the experimental platforms used. To allow formation control of quad-copters,
it is reasonable to claim that the localization error must not exceed the order of magnitude
of the dimensions of a single quad-copter. As second relevant property, the sampling rate
must be significantly higher than the bandwidth of the motion dynamics of the quad-
copter. While a factor of 2 is the theoretical limit to capture the motion, from practical

4Priority Programme ”"Cyber-Physical Networking” (SPP 1914) by Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation), started in 2016, ww.spp1914.dd
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Technology Usage Precision® | Comments

GPS uncorrected (NEO-6P) outdoor | 1 m

GPS with PPP (SBAS) outdoor | 0.83 m

GPS with PPP (IGS) outdoor | 0.36 m requires internet access
RTK-GPS outdoor | 0.27 m requires internet access
Fusion of GPS, Optical Flow, IMU | outdoor | ~ 0.5 m

Camera: top view indoor | 3 mm CX-10

Table 5.2: Localization technologies tested within this work

considerations a reasonable margin to claim is a factor of 10 or 20. For the Hummingbird,
a bandwidth in the range of 0.5 Hz has been estimated for the translational dynamics
[Kunkel, 2016], such that a sampling frequency of 5 to 10 Hz is required. For the CX-10
a slightly higher bandwidth is expected.

The localization attempts examined in the framework of this thesis can be divided into
three different technological approaches: The first one, which continues the work previ-
ously done in the Institute of Control Systems, uses the widely used Global Positioning
System (GPS) for absolute localization and aims at increasing the accuracy by applying
correction techniques. The second approach extends GPS-based localization by data fu-
sion with accelerometer data and velocity measurements from an optical flow sensor. A
third and separate technology aims at indoor localization and utilizes a computer vision
technique based on one or two stationary cameras. The goal of the presented research is to
test the mentioned technologies for the localization of quad-rotor helicopters, determine
the achievable performance and assess the suitability for formation flight experiments,
which allow a validation of the theoretical concepts of this thesis. In the following, the
examined localization techniques are briefly introduced. An overview is given in Table 5.2
with typical precision Distance Root Mean Square (DRMS) values for a series of static
measurements.

GNSS-Based Localization

In their original configuration, the Hummingbird quad-copters are equipped with a u-
blor LEA-6T GPS receiver module, which directly provides a GNSS position fix to the
HLP. For this configuration, stationary experiments yielded a localization precision in
the range of 1.46 m [Kahlefendt, 2015]. In order to improve the accuracy, in the scope
of this thesis experiments were carried out using the correction techniques Precise Point
Positioning (PPP) and Real-Time Kinematics (RTK). For these experiments, a u-blox
NEO-6P receiver module was used, which is able to output raw data and to carry out
the PPP calculations internally. Without corrections, this receiver provides a precision of
approx. 1 m.

The functional principle of PPP is based on carrier phase measurements and internal
models of disturbance mechanisms such as satellite antenna offset, earth tides, ephemeris

Distance Root Mean Square (DRMS)
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errors and atmospheric effects. These models are used to estimate the error caused by the
particular effect and to correct the position result accordingly. To achieve a significant
benefit, it is necessary to know the time-varying parameters of the disturbance models,
which are provided by external services. Data about satellite clock and ephemeris errors
as well as ionospheric delays are provided via geo-stationary satellites by Satellite Based
Augmentation System (SBAS), such as the European Geostationary Navigation Overlay
Service (EGNOS). Many GNSS receivers are able to improve the achievable accuracy by
using SBAS correction data without implementing the full PPP algorithm.

In our experiments, a considerable benefit was observed for using the PPP algorithm
of the NEO-6P based on the EGNOS-SBAS data, which lead to a precision of approx.
0.8 m. This result was further improved by performing external corrections using the
software RTKLIB ¢ executed on a PC and using correction data of the International
GNSS Service (IGS) obtained via internet. For this configuration, a precision of 36 cm
was achieved [Schalk. 2013]. As an alternative to PPP, RTK-GPS was tested by Schalk
[2013] and Kahlefendt [2015]. RTK-GPS is an extension of differential GPS in combination
with carrier phase measurement. Accordingly, correction data need to be provided by a
base station. In this work, correction data from the IGS station WARN1 (Warnemiinde,
Germany) and the commercial SAPOS 7 service were used. In static experiments, this
method lead to the best achieved precision of 27 cm.

Both techniques providing precision values below 0.5 m depend on correction data sourced
via internet and computations which are not performed by the receiver module itself. To
allow usage of these techniques on board of the quad-copter, a significant extension of
the hardware setup had to be implemented [Kahlefendt, 2015]: As computation unit, a
type B Raspberry Pi single-board computer was added to the Hummingbird quad-copter
and connected to the GPS receiver module by its serial interface. On this computer, an
ArchLinux operating system and RTKLIB were installed and used to execute the RTK
and PPP computations. The weight and power consumption of the Raspberry Pi are suf-
ficiently small to allow a normal flight of the quad-copter with the Raspberry Pi attached
to it and supplied by the on-board 5 V power supply. At the same time, it provides
sufficient computational power to perform the corrections. Although the Raspberry Pi B
does not contain a radio communication interface itselff, it is equipped with USB ports
allowing the usage of commonly available WiFi or mobile radio USB modules to receive
correction data via internet. In the scope of Kahlefendt [2015], a WiFi module was used
and connected to the campus WiFi network of TUHH.

In the experiments, both techniques (RTK and PPP) provided a significant improvement
of the achievable accuracy. However, the quality was found to highly depend on the
circumstances, especially shadowing effects of large buildings or other obstacles are able
to severely degrade the accuracy (urban canyon effect). In addition, providing correction
data from external sources to a flying quad-copter is challenging and the usage of WiFi

SRTKLIB is an open source program package for GNSS positioning, download and further information
are available at http://www.rtklib.com/|

“Satellitenpositionierungsdienst der Vermessungsverwaltungen der Lénder der Bundesrepublik
Deutachland,

8More recent versions such as Raspberry Pi 3 are equipped with an on-board WiFi interface.
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turned out to be highly prone to connection failures. These facts impede the usage of
corrected GNSS as high-precision localization technique of unmanned aerial vehicles. An
additional drawback of GNSS-based technologies is the low sampling frequency of 1 to
5 Hz, which on its own is critical with respect to capturing the motion of a quad-copter.

Inertial and Optical Flow Measurements, Data Fusion

Besides the application of correction techniques to the GNSS localization itself, a com-
monly used technique to improve the localization quality is multi-sensor fusion using
further sensor data such as inertial measurements.

The Hummingbird quad-copter is equipped with an IMU containing a 3D accelerometer,
which provides 3D acceleration data. Although theoretically the position is obtained
simply by double integration of the acceleration measurement, in practical applications
the noise corrupting the acceleration signal leads to a drift of the position result and thus
makes it unusable. Nevertheless, acceleration data are very useful to reduce the noise
of direct position measurements by data fusion. A commonly used fusion technique for
such cases is the Kalman filter [Wendel, 2011]. Besides an improvement of the precision,
this method also allows an increase of the position sampling rate by using model-based
interpolation and acceleration data available at higher frequency.

An additional promising sensor technology in this context is Optical Flow sensing, a
computer-vision technique allowing to directly measure the velocity with respect to the
ground. It uses an image sequence from a vertically oriented camera mounted on the
quad-copter. The evaluation of the brightness pattern of this sequence provides a 2D
motion field on the image plane. If the attitude and the altitude over ground are known
from other sources such as gyro sensors and ultrasonic or laser-based distance sensors,
the 2D motion field can be translated into a 3D motion of the camera with respect to the
ground. The main requirements for this method to be effective are a sufficiently structured
environment along both horizontal dimensions and a sufficiently strong and homogeneous
illumination of the environment.

GPS y(k) '_: ______________________________ :

OFS

E *T A Ml«}((k): i

1 Kalman-Filter

\ 4

Figure 5.1.6: Kalman filter for fusion of GPS, optical flow (OFS) and IMU data

In the scope of this thesis, initial experiments were conducted with a multi-sensor fusion
setup based on the data of IMU, GPS and optical flow sensors installed on a Hummingbird
quad-copter [Laf, 2016; Konda, 2016]. The original on-board IMU and GPS sensors were
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used in combination with a PX4Flow  optical flow sensor (OFS) module. This module
is equipped with camera, gyroscope, ultrasonic distance sensor and an image processing
unit for providing readily processed velocity data. Figure 5.1.6 shows the implemented
architecture of the Kalman filter used for data fusion. It is based on a state space model
of the quad-copter dynamics with system matrices A, B and H, where H is an augmented
output matrix for the augmented output vector yuue = [y* v ] with the velocity v = g
as additional output. The Kalman gain K is dynamically updated as

K(k)=P (k)H"(HP™ (k)H" + R)™" with (5.1.3)
<P+(k) (I — K(k)H)P~(k), (5.1.4)
P (k+1) = APT(kK)AT + Q. (5.1.5)

The matrices () and R are covariance matrices of the system noise and of the measurement
noise, which are used to tune the filter.

— GPS
— OFS

— Kalman

80

701

50 P

40

North [m]

30

20

10

-80 -60 -40 -20 0 20 40
East [m]

Figure 5.1.7: Position estimations for rectangle trajectory [Konda, 2016]

Results obtained from the data fusion approach are illustrated in Fig. 5.1.7 for a scenario
examined in Konda [2016], in which the quad-copter was manually moved along a rectan-
gular path. A quantitative statement about the accuracy is not given due to the lack of
a sufficiently accurate ground truth, but a qualitative statement can be clearly identified.
The position trajectory resulting from integrating the optical flow results shows a signif-
icant drift, while the GPS trajectory is significantly subject to noise, as visible by the

9Part of the Pizhawk framework, see fww.pixhawk.org for details
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non-smooth course. Furthermore, along the south-east edge the GPS trajectory clearly
deviates from a straight line, which is ascribed to shadowing effects of a tree in this area.
The filtered trajectory clearly reduces both disturbing effects of the GPS measurements
and produces an almost rectangular trajectory.

The present results, together with the fact that no external services or infrastructure be-
yond regular GNSS are required, indicate this approach to be most promising for outdoor
field experiments. Further improvements can be expected from a dynamic adjustment of
the covariance matrices using the positioning quality indicator provided by GPS and the
optical flow sensor, which would allow the Kalman filter to adapt to the varying quality
of input data depending on the environmental conditions.

Camera-Based Localization

Besides the previously described localization techniques using on-board sensors, an ex-
ternal camera-based localization approach was implemented and tested in the context
of this work. This technique allows a localization of multiple quad-copters for indoor
lab experiments at a significantly higher precision compared to GPS-based localization.
The localization system employed in this thesis is an OpenCV-based design and has been
developed at the institute as part of multiple student projects. An initial version has
been developed in the scope of Milhan [2015] for 2D-localization of autonomous ground
vehicles. An extension to 3D-localization and usage with Hummingbird quad-rotor heli-
copters has been done by Steinmetz [2015] and Elsner [2015]. Further extensions are the
adaptation to CX-10 small-size quad-copters [Berghoff, 2016] and a multi-camera setup
[Murthy, 2017].

The camera-based localization setup using a single camera is illustrated in Figure 5.1.8.
The camera is mounted to the ceiling of the laboratory and is directed downward. In
most experiments a Logitech HD Pro Webcam C920 was used. This camera is connected
via USB to an image processing PC, which executes a computer vision algorithm using
OpenCV functions to detect the quad-copter in the image and to determine its location.
For on-board control of Hummingbird quad-copters, the localization result is transmitted
to the quad-copter using the XBee wireless communication link. The employed hardware
is able to provide localization results with a frequency of 30 Hz, for a small number of
agents mainly limited by the frame rate of the camera. This sampling rate is sufficient
with respect to the dynamics of the quad-copters to be localized.

To allow a reliable and precise localization of the quad-copter, it is equipped with char-
acteristic markers of precisely known size, shape and mounting position. Two different
marker setups were tested and are illustrated in Fig. 5.1.9. The first setup consists of
four styrofoam balls with a characteristic color and was used for both Hummingbird and
CX-10. Three balls are mounted in the plane of the quad-copter body forming a stretched
isosceles triangle, a fourth one is mounted on a stick above the center of the quad-copter.
As the mounting positions are neither co-planar nor rotation-symmetric, knowing the po-
sitions of the four markers on the camera image allows to determine the full pose of the
quad-copter, i.e. the 3D localization and the 3D orientation. The second setup consists of
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Image Processing

OpenCV

(a) Blue ball markers (b) Rectangle marker

Figure 5.1.9: Different marker setups for quad-copter localization [Kunkel, 2016]

a flat, rectangular marker plate with a black-white-black figure printed on it. This setup
does not provide information about the orientation (except a 90°-ambiguous yaw angle
result), but proved to be less sensitive to the ambient light conditions [Kunkel, 2016]. In
most cases determining the orientation by the camera setup is dispensable, as sufficiently
accurate orientation measurements are provided by the on-board IMU.
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The functional principle of the camera based localization is based on finding the marker
setup of a quad-copter in the camera image, determining its position and size in the image
and transforming this 2D information into 3D world coordinates using knowledge about
the real size and shape of the marker setup. To detect the markers, the following image
processing toolchain is used:

e Blurring of the image, i.e. low-pass filtering, to reduce noise

« Conversion to greyscale (square marker) or HSV color space (ball marker)

e Threshold decision into a binary image according to brightness or color hue value
o Contour tracking to identify contours of the marker

e Polygon fitting to retrieve the shape of the marker

The height of the quad-copter can be determined from the size of the image of the marker
setup. Let L,, be a length in pixels measured in one dimension of the image, where the
total number of pixels is Limage. Then, the distance h between camera and marker is
obtained as

lmLimage
= = 5.1.6
2tan(a/2)L,,’ ( )

where [,,, is the corresponding real world length of the marker (which is known) and «
is the opening angle of the camera. If h, and thus the z coordinate of the quad-copter,
is known, the x and y coordinates can be computed from the location of the center
of the marker in the image by simple geometry. To determine the full pose using the
ball markers, the location of each marker in the image is determined by computing the
center of gravity of each polygon provided by the image processing. This result is used
to determine the pose of the real marker setup by means of the Pose from Orthography
and Scaling with [Terations (POSIT) algorithm proposed in Dementhon and Davig [1995].
Given a non-coplanar 3D object model consisting of at least 4 points, a 2D image of the
object on which all model points are identified, and the camera properties (focal length
and principal point), this algorithm is able to determine the pose of the object by solving
the Perspective-n-Point problem.

Quad-copter | Quantity x Y z
Hummingbird | Mean error [mm]| at p; = [0 0 2]m 0 20 | 2
Hummingbird | Mean error [mm]| at pp =[0.60.62/m | 20 | 50 | 10
Hummingbird | Standard deviation [mm)] 0302 5
CX-10 Mean error [mm] at p; = [0 0 1.62]m -1 -2 | -4.5
CX-10 Mean error [mm] at ps =[0.6 0 1.62Jm | 3.5 | -2 | -10
CX-10 Standard deviation [mm] at p; 0.22 | 0.24 | 4.5
CX-10 Standard deviation [mm] at py 3 1024 6

Table 5.3: Stationary localization error
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The achievable accuracy of the camera-based localization was evaluated experimentally
in the scope of Steinmetz [2015] for the Hummingbird and in Berghoff [2016] for the
CX-10 quad-copter. However, due to the lack of a facility or method providing a reliable
and sufficiently accurate ground-truth localization of a flying quad-copter, a meaningful
evaluation could only be carried out for a stationary quad-copter. Results are shown in
Table 5.3. The experiments consisted of recording a series of measurements from the
camera system while the quad-copter was in rest at a position determined by mechanical
measurement devices. This experiment was repeated for different positions p on the
ground and for each position the mean error over time as well as the standard deviation
were computed from the recorded measurements.

In Table 5.3 the mean error is shown for two different locations. At p;, which is located on
the optical axis of the camera, a rather small mean error is observed, while the mean error
in locations further outside the optical axis (such as py) is considerably larger. Further
examinations in Steinmetz [2015] indicate that the relationship between the distance from
the optical axis and the measurement error can be well approximated by a polynomial,
which can be used to compensate this systematic error. A second important character-
istic is the standard deviation around the mean value of one measurement series, which
numbers the precision. For this quantity no significant dependency of the distance to the
optical axis was observed. Here, an important observation is the large difference between
the height error (z value) and the sub-millimeter horizontal error (x and y direction).
This observation is plausible with respect to the error propagation which can be expected
from determining the height based on measurements of the horizontal size and position
of the marker.

Further improvement of the accuracy of the camera-based localization system is expected
from adding a side-view camera. In such a setup, the 3D position of a ball marker can
be determined by triangulation methods such as described in Hartley and Zisserman
[2003]. This promises significantly better error propagation properties and thus a higher
accuracy. First experiments with a two-camera setup in the scope of this thesis support
this expectation [Murthy], 2017].

As visible in Table 5.2, the accuracy achieved with the camera-based localization system
is clearly superior compared to the other techniques tested in this work. The theoretical
research presented in this thesis focuses the control schemes governing the interaction
level of the agents rather than quad-copter flight control. For experimental research
corresponding to this focus, the localization accuracy can be considered more important
than the ability of the implemented control scheme to operate under real field conditions.
In this context, the results given in this section lead to the conclusion that among the
tested localization techniques the camera-based method is found most suitable for the
purposes of this thesis. Thus, the following experimental results were obtained by using
this method.
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Local Positioning System

For future research, radio-based Local Positioning Systems (LPSs) are a promising alter-
native to the localization technologies described so far. In particular, the Loco Positioning
system is provided by Bitcraze as accessory of the Crazyflie quad-copter and thus is suited
to the use case of quad-copter localization. However, this system is the result of recent
development and was not yet available for the work in the scope of this thesis.

Generally, LPSs use time-of-flight measurements between multiple stationary radio mod-
ules with precisely known positions (anchors) and a mobile radio module (tag) attached
to each mobile robot. Currently, the Loco system can be operated in two different modes:

1. In the Two-Way Ranging (TWR) mode, the tag exchanges messages with the anchor
and determines the distance to the anchor based on the round trip time. The
location of the tag is calculated by triangulation based on the distances to multiple
anchors.

2. In the Time Difference of Arrival (TDoA) mode, the tag uses the time difference
between the arrival of packets from a master anchor and those of other anchors.
Based on this, for each anchor the difference of the distances to this anchor and
to the master anchor can be computed, which results in a hyperbola of possible
tag locations. The tag location is determined as the intersection of the hyperbolas
determined for the different anchors.

The TWR method has the drawback of requiring individual bilateral communication
between a particular anchor and each tag. In case of multi-agent systems with a large
number of agents, this leads to a high communication load and can critically reduce the
available sampling rate. In contrast, the TDoA method relies on unilateral communication
from anchor to tag, such that the capabilities of the system do not depend on the number
of tags. However, the TDoA method poses the challenge of synchronization among the
anchors and thus the TDoA version of Loco is still in an early stage of development.

5.2 Formation Control Experiments

Based on the experimental framework described in the previous sections, experiments
were carried out in different configurations, comprising a single and multiple real agents.
As important steps, the implementation comprises the modeling of the quad-copters,
design of a local position controller, implementation of a communication network to enable
the considered interaction as well as the synthesis and implementation of a cooperative
controller.

The development of a local position controller is described in Appendix B.2 for both types
of quad-copters. This comprises the realistic modeling of the quad-copter dynamics as
important prerequisite to the usage of model-based controller design techniques. For this
purpose, different identification experiments were conducted and models were obtained
using system identification techniques (see Appendix B.2.2 for details). Based on these
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models, different controller design techniques were tested: PID control, observer-based
LQG and LQGI state feedback and H., control. See Appendix B.2.4 for details.

In the following, the conducted formation control experiments are described together with
the applied controller design. Results are provided and evaluated.

5.2.1 HIL Test of Extended Consensus-Based Formation Con-
trol

Experiments addressing the extended consensus-based approach were conducted in a for-
mation control scenario of Hummingbird quad-copters. At the same time, the experiments
were envisaged as proof-of-concept of the Hummingbird-based test platform for coopera-
tive control. For the scope of this thesis, the remaining challenges concerning the accurate
localization of the quad-copters did not yet allow a reasonable experimental setup for mul-
tiple Hummingbird quad-copters at the same time. Instead, for this thesis a Hardware
In the Loop (HIL) setup was realized, in which a single Hummingbird quad-copter was
operated in a realistically emulated cooperative control setup.

Formation Controller Synthesis and Implementation

The goal of this experiment is to implement and test the control architecture described in
Section 3.2.4, of which the general setup is shown in Fig. 3.2.15. This control scheme is
realized within the existing framework of the Hummingbird quad-copters by implementing
an on-board software as shown in Fig. 5.1.3. While the design of the local position con-
trollers K, is covered in Appendix B.2.4, here we will focus the design of the Information
Flow Filter (IFF) F.

The information flow filter design problem is formulated as robust control problem ac-
cording to Section 3.2.4. A slightly modified version of the generalized plant of Fig. 3.2.16
is used here, at which the coupling error is defined as ec = 7 — y (as proposed in Bar-
tels and Werner [2014]) and the disturbance rejection transfer function Tp, is neglected,
i.e. assumed to be equal to identity. Following the assumption that the coupling between
movements in different spatial dimensions is sufficiently suppressed by the local controllers
and using the fact that a cartesian space is considered, the IFF design problem is solved
separately for each dimension. The shaping filters are chosen as

1 Wg c s+ we 200
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As a discrete time representation of the IFF is required for implementation and the agent
model is identified in discrete time, the synthesis problem is formulated in discrete time
as well, using discretized versions of the shaping filters (5.2.1).

A straight forward way to obtain the information flow filter is to solve the H.,/Heso
Problem 3.1.2 from PPilz and Werner [2012a] on the described setup with shaping filters
according to (5.2.1). A well-known disadvantage of such LMI-based H,, design methods
is that the structure of the controller (here the IFF) cannot be pre-specified and the con-
troller order is fixed to the order of the generalized plant. From an implementation point
of view this property can be critical, as a high controller order can exceed the computa-
tional capabilities of the hardware to be used. In case of the IFF implementation on the
Hummingbird, such problems were experienced as well [Farnbacher], 2016]. As alternative
method, the function hinfstruct of Matlab was used, which employs nonsmooth optimiza-
tion techniques from Apkarian and Noll [2006] to solve the problem for a controller with
given structure. Thereby, the IFF design problem was solved for a third order filter with
the structural constraint of F;. being strictly proper. The resulting filter reads

0.9987 0 0 0.03298 0
0 0.9584 —0.06729 0 0.03231
E(=)=1 0 003231 09989 0 537e—4 (5.2.2)
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Figure 5.2.1: Setup of the hardware-in-the-loop formation control experiment using a
single Hummingbird quad-copter

The experimental setup employed to test the extended consensus-based formation control
scheme consists of a single Hummingbird quad-copter, the Computer Vision (CV)-based
localization system described in Section 5.1.3 and a simulation PC. This setup is illustrated
in Fig. 5.2.1 and consists of two parts: The localization system determines the 3D position

of the real quad-copter and transmits this position data to the quad-copter by the wireless
XBee link.
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Figure 5.2.2: Agent positions in z-direction (solid) and estimated reference 7 (dashed) for
test flight 1

The second part is the virtual MAS, which is realized by means of the simulation PC. On
this PC, a semi-real-time Simulink model is executed and simulates three further quad-
copters. Each virtual agent consists of a dynamic model of the Hummingbird quad-copter
and replicates the on-board control scheme implemented on the real Hummingbird. From
the coordination output data of the virtual agents, the serializer module generates a stream
of messages according to the communication protocol implemented on the real quad-
copter. These messages are transmitted to the real quad-copter, but are as well fed to the
virtual agents together with messages received from the real agent. The communication
topology is chosen randomly and changes with a frequency of 1 Hz. The links among the
virtual agents have a 30 ms time delay, but apart from that are assumed ideal. By this
means, the real quad-copter is operated in a realistic replication of a swarm of identical
quad-copters.

Experimental Results

In the scenario tested in this experiment, the agents start in rest at the origin and are
commanded at t = 21s to move into a 1 x 1m square formation. In addition, at ¢ = 45s,
an output disturbance acts on the virtual Agent 4 and changes its position by 1 m.

Figures 5.2.2 and 5.2.3 show the results of this experiment in terms of the estimated
reference positions 7; and the actual positions y; of the four agents. The plotted position
of the real quad-copter (Agent 1) is measured by the camera-based localization system,
while the plots of the other agents show simulation results of the dynamic models. It
is clearly visible that the IFF of the real quad-copter acts similar to the simulated ones
and the real position actually follows the estimated reference with similar characteristics
as the responses of the virtual agents. Nevertheless, the position response of the real
quad-copter is subject to visibly higher fluctuations compared to the virtual ones. The
reason can be assumed to be found in external influences on the real agent (such as
aerodynamic effects) and noise induced by the localization system. The chosen setup in
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Figure 5.2.3: Agent positions in y-direction (solid) and estimated reference 7 (dashed) for
test flight 2

this experiment, in particular the IFF design and the topology, lead to a small coupling
between the disturbed Agent 4 and the real Agent 1. For this reason, the reaction of
the estimated reference of Agent 1 is, although it is visible, below the noise level of the
position and thus does not lead to a visible reaction in the measured position of Agent 1.
Nevertheless, the presented results correspond to the expectations from simulation studies
of the extended consensus-based control scheme, such as contained in Example 3.2.2.

5.2.2 Consesus-based Control of Multiple Quad-Copters

Subject of the second experiment performed in the scope of Nguyen Congl [2017] is the
application of consensus-based formation control to a group of three CX-10 miniature
quad-copters. Besides the validation of the consensus-based control approach, this exper-
iment aims at a proof-of-concept of the MAS control testbed based on multiple miniature
quad-copters in connection with camera-based localization.

The Information Flow Filter (IFF) has been designed by means of the optimization
method, i.e. formulating the IFF design problem in analogy to the optimal control prob-
lem (according to Section 3.2.3) and solving the Ho/Hoo control problem 3.1.2 for F(z).
The generalized plant has been constructed according to Fig. 3.2.10, but with p;, = n;
as coordination output instead of 7;. To achieve good implementation properties, the
synthesis problem has been formulated in 1D and solved for a 2nd-order IFF using the
hinfstruct solver of Matlab. For T, = 25 ms the result reads

1.9913 —0.9913 | 1
0 |0]. (5.2.3)
0.7462 —0.7398 | 0

0.7462z — 0.7398
22 —1.9912z +0.9913

F(z)=

The setup of this experiment is a simple implementation of the consensus-based control
scheme of Pilz et al] [2011] shown in Fig. 8.2.9. The position control loop was realized
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by means of the camera-based localization system as shown in Fig. 5.1.4 of Section 5.1.1.
For this purpose, the computer vision software is extended by multiple instances of the
position controller K,,s(z), realized as discrete-time state space model, once for each real
quad-copter. The consensus loop is realized as a global discrete-time closed-loop state
space model

2(k+1) = (Ap — BpLm)Cr)a(k) + BpLimyr(k)

for F(z) = {éF %F} andAF:IN(X)AF,...
F

for a given Laplacian matrix £ and the information flow filter F'(z) of (5.2.3). Two
instances of this dynamic system model (one for each spatial dimension = and y) are
implemented as further extension of the computer vision program, while the height is
controlled to track a common fixed value. Thus, all elements of the distributed control
scheme of Fig. 3.2.9 except for the attitude control loop as inner part of the position control
loop are realized centrally on the computer vision PC. This realization is necessary due
to the limitations of the on-board hardware of the CX-10 quad-copters. Nevertheless,
due to the block-diagonal structure of the system matrices in (5.2.4), this implementation
contains an independent instance of the IFF F'(z) for each agent. Thus, despite the central
realization, the realized control scheme can still be considered as distributed.

(5.2.4)

As examined scenario, a leader-follower setup of a virtual leader (Agent 1) and two real
agents has been chosen. Therefore, the consensus loop system (5.2.4) is implemented for
an interaction matrix chosen as Laplacian

0 0 0
L=|-1/2 1 —1/2 (5.2.5)
~1/2 -1/2 1

and N = 3 instances of F'(z). The formation is guided by assigning a value to x; (the
first state of the IFF instance corresponding to Agent 1) such that 7; takes the desired
leader position. The values of 75 and 73 are fed as reference to the position controllers
controlling the real quad-copters.

For the presented test flight, the desired formation is fixed as r; = [0.1 0]T m, r, =
[0 0]7 m, r3 = [0.3 0.3]7 m. During the experiment, the position of the virtual leader is
changed step-wise along the z-axis.

Figure 5.2.4 shows the resulting estimated references 7; obtained from this experiment
together with the measured positions y; of the CX-10 quad-copters acting as Agents 2
and 3. It is clearly visible that the references 7; of the follower agents precisely follow the
leader position and maintain the desired formation. For the present design, the response
time of the consensus loop is very short compared to the dominant time constant of the
real quad-copters.

The real agents oscillate around their reference positions with deviations in the range
of 10 e¢m, which is in the range of the leader movements. Nevertheless, it is clearly

109



CHAPTER 5. EXPERIMENTS ON MULTI-AGENT SYSTEMS
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Figure 5.2.4: Agent positions (solid) and estimated reference 7 (dashed) for the leader
movement scenario

visible that the mean value of the oscillation follows the reference value, which indicates a
successful reference tracking. The main reason of the observed oscillations can be assumed
to be poor tuning of the position controllers. In this experiment, manually tuned PID
controllers are used. An improvement can be expected from a model-based design of the
position controller (such as H., or LQGI control) using the models of the quad-copter
dynamics identified in Sing [M}
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Chapter 6

Conclusions and Outlook

6.1 Conclusions

For several years the topic of distributed control of multi-agent systems has attracted
the interest of researchers; formation control of autonomous aerial vehicles is a popular
example. In this context different control strategies have been developed providing robust
stability of the multi-agent system even for the case of topology changes. One of the main
aspects of this thesis aims at revising and comparing the existing control strategies. For
this purpose simulation studies have been conducted and presented.

Among the existing control strategies, there exist both architectures considering a di-
rect coupling by exchange of agent positions as well as consensus-based architectures, at
which reference positions are negotiated. For the latter, in this thesis design objectives are
worked out and illustrated by simulation results. A comparative simulation study reveals
a performance benefit of the consensus-based approach, which comes at the price of a
disturbance rejection drawback. Motivated by these results, in this thesis a new architec-
ture is introduced combining the advantages of both approaches regarding performance,
synthesis effort and formation maintenance. Simulation results illustrate the effectiveness
of the combined approach.

For the examination of controller synthesis techniques, a unified framework has been
established, in which the dynamics of the multi-agent system are modeled and perfor-
mance criteria are formulated. Based on this framework, a simulation study has been
conducted to compare the achievable performance of a robust control approach based on
the Small Gain Theorem and an interconnection-scheduled (ISC) approach adopting LPV
gain scheduling techniques. To find suitable tuning parameter values regarding a common
set of objectives, a genetic algorithm has been designed and successfully applied.

From both control approaches satisfactory results regarding tracking performance and
formation accuracy are achieved, while the ISC approach outperforms the robust one. This
can be attributed to conservatism of the robust approach due to its guarantee of robustness
against arbitrary communication delays. A simulation study including delays did not
show a clear benefit of this guarantee, as both approaches led to stabilizing controllers.
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An expected benefit of the ISC approach resulting from the freedom of optimizing the
composition of the coordination data was not achieved. Further investigations attribute
this result to an effect of the underlying synthesis technique and reproduce it in an LPV
gain scheduling example. In spite of this observation, also supported by the synthesis
effort observations, one can conclude that the ISC approach proves more advantageous.

As the second main finding of this thesis, a new modeling framework has been introduced
using the descriptor system formulation to describe both interaction and local dynamics
of a multi-agent system in a combined model. It is shown that multi-agent systems with
unknown or changing topology can be efficiently modeled as affine LPV descriptor sys-
tems parameterized by the adjacency eigenvalue. For this class of systems a distributed
controller synthesis approach is developed providing a controller of the same form as pro-
vided by the ISC approach. The new method is based on an existing controller synthesis
approach for LPV descriptor systems and has been successfully applied to numerical ex-
amples. Simulation results show that the proposed method outperforms the compared
existing ISC approach. In addition, the proposed method is demonstrated to be applicable
to distributed control of interconnections of descriptor systems. This extends the scope
of distributed robust control techniques to a broader class of systems not yet covered by
the existing approaches.

The studies of theoretical approaches to control schemes and controller synthesis have
been accompanied by experimental work aiming at an experimental validation of the the-
oretical findings and corresponding simulation studies. The usage of quad-copter agents
as experimental platform has been adopted from previous work in this field, while new at-
tempts have been taken especially in terms of hardware and localization techniques. This
comprises both the improvement of the previously followed outdoor field testing strategy
as well as the introduction of a new indoor testing concept, which partially makes use of
small-scale quad-copters and Hardware In the Loop (HIL) experiments.

The localization of the agents was identified as a critical challenge, for which different
technologies have been examined. For outdoor field testing, correction mechanisms for
Global Navigation Satellite System (GNSS) localization have been examined as well as
a multi-sensor fusion approach based on GPS, accelerometers and optical flow measure-
ments. In both cases a significant improvement with respect to standard GPS has been
reached, although GNSS correction results were found highly sensitive to environmental
conditions and failures of correction data supply. As an important component of the
indoor testbed, a camera-based localization system has been developed and successfully
tested. The results clearly outperform the other examined technologies, although they
are only available in a very limited testfield.

Using the indoor testbed, experiments on multi-agent systems were successfully conducted
and proved the suitability of this experimental strategy. First results were obtained for
the consensus-based control strategy and its extended version, which confirm the expecta-
tions inferred from theoretical results. However, the present experimental results do only
in a limited extent provide deeper insight into particular properties of the examined ap-
proaches or the validity of the presented simulation studies. To achieve this goal, further
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experiments will need to be conducted in future work. Nevertheless, the results achieved
in this thesis form a significant basis for such future experiments.

6.2 Outlook

In spite of the insight gained by the work presented in this thesis, several open questions
remain in the field of multi-agent systems. In this section a brief outline of these open
questions is given.

The simulation studies presented in this thesis comprise a scenario with communication
delays. As an interesting result, for this scenario a robust control approach providing a
stability guarantee in case of communication delays is observed to be outperformed by
the interconnection-scheduled control approach, which so far does not provide this formal
guarantee. For further research this poses the question of finding a way to formally prove
the stability of the ISC approach for systems with communication delays. In this context
it is desirable to extend the existing modeling framework used for the ISC controller design
to include communication delays. An analysis approach considering delays is proposed
in Eichler and Werner [2015] and Mirali and Werner [2016] based on the framework of
Integral Quadratic Constraints (IQCs).

Besides delays, in a real implementation further limitations of the communication links
will be present. As in most cases digital technologies are used to transmit the signals,
their values have to be quantized. Such a quantization always adds quantization noise
to the transmitted signal, whose level depends on the resolution of the quantization. To
achieve a reasonable performance in systems with strictly limited channel capacity, it
is desirable to extend the existing controller synthesis approaches in order to provide
robustness against quantization effects.

The approaches presented in this thesis are based on the consideration of the interaction
topology being an exogenous uncertainty the control scheme has to cope with. Although
robustness is an important objective with respect to reliability and safety, in many imple-
mentation cases the system designers still have strong influences on many of the properties
of the communication network. This fact encourages a more holistic view on the control
problems including, besides the controller design, as well the design of the communica-
tion interface with properties such as media access and the weighting and interpretation
of incoming data.

Preliminary works such as Xiao and Boyd [2004], Pilz and Werner [2013] and Eichler
and Werner [2014] regarding the weighting of communication links show a significant in-
fluence of link weights on the performance of the global system. This result motivates
further research on techniques to find optimal weights. A first approach for multi-agent
systems is presented in Pilz and Werner [2013] using a gradient-based optimization tech-
nique. For consensus schemes more general weighting strategies are proposed in Mirali
and Werner [2017] based on findings from Olshevsky and Tsitsiklig [2011] and Bertrand
and Moonen [2013], the application to cooperative control is examined in Mirali et al.
[2017]. An approach beyond choosing the weights of existing links consists of topology
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control strategies [Frey and Simplot,, 2007; Neumann and Frey, 2015], which consider the
set of actually realized communication links to be a specific selection from the set of tech-
nically feasible links. Mathematically, this approach allows not only to choose the values
of the interaction matrix within a given zero-pattern, but provides a further freedom to
design the interaction matrix. Especially for systems with a dense population of agents
and comparatively large achievable communication ranges, such strategies are expected to
be beneficial in order to avoid performance degradation resulting from a communication
channel overload.

In the second part of this thesis, a new controller synthesis approach is proposed using a
descriptor representation of the multi-agent system. Simulation results for this approach
are promising and indicate a performance benefit in comparison with the existing ISC
approach. However, so far the new approach is based on the assumption that the interac-
tion matrix W is unitarily diagonalizable. As this assumption imposes a strong restriction
on the admissible topologies, for instance prohibiting directed interaction graphs such as
required for leader-follower-systems, an extension of the presented approach is an open
problem which needs to be solved for full applicability of the proposed approach. The
decomposition technique considered in the descriptor approach is adopted from the ISC
approach as presented in Hoffmann et al) [2015]. Accordingly, the ISC approach is ba-
sically limited to unitarily diagonalizable interaction matrices in the same manner. For
the ISC approach this problem was solved by introducing the Normalization technique
proposed in Hoffmann and Werner [2017]. The underlying idea is to re-formulate the
system model such that the actual interaction matrix is replaced by a virtual, unitarily
diagonalizable one. For the descriptor approach a similar approach is reasonable, however,
the derivation of such an extended version is still an open problem.

While first experimental results have been achieved for the consensus-based control strat-
egy, a comprehensive experimental validation of the concepts examined in this thesis is
still open to future work. The recent development in the field of miniature quad-copters
has brought up new solutions to the challenges identified in the present and previous
work. In particular, new small-scale quad-copters such as the Crazyflie are available with
full on-board equipment for autonomous operation. This is complemented by new radio-
based localization technologies such as the Loco positioning system, which allow a precise
localization in a medium-sized testfield. These technologies can be expected to allow new
experimental insight into the considered control strategies.
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Appendix A

Fundamentals and Auxiliary Content

A.1 LFT Representation

A very useful and therefore important formulation to describe interconnections of transfer
elements is the Linear Fractional Transformation (LFT), which is defined e.g. in Zhou

et al) [1996]. Therein, the general LF'T operator is defined as:
Definition A.1.1. Lower LFT

{Mﬂ Ml?} A = My + MypA(I — MypA) ™ My, = M(A)
My Moy
————

M

Definition A.1.2. Upper LFT

A * {Nﬂ N”] = Nyy + Ny A(1 — Nyt A) "IN = N(A)
N21 N22
N————

N

These expressions can be interpreted as a loop interconnection of a static block A and a

suitably partitioned matrix M or N (shown in Figure A.1.1):
<1\ My My wy \ . A Nii Nio wA
ZA My My wa )’ 21 Noi Noo w1y
wa =A - za

Figure A.1.1: Lower (left) and Upper (right) LET interconnection

(A.1.1)
(A.1.2)
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Figure A.1.2: Interconnection of two systems by Redheffer star product

Redheffer Star Product The Redheffer star product can be seen as an extension
the previously described LFT representation to describe interconnections of two transfer
matrices. For the interconnection shown in Fig. A.1.2, it is defined in Zhou et al| [1996]
as

Definition A.1.3. For two compatibly partitioned matrices

PH P12 Kll K12
P= K=
|:P21 P22:| ’ |:K21 K22:| ’

for which Py K11 is well defined and square and I — Py K11 is invertible, the star product
is defined as

(A.1.3)

Px K = [ Px Ku P12(I—K11P22)_1K12}

Ko (I — P22K11)71P21 Py x K

This definition for matrices P and K can be extended to a corresponding definition for
dynamic systems P(s) and K (s) in state space representation. The star product of the
dynamic systems

L A By, B, ] [z
P: |2 =|C. D,, D., w’ | and
v Cy' Dy Dy U
Y [AY B By ] (2
K:|u|=|CK DE DE v |,
2K Cck . DK DE wk
yields a state space representation of the connected system as
2\ [A B B[z
Px K ZP = ql : Qll ng wP (A14)
2K Cy 1 Dy Doy w

Details of this representation are given in Zhou et al| [1996].
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A.2 Linear Parameter-Varying (LPV) Control

Linear Parameter-Varying (LPV) control is a method used to control nonlinear systems
like those appearing in flight control [Apkarian et al/, [1995], robotics [Hashemi et al,, 2009]
or vehicle control [Kaiser, 2014]. The basic idea of LPV control is to describe a nonlinear
and/or time-varying system by a system model which has the form of a linear system
(usually a state space model), but with coefficients functionally depending on (possibly)
time-varying parameters. This parameter variation expresses the change of the system
dynamics with time and/or operating point. Such systems are accordingly called LPV
systems. This concept was introduced in Shamma [[1988], since then a large number of
contributions such as Apkarian and Gahinet [1995]; Wu [1995]; Scherey [2000]; Dettori
[2001] and Wu and Dong [2006] have made it become a powerful control technique. A
mayor advantage of LPV control is the applicability of many concepts developed and
well-known for linear systems, such as H,, controller design.

Typically an LPV system is described as state space model [Apkarian et all, 1995; Gahinet
et al), 1995

(i@ =A@®)z+ B0
G(0) == { S~ Clo)e + Do) (A.2.1)

with input signal vector u(t) and output signal vector y(¢). The state space matrices are

functions of the parameter vector 0(t) = [91 e QP} r ranging in a predefined parameter
set P C RP. A special case of this representation are affine LPV systems. characterized
by affine parameter dependence of the state space matrices [Gahinet et al), 1995]:

w=[e0 20 =& B+ 2afa 2] (422

A wider range of LPV systems, including affine LPV systems, can be described in an
LFT representation. This is defined as LFT interconnection of an LTI system describ-
ing the nominal system dynamics and a parameter block A representing the parameter-
dependency [Gend, 2002]. For the lower LFT the system equations read

T Ay By ; Ba T

y|=1C% Do, Dy || u (A.2.3)
ZA Can Dau' Da WA

wa =A(6) - 2a (A.2.4)

Applying Def. A.1.1 to the system block matrix M of the nominal system (A.2.3), one
obtains the system block matrix of the general parameter-dependent LPV representation
(A.2.1) as M x A. The LFT representation of an affine LPV system can be obtained by
decomposing the summand matrices of the affine representation (A.2.2) [Gend, 2002]:

D AZ B; Lz . n B
= [Ci DJ - {WJ (R Zi]  with R € R?", rank(P;) = ¢; (A.2.5)
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01, 01 [rR 2
B AO BO L1 Lp . .
0 0,0, | |R, Z,
[ Ay By Ly -+ Ly |
Co Dy "W, Wl e, 0
— R, Z; : 0 0 * : .. :
I z 0 - 6,
| Ry Z,' 0 0 |

A.2.1 Bounded Real Lemma

Analyzing an LPV system G(6) of the form (A.2.1) depending on a varying parameter
vector 6, an important question to assess is whether this system is (asymptotically) stable
for all parameter trajectories within a bounded parameter set ©. In addition to stability,
for optimal controller design also the question is posed whether the relation between input
u and output y fulfills a performance condition. This condition is often formulated as the
induced £y gain (see Appendix C) being bounded by a fixed value « for all parameter
values . A sufficient condition for both criteria being fulfilled is given by the Bounded
Real Lemma in terms of an LMI condition:

Theorem A.2.1. Bounded Real Lemma |Scherer [2000] The system G(0) given in
(A.2.1) is asymptotically stable for all parameter values 6 and has a bounded induced Lo
gain ||G(0)||z, < 7, if there exists a symmetric Lyapunov matriz X > 0 fulfilling

) B(9)

0 X|0 0 A6
F}T X 0/0 0 I 0
T
X 0 0[Ir 0 C) D
0 0|0 —~I 0

(0

(0)
1

For this theorem a dual version can be formulated in terms of the inverse of the Lyapunov

matrix, i.e. in terms of Y = X1

J <0 Vo (A.2.8)

Theorem A.2.2. Dual Bounded Real Lemma |Dettori [2001] The system G(0) given
in (A.2.1) is asymptotically stable for all parameter values 6 and has a bounded induced
Ly gain ||G(0)||z, < 7, if there exists a symmetric dual Lyapunov matrizY > 0 fulfilling

; 0O Y|0o 0 [ I 0
* Y 0/0 0 —AT(H) —-CT(9)
H 0 05T 0 { G 7 J>o i (A.2.9)
1
0 00 —iI| |-BT(6) —D¥(9)
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As stated in Gend [2002], the expression (/A.2.8) can be rewritten as

AT(0)X + XA(0) XB() CT(H)
[ BT (0)X —~I  DT(9)| <0, (A.2.10)
c(0) D) —~I
the same is true for the dual version (A.2.9):
YAT(0) + A(Q)Y YCT(0) B(0)
)Y I D) <0 (A.2.11)
BT(6) DT(0) —~I

A.3 Kronecker Calculus

The Kronecker product C = A ® B is a very useful mathematical tool for describing
multi-agent systems. For A € R™*" and B € RP*? it is defined as

(luB cee alnB
C=A®B= : : e R™mPxne (A.3.1)

amB - am.B

Relevant properties of the Kronecker product are

AR@B+C)=A®B+A®C, (A.3.22)
(A+B)@(C=AC+B®C, (A.3.2b)
(A B)®(C=A® (B (), (A.3.2¢)
(aA) ® B=A® (aB) = a(A ® B) for any scalar «, (A.3.2d)

(A® B)(C® D) = (AC) ® (BD) if AC and BD defined, (A.3.2¢)
(A B)™' = A" @ B™! iff A, B invertible, (A.3.2f)

(Ao B)" = A" @ BT (A.3.29)

A.4 Auxiliary Proofs and Derivations

A.4.1 Projection into Agreement Space

Proof of (2.1.37): From &/ = Span(B) with B = 15 ® I, the projection matrix P, into
the agreement space 7 is given as

P, =B(B'B)'B" = %(LV ® 1,)(15 ® 1,). (A4.1)

Then the agreement part of x is obtained as
|
1®Q?a:P@¢QI:1N®N;£L} (A42)
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A.4.2 Transfer Functions of Extended Consensus-Based Control

For the local position control loop as shown in Fig. 3.2.15, one obtains

y=d+ PK(i —y) (A.4.3a)
= (I + PK)y = d+ PK? (A.4.3b)
=y = (I+PK)}(d+ PK¥7) (A.4.3¢)
ep=7—y=r—(d+ PKep) (A.4.3d)
= (I +PK)ep=7—d (A.4.3¢)

Thus, the sensitivity function Sp, the disturbance sensitivity function Sps and the reference-
to-output transfer function Tp are

= Tf(# — ep) = (I + PK)7} (A.4.4)
spd Tf(d — ep) = —Sp (A.4.5)
Tp = TH(F — y) = (I + PK)'PK (A.4.6)
Tpq = Tf(d = y) = (A.4.7)

The equality of Sp and Tp, results from modeling the disturbance as output disturbance
affecting the measured feedback signal.

The locally position-controlled agents are considered to be operated as a multi-agent
system using an information flow filter as in Fig. 3.2.15. Then, the formation consensus
signal 7 is computed by the information flow filter F= [Fl Fg}

= (I + Flﬁ(m) — FQTP)’T‘A = Flﬁ(m)’l" + FQTPdd (A49)

The formation consensus error is defined as e = L, (r — 7). From these expressions
the consensus sensitivity function Sr and other transfer functions concerning the global
system can be formulated:

Sp=THr =€) = Lomy(I — (I + F1Lmy — FyTp) " Fi L) (A.4.10)
= Ly (I + FLL oy — FyTp) (I — FyTp)

Spa=THd = €) = —Lm)(I + FLLmy — FoTp) " FyTpg (A.4.11)

Tr = THr — 7) = (I + FiLmy — F5Tp) " FiLimn (A.4.12)

Tra=THd = #) = (I + F\ Ly — FyTp) " FyTpg (A.4.13)

Choosing the coupling error signal as e = 7 — d, the coupling sensitivity functions are
obtained as

SC = Tf(?" — 60) = TF (A.4.14)
Sca=THd — ec) = Tra — I = (I + FL Ly — FyTp) " FyTpg — 1. (A.4.15)
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Transfer functions to the output of the global multi-agent system are obtained as

Ty = TE(r — y) = TpTr (A.4.16)
Tyd = Tf(d — y) = TpTFd + Tpd <A417)
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Appendix B

Control of Quad-Rotor Helicopters

B.1 Dynamics of Quad-Rotor Helicopters

In the following, the physical fundamentals of those mobile robots are introduced, which
are used as experimental testbed and example systems throughout this thesis.

As quad-rotor helicopters are a popular subject of research, various literature sources exist
about their flight dynamics. In Castillo et al| [2004] and Bouabdallah et al| [2004] non-
linear models of rotational and translational dynamics are derived using the Lagrangian
method, a linearized model is given in Lara et al) [2006]. Bouabdallah [2007] provides a
rather comprehensive work considering results of both Euler-Lagrange and Newton-Euler
formalism.

Figure B.1.1 shows the basic design of a quad-rotor helicopter and the conventions used
in this work. The Position in 3-dimensional space is described by the translational coordi-
nates x, y and z in an earth-fixed world coordinate system following the north-east-down
(NED) convention. The orientation is expressed by the rotational coordinates ¢ (called
roll), 6 (pitch) and ¥ (yaw). The body of the quad-rotor is assumed symmetric with the

Figure B.1.1: Schematic view of a quad—rotdr helicopter and the quantities describing it
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center of gravity located at the center of the body. The body-fixed frame (2, 4%, 25)

rotates with the quad-rotor body and is used to describe quantities with respect to the
body. A vehicle frame is defined as oriented along the world frame, but having its origin
at the center of the quad-rotor body.

Each of the four rotors is driven by an electric motor and is assigned an individual torque.
The rotors convert their rotation with angular speed €2; into a thrust force

Fy = b0}

pointing in zZ-direction perpendicular to the rotor plane (b is a thrust factor) [Bouabdal-
lah, 2007]. In addition, each rotor exerts a reaction torque 7y on the body opposite to
its rotation. As the motor-rotor sets are fixed to the body, the rotor planes are always
parallel to each other and to the plane spanned by the body. The total thrust force is
thus obtained as the sum of all rotor thrust forces:

Frn=F+F+ I+ F,

Opposite rotors rotate in equal direction, adjacent rotors in opposite direction. A differ-
ence in the thrust force of two opposite rotors causes a torque around the z2- or y#-axis,
while a thrust difference of adjacent rotors causes a torque around the z”-axis perpendic-
ular to the frame:

7o = l(Fy — ) (B.1.1a)
79 = I(F — F3) (B.1.1b)
Ty = Tm1 + T3 — T2 — TM4- (B.1.1c)

The directions of rotation are chosen such that for equal motor torques the resulting
torques acting on the body are canceled out, as visible from (B.1.1¢). Using the La-
grangian method, in Bouabdallah [2007] the equations of motion for the rotational dy-
namics are obtained as

oz = 0 (Jyy = Jz) = Jo0Q + 7,
Jyyé = QZW(Jzz — Jua) — JréQr + 7o, (B.1.2)
Toot) = G0(J e — ) + T
assuming a diagonal inertia matrix J = diag(Jyy, Jyy, J-) for the quad-rotor, equal iner-
tias J, for the rotors and using the net rotor speed 2, = Q; + Q3 — Qy — Q4.

For the translational movement the quad-rotor can be seen as a rigid body of mass m, on
which a force F'is acting. This force is obtained as superposition of the total thrust force
acting along the body-frame axis z? and the gravity force acting along the earth-fixed
z-axis. Using the rotation matrix RY mapping body to vehicle frame yields

0 0
F=m|0]|+R;| O (B.1.3)
g —Frp,
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Using the rotation matrix RY as defined in Castillo et al, [2004] together with Newton’s
second law of motion, the translational equations of motion are obtained as

mi = — sin(@)FTh,
mg = cos(0) sin(¢) Frp, (B.1.4)
mz = — cos(0) cos(¢) Fry + mg.

Linear Model For the non-linear equations of motion Lara et al, [2006] propose a
method to derive a linearized state-space model, which is usable for LTI controller syn-
thesis techniques. To simplify the rotational dynamics to be handled by a linear controller,
Castillo et al| [2004] propose a non-linear control law to cancel the rotational nonlinear-
ities. In terms of the body torques 7 = [r, 79 747 as control inputs it is defined
as

T=0C(0,0)0 + J7 (B.1.5)
with 7 = [7, 7 74" as new inputs to be computed by the linear controller. The term
C(©,0)0 is defined to consist of the gyroscopic and centrifugal terms of (B.1.2), such

that (B.1.2) reads
JO =—-C(0,0)0+1 (B.1.6)

in terms of the orientation vector © = [¢p 6 @|T. Inserting (B.1.5) in (B.1.2) cancels
the gyroscopic and centrifugal terms and leads to a linear double integrator model for the
rotational dynamics in terms of the new input variables:

R

%
(B.1.7)

!

S >
I
)

I
<

Following the lines of Lara et al, [2006], a non-linear state space model is formulated out
of (B.1.4) and (B.1.7) by choosing the state vector x and the input vector u as

x:[w:tyyzz':@/)@ﬁé’égbgﬁf, (B.1.8)
u:[FTh—mg 7:1/, 7:9 7~'¢]T. (Blg)

With this choice of u the translational equations of motion read

= = sin(O) (1 + ),
i = cos(0) sin(gb)(%ul +9), (B.1.10)

Z = —cos(d) cos(gb)%ul.

!Note that in Lara et al, [2006] the sign of the z coordinate is chosen differently and therefore Bg; =
1/m is stated positive. Here the z-axis is always chosen to point down, such that consistent right-handed
coordinate systems are used.
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The linear model is obtained by Taylor series linearization around the equilibrium point
x = 0, which leads to a state space model with

01 000000 0 0O 0] [0 0 0 0]
0000O0UO0,00 —g 000 0 0 00
000100000 O0O00O0 0 000
0 00O0@O0 O:O 0 0 0 g O 0 000
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B.2 System Identification and Local Control

B.2.1 Position Control Scheme

Tz yx
Ty - > | Yy
T, Yz

Figure B.2.1: Cascaded position control loop of a quad-copter

As an important prerequisite for the implementation of the formation control schemes
examined in Section 5, a suitable position controller had to be designed and implemented
for both types of quad-copters. In both cases, the cascaded control scheme shown in
Fig. B.2.1 has been chosen. It consists of an inner loop controlling the attitude of the
quad-copter and an outer loop controlling its position in 3D space. The plant model P
describing the dynamics of the quad-copter can be separated into a rotational model P,y
and a translational model Pi..,s. The rotational model describes the dynamic relation-
ship between the torques around the spatial axes and the resulting attitude angles, as
described by (B.1.2). Meanwhile, as given in (B.1.4), the translational model maps the
attitude angles and the total thrust force Fr, to the position. The rotational dynamics
are controlled by an attitude controller K,, which assigns the torques in roll, pitch and
yaw direction in order to track the attitude reference. To control the position, a position
controller K, is considered to assign the references for roll, pitch and total thrust in order
to track the position reference. As the quad-copter has four independent actuators, the
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attitude-controlled system P, can be controlled by four inputs, i.e. ry, 19, 74 and Fry,.
This allows controlling the position in 3D space and the yaw angle independently. In this
thesis we focus on tracking a position in 3D space and for simplicity request the yaw rate
to be zero, which turned out to be sufficient to compensate yaw disturbances.

Due to the cascaded structure of this control scheme, the inner controller can be designed
and tested independently of the outer controllers. As the focus of this thesis is set to
the level of cooperative control rather than the local control of agent dynamics and both
experimental platforms were delivered with existing and sufficiently well-tuned local atti-
tude controllers K, it was decided to utilize the existing attitude controllers and not to
spend further effort on the design of K,. Accordingly, in the following, the focus will be
set on designing the position controller K, and formation controllers on top of the local
control scheme shown in Fig. B.2.1.

B.2.2 Identification of Agent Dynamics

The design techniques for cooperative control schemes examined in this thesis are model-
based, which means that a model of the agent dynamics is required to design the con-
trollers. Accordingly, for implementation and experimental validation on real hardware, a
model of the utilized hardware needs to be derived. In the context of this thesis, multiple
different modeling approaches were used for different purposes or parts of the system.
While the white box model described in Appendix B.1 was used for most simulations,
mostly grey box and black box models were used to design the controllers implemented
for experimental research. The latter models were obtained from experimental data of
both types of quad-copters used for experiments, i.e. Hummingbird [Kunkel, 2016] and
CX-10 [Singh, 2016].

Grey-box modeling and identification of physical properties

As described in Section B.1, the fundamental flight dynamics of quad-copters are well
known and can be described by models given in literature such as Castillo et al| [2004];
Bouabdallah et al| [2004] and Bouabdallalf [2007]. However, for obtaining useful models
in the context of experimental work, the physical model parameters still need to be de-
termined for the particular quad-copter in use. While the mass m and the arm length
[ are determined easily, for the devices used for this thesis the inertia matrix J and the
relationship between the motor inputs and the resulting thrust force Fr, needed to be
identified experimentally, according to the grey-box approach.

Assuming J to be diagonal, the moments of inertia were identified by means of a torsional
test rig, in which the quad-copter is hinged and attached to a torsional spring, such that
it can perform a rotational oscillation around one axis. If the stiffness of the rotational
spring is known, the moment of inertia of the quad-copter can be determined by measuring
the frequency of the oscillation. For the Hummingbird quad-copter, the inertia values
were determined accordingly from time measurements of the oscillation period. The
spring stiffness was determined using an equivalent experiment with a test body of known

127



APPENDIX B. CONTROL OF QUAD-ROTOR HELICOPTERS

(J@)

Figure B.2.2: Test rig for experimental identification of the thrust force [Kunkel, 2016]
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Figure B.2.3: Results for experimental identification of the thrust force [Kunkel, 2016]

inertia. Using a grey-box model based on the results of this method, simulation results
for the rotational dynamics of a Hummingbird quad-copter were generated and compared
to measurement data from free flight [Scheibner, 2014]. The results show a poor match,
for which a failed identification of the inertia values is a plausible explanation.

The stationary relationship between motor inputs and thrust force of the Hummingbird
was determined experimentally using the test rig shown in Figure B.2.2 [Scheibner, 2014;
Kunkel, 2016]. The quad-copter is mounted in horizontal pose on top of a support struc-
ture weighing on an electronic balance. In order to simulate free flight conditions and to
avoid aerodynamic ground effects, a thin support structure is used. The weight of the
support structure is sufficiently high to prevent the quad-copter from lifting off even at
high motor power. The quad-copter is operated in direct motor access mode (Mode 1), in
which the LLP accepts an integer input value uzy, in the range [0, 4095] for each motor.
Using this setup, the motor input values (all motors are commanded equal values at the
same time) are increased step-wise and the resulting weight difference with respect to the
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un-powered motors is measured by the balance. Figure B.2.3 shows the results of this
experiment. For values below a threshold of up, &~ 3000, the resulting thrust increases
with the input value and can be approximated by a third order polynomial. Above the
threshold, the thrust force saturates at a value of approx. 14.5 N [Kunkel, 2016]. The
relationship for the non-saturated range is determined as

Fry,. ~ —3.2571 - 107 "%, + 2.5176 - 10 %3, — 1.809 - 10 *uzy, + 0.69 N.  (B.2.1)

An identification of the dynamics of the motor-rotor subsystem was not possible with the
described setup due to the high latency of the balance. Due to the low mass of the plastic
propellers and the small motor size, the dynamics are assumed negligible.

Black-box modeling

Although properly tuned attitude controllers are available for both types of quad-copters,
in both cases the manufacturer does not provide precise information about these pro-
vided attitude controllers. For the present experimental framework this means a limited
knowledge of the agent dynamics. In addition, it turned out to be difficult to precisely
determine all relevant physical properties of the quad-copters and the validation of corre-
sponding grey-box models failed. For this reason, the black box method was chosen for
the experimental part of this thesis. For small tilt angles, previous results indicate that a
linear model describes the dynamic behavior sufficiently well and therefore in this work
the system identification is limited to linear models as well.

Corresponding to the goal of designing a position controller K, the goal of the system
identification is to obtain a model for the dynamics of the attitude-controlled quad-copter,
thus of F,y. For the structure shown in Fig.l B.2.1 with r, fixed to zero, a 3 x 3 LTI
model is to be identified:

Yz Ty
Yy | = Paa(s) | 74 | (B.2.2)
Yz Urp,

where ur, = Frp—mg is the net thrust, i.e. the deviation from the hovering thrust. As the
system under consideration already contains an internal attitude controller, it is plausible
to assume that cross couplings between pitch and roll axes are sufficiently compensated by
this controller for being negligible in modeling the closed-loop system. This assumption
is confirmed by observations in Kunke] [2016]. Furthermore, the linearization presented
in Section B.1 neglects the effect of the total thrust on the horizontal movement, which
is reasonable for small values of the net thrust. These facts suggest that considering P,
diagonal is a reasonable simplification, which is therefore used in this thesis. This allows
to identify the dynamics in the different spatial dimensions as SISO systems in separate
experiments.

As the black-box identification technique solely relies on input and output data, it is
important to excite the system with a sufficient rich input signal and to capture the output
signal, in this case the motion of the quad-copter, with high accuracy and a sufficient
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Figure B.2.4: Generic system setup for closed-loop system identification
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sampling frequency. The input signal being sufficiently rich means exciting all relevant
frequencies. To fulfill this requirement, a Pseudo-Random Binary Sequence (PRBS) is
generated as input signal according to Landau and Zitg [2006]. As design parameters, the
bandwidth and the rise time of the system are estimated from measurements of the closed-
loop step response obtained using a manually tuned Proportional-Integral-Differential
(PID) position controller [Kunkel, 2016; Singh, 2016]. For capturing the output signals,
in the scope of this thesis the requirements were only fulfilled by the camera-based indoor
localization system. However, for this system the available flying space is strongly limited
by the vision field of the camera. Especially regarding the tilt angles, this fact requires
a tight limit on the assignable input amplitude in order to avoid the quad-copter leaving
the area in which a localization is available. For this reason, it was decided to perform a
system identification in closed-loop operation, meaning with an active position controller
K, in place.

The actual system identification has been accomplished in a two-step procedure [Kunkel,
2016; Singh, 2016): In the first step, for each axis an initial PID position controller
has been designed. In case of the Hummingbird, for this purpose an initial black-box
identification has been performed in open-loop operation (i.e. without position feedback).
The corresponding experiments consisted of assigning PRBS signals as input signals in
terms of pitch and roll reference and net thrust and tracking the position of the quad-
copter using the camera-based system. The resulting model was used to tune the PID
controller [Kunkel, 2016]. In case of the CX-10, an initial PID controller was designed in
a manual try-and-error process [Singh, 2016].

The second and main identification step was performed in closed loop, meaning the outer
loop in Fig. B.2.1 was closed using the initial PID controller as position controller K.
During the experiment, a PRBS signal was assigned as position reference for one par-
ticular dimension and zero for the other dimensions. This corresponds to commanding
a movement along one of the spatial axes. As output, the position was measured using
the camera-based localization system. In addition, the control signal u = [re T UT}J T
produced by the position controller was recorded. This experiment was performed for all
three spatial dimensions in the same manner.

Figure B.2.4 shows the generic setup in which closed-loop system identification takes
place. Therein, P(z) describes the real plant dynamics, here referring to the attitude-
controlled agent model P,,, and C(z) is the controller. The plant output is corrupted
by a disturbance signal €, which is modeled as colored noise resulting from filtering white
noise £ by the noise filter H(z). For this setup, control input and output signals can be
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written as

y=P(z)u+ H(2)¢ (B.2.3)
u =Ty (2)r — Ty (2)H(2)E (B.2.4)
with T,,.(z) = (I + C(2)P(2))"'C(2)

For identifying the plant model P(z) from the recorded closed loop data, two different
approaches were tested [Kunkel, 2016; Singh, 2016]: The Direct Approach considers the
identification problem as an open-loop problem using the recorded control signal u as
input and the measured output y as output, ignoring the feedback loop. This method has
the advantage of being simple, but tends to produce biased results in case of a significant
amount of noise €. The reason is that, due to the feedback loop, the considered input signal
u depends on the measured output signal y and thus itself contains the noise contained in
y. Thus, v and y are correlated and the closed-loop experiment can be non-informative
[Zhu, 2001; Ljung, 1999]. As an alternative method to overcome the bias, the two-step
version of the Joint Input-Output Approach proposed by van den Hof et al| [1992] has
been tested: This method utilized the fact that the control input u from (B.2.4) consists
of a part u, = T, (2)r, which only depends on r and thus is not correlated with y, and a
noise part colored by Hy(z) = T,-(z)H(z). This allows identifying the transfer function
from r to u with open-loop identification methods as first step, yielding an estimate T
The second step follows from inserting (B.2.4) in (B.2.3), leading to the open-loop model
structure

y=P)u, + Hy(2)§; Ha(2) = (I — P(2)Tur(2)) H(2). (B.2.5)

According to this expression, the plant model P(z) can be identified by open-loop methods
using the measured output signal y and an artificial noise-free input signal @, = T,,r.

In this work, both direct and joint input-output approach were applied to experimental
data of the Hummingbird quad-copter using subspace identification as identification tech-
nique, yielding 1 x 1 state space models for the diagonal elements of P, [Kunkel, 2016].
For the first step of the joint input-output identification, the input transfer function was
identified as two different types of models, ARX and Finite Impulse Response (FIR).

Results of the closed-loop system identification of the Hummingbird quad-copter are
shown in Fig. B.2.5 for the direct method and in Fig. B.2.6 for the joint input-output
method. The plotted results were obtained from cross-validation experiments, for which
each spatial dimension was excited subsequently by two different PRBS sequences gener-
ated with identical parameters and the position was measured as output. The measure-
ments of the first sequence were used to identify the model. Then, a simulated response
to the second input sequence was computed for the identified model. The results of this
simulation are shown in Figs.B.2.5 and B.2.6 together with the measured response to the
second input sequence. The resulting models are given numerically in Appendix B.2.3.

For both direct and joint input-output method, the results of horizontal movement (z
and y) show a good match with slightly better results for the joint input-output method.
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Figure B.2.5: Cross-validation of the Hummingbird state-space models identified by means
of the direct approach [, ]

The vertical movement results show a more significant mismatch for the direct and ARX-
based joint input-output method. For this reason, the joint input-output identification was
repeated using an FIR input model. The results obtained for this method are satisfactory
and show a significant improvement compared to the ARX approach. Accordingly, the
joint input-output method with FIR input model for the vertical dimension led to the
best results among the tested methods and will be used in the following.

Models of the CX-10 small-scale quad-copter were identified in a similar manner by means
of closed-loop experiments [bingﬂ, 2016]. Again, both direct and indirect methods were
tested. In contrast to the subspace identification of the Hummingbird, for the CX-10
transfer functions were identified using least squares estimation, for which each spatial
dimension was treated separately. For indirect closed-loop identification, here a transfer
function inversion was used. For this method the closed-loop transfer function Tj,(z)
from reference r to output y is identified experimentally. Assuming that the controller
transfer function C'(z) is known, the plant transfer function is determined by expressing
the closed-loop transfer function in terms of the plant and the controller transfer functions
according to Fig. B.2.4 and solving for the plant transfer function:

P(z) = (C(2)(I = Ty (2))) " Ty (2) (B.2.6)
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Figure B.2.6: Cross-validation of the Hummingbird state-space models identified by means
of the joint input-output approach with ARX input model [Kunkel, 2016]

Cross validation of the results obtained for the CX-10 reveals a significant mismatch for
the direct method, but the indirect method leads to satisfactory results.

B.2.3 Identified Agent Models

Models of the locally controlled Hummingbird quad-copter were finally identified by means
of closed-loop black-box identification using the joint input-output method [Kunkel, 2016].
The identification is done separately for each dimension, neglecting any cross-coupling
between the movements in different spatial dimensions. This corresponds to the diagonal
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representation
Yz Pacl,w(s) Ty
Yy | = Pacl,y(s) Te | - (B27)
Yz Pacl,z(s) UTh

The resulting models obtained from using an ARX input model are as follows:

—2.371 —2.968 —0.03677 |1

Ay | By \ 1 0 0(0
Pacl’x = (ﬁ‘ﬁ) = 0 1 0lo <B28a)

—0.000155 —0.01294 —0.312‘0
—2.229 -2.664 —-0.343|1

[ A]B,\ 1 0 0]0
Pruty = ( b ) - . 1 olg (B.2.8b)
—0.00341  0.0637 0.3843] 0
0.4462 0 0 0.1923
A | B\ 0 —0.444  —4.499 | —0.5004
Fact,- = ( C.|D. ) - 0 4846  —457| 1.234 (B.2.8c)
1.349 0.3073 —0.07997 | 0

B.2.4 Local Controller Synthesis

This section describes the design, implementation and testing of the local position con-
troller. For position control of the Hummingbird quad-copter, four different control tech-
niques were tested: PID control, observer-based LQG and LQGI state feedback and H.,
control. Among those, the LQGI state feedback controller achieved the best results, while
the H,, controller suffered from problems in implementation.

LQGI Position Control of Hummingbird Quad-Copter

The architecture of the LQGI controller is shown in Fig. B.2.7 in discrete-time version. It
is proposed e.g. in Skogestad and Postlethwaite [2005] and is an integal-augmented version
of the well-known LQG architecture, which promises an improved steady-state accuracy
compared to the standard LQG design. The plant dynamics are described by a strictly
proper state space model with system matrices A, B and C, which is used in the state
observer to observe the state vector x(k) of the plant. The control input u(k) is computed
as weighted sum of the observed state (k) and the integrator state z’(k), which is the
integrated control error. The design parameters of this control scheme are the observer
gain L and the state feedback gains Fs and F;. For controller synthesis, i.e. determining
Fs and Fj, the integral-augmented system is re-formulated as augmented system model
with states 4,y = [27 27 "7 and the optimal state feedback problem is solved, e.g. by
solving the algebraic Riccati equation as proposed in Skogestad and Postlethwaite [2005].
This yields the state feedback gain F' = [Fg Fj|. The optimal choice of L can be found
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Figure B.2.7: Block diagram of the LQGI control scheme

by the same tools, exploiting the duality of the observer design problem and the optimal
state feedback problem [Skogestad and Postlethwaite, 2005].

For local position control of the Hummingbird quad-copter, in this work the LQGI control
scheme was applied separately for each spatial dimension. In Fig. B.2.7 this is indicated
by the index e as place holder for the spatial dimensions, where u, and y, correspond to
(B.2.2). The controller parameters were optimized by solving algebraic Riccati equations
[Farnbachen, 2016]. As plant model, the results of the previously described black-box
system identification by means of the joint input-output method with FIR input model
were applied.

The obtained position controller was validated in a flight experiment as part of Farnbacher
[2016]. First, the quad-copter was commanded to lift up to a height of 1 m, to sink down
to 0.5 m height and to horizontally follow a given sequence of static reference points at the
same height. This reference trajectory is shown in Fig. B.2.8 together with the measured
trajectory of the quad-copter.

Fig. B.2.9 shows the position plotted over time. The reference steps of 0.5 m are followed
with a rise time of approx. 4 sec with negligible overshoot. During the static periods,
oscillations with an amplitude of 5 to 10 cm around the target position are observed.
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Figure B.2.8: Reference trajectory (red) and measured flight trajectory of the Humming-
bird quad-copter (blue) | alrnbacheli7 l2016ﬂ
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Figure B.2.9: Measured response of the flying Hummingbird quad-copter (red) for step-
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Appendix C

Notation and Symbols

1. Abbreviations

ARX Auto-Regressive with eXogenous input
CSMA/CA Carrier Sense Multiple Access/Collision Avoidance
CVv Computer Vision

DRMS Distance Root Mean Square

EGNOS European Geostationary Navigation Overlay Service
FBSP  Full-Block S-Procedure

FIR Finite Impulse Response

GNSS Global Navigation Satellite System

GPS Global Positioning System

HIL Hardware In the Loop

HLP High Level Processor

HSV Hue-Saturation-Value

IEEE Institute of Electrical and Electronics Engineers
IFF Information Flow Filter

1GS International GNSS Service

IMU Inertial Measurement Unit

1QC Integral Quadratic Constraint

ISC Interconnection-Scheduled Control

ISM Industrial, Scientific and Medical

JTAG  Joint Test Action Group

LFT Linear Fractional Transformation

LLP Low Level Processor

LMI Linear Matrix Inequality
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LPS Local Positioning System

LPV Linear Parameter-Varying

LQG Linear-Quadratic-Gaussian

LQGI  Linear-Quadratic-Gaussian with Integral augmentation
LTI Linear Time-Invariant

MAC  Media Access Control

MAS Multi-Agent System

OSI Open Systems Interconnection

PID Proportional-Integral-Differential
PPP Precise Point Positioning

PRBS Pseudo-Random Binary Sequence
RTK Real-Time Kinematics

SBAS  Satellite Based Augmentation System
SDK Software Development Kit

SGT Small Gain Theorem

SISO Single Input Single Output

SPI Serial Peripheral Interface

TDoA  Time Difference of Arrival

TWR  Two-Way Ranging

UART Universal Asynchronous Receiver Transmitter
UAV Unmanned Aerial Vehicle

USB Universal Serial Bus

Complex Numbers

R(z) Real part of complex number z
$(z) Imaginary part of complex number z

Sets
R Set of real numbers
R™ ™ Set of real matrices of dimension n X m
C Set of complex numbers

Cr*™  Set of complex matrices of dimension n x m



V Set of vertices in a graph G, representing the agents in a multi-agent
system

E Set of edges in a graph G, representing the interaction links in a multi-
agent system

N; Set of neighbors of agent ¢

0 Closed unit disk © = {z € C||z| < 1}

P Perron disk P = {z € C||z — 1| < 1}

eig(M) Set of eigenvalues of matrix M

v Set of admissible interaction pattern matrices

A Set of possible eigenvalues of interaction matrices ¥ € W
Set of scheduling parameters of an LPV system

4. Vectors and Matrices

1, Vector of size n filled with ones: 1,, = [1 e 1}T
Iy Identity matrix of size N x N
On Zero matrix of size N x N

[*]T M {} Short-hand notation for quadratic matrix expressions; * stands for a
repetition of the right factor

5.  Graph Theory

A Adjacency matrix (row-wise scaled)

A®  Unscaled adjacency matrix

L Laplacian matrix (row-wise scaled)

LY Unscaled Laplacian matrix

d™  In-degree of vertex i

do*  Out-degree of vertex i

D Degree matrix

Vi Weight of the link from vertex k to vertex ¢
v Weighting matrix

6. Operations on Vectors, Matrices and Systems

U1
veat(vy, -+ ,v,) = | Vertical concatenation of vectors
U,
: M 0 : : :
diag(M,N) = Block-diagonal concatenation of matrices or systems
0 N
My
N
diaghl; = Block-diagonal concatenation of matrices or systems
i=1
My
M=Iy®M Block-diagonal aggregation of identical matrices or

systems
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My =M®&I, Kronecker extension of matrix M

a(M) Maximum singular value of matrix M

p(M) Spectral radius of matrix M

M*x A, Ax N LFT interconnection of M and A, see Section A.1

PxK Redheffer star product of matrices or systems P and
K, see Section A.1

Tf(u — y) Transfer function from input u to output y

G(s) = 418 Transfer function of the LTI system G described by

¢|D the system matrices A, B,C, D

Norms on Signals and Systems

The following definitions are given for a vector v € R™, a signal v(¢) : RT — R™ and
a stable system G with input u(t) : RT +— RY, |lu||s < co and output y(t) : RT —
R?, Jlylla < oo.

[0l = iy [uil”)

Sl

general vector-p-norm

lv| = |v|e = VoTo Euclidean length of vector v
o), = ( I Jo(r) |§d7)’1’ Signal-p-norm of signal v(t)
lo(t)]|2 = \/ffooo v (T)v(T)dr Signal-2-norm of signal v(t)
lo(t)]|oo = sgp]v(t)|oo Signal-infinity-norm of signal v(t)
G|z, = sup ()l Induced £ gain of system G

w(t)£0, [ulla<oo |1 (E)]]2

|G(3)||o = sup a(G(jw)) H oo system norm of LTI system G(s), special
@ case of induced L, gain

1y ()]]oo
1G]ls = [|Glleo. = sup
a0 1w ()]0
1G(2)|: = max S S |Ga(h)| € norm of discrete-time LTI system G(z)
(L) with Markov parameters G(t); special case
of induced L., gain [Riebern, 2007]

Induced L., gain of system G [Rieber], 2007]
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