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Abstract

Synchronization of Multi-Agent Systems (MASs) has the potential to benefit many tech-
nological areas such as formation control for unmanned vehicles, cooperative adaptive
cruise control, and spacecraft attitude control. Information plays a crucial role in MASs:
in centralized approaches, a central node utilizes global information to achieve synchro-
nization, while in distributed approach agents only utilize local information, i.e. neigh-
bors’ information. A big concern in MASs is the presence of parametric uncertainties
(unknown dynamics), which might require adaptive control gains instead of fixed control
gains.

This work thus provides a novel adaptive distributed control for MASs of heterogeneous
agents with unknown dynamics based on model reference adaptive control (MRAC).
We study both the synchronization of linear systems and the synchronization of Euler-
Lagrange (EL) systems. The implementation of this scheme is based on distributed
matching condition assumptions. We study such matching conditions both for the state-
feedback case and output-feedback case. Since all matching gains are unknown in view
of the unknown dynamics, the gains are adapted online via Lyapunov-based estima-
tion. The asymptotic convergence of the synchronization error is analytically proven
by introducing an appropriately defined Lyapunov function, and numerical examples
show the effectiveness of the approach. The practical advantage of the proposed dis-
tributed MRAC is the possibility of handling unknown dynamics by simply exchanging
the states/output, and inputs with neighbors, without any extra auxiliary variables (dis-
tributed observer) nor sliding mode. Because of the mutual dependence of control inputs,
well-posedness problems will arise in the presence of cyclic communication, if the inputs
are generated without a prescribed priority. In this work, we study such well-posedness
problems via parameter projection methods.
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List of Notation

The notations used in the MSc thesis are

G: the directed graph which consists of a pair (A4, &).
A aset of nodes A = {1,...,n}.

&: aset of edges & C AN x N .

a;;: the edge’s weight where i # j.

R: the set of real numbers.

P: the projection operator.

Capital letter (e.g., P): used for matrices.

P = PT > 0: a symmetric positive definite matrix.
1: the identity matrix of compatible dimensions.
diag {...}: a block-diagonal matrix.

sgn(e): the sign of e.

Small letter (e.g., x): used for vectors.

%, class: A vector signal 2 € R" belongs to the % class; if [f ||z(7)||?dT < o0,
vt > 0.

Lo class: A vector signal = € R™ belongs to 2 class; if max ||z(t)|| < oo, Vt > 0.
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Chapter 1

Introduction

Synchronization of the multi-agent system (MASs) is an active area of research with
many exciting applications. The implementation of a control law that can adapt to
parameter uncertainties and has the capability to handle time-varying communication
graph is crucial in the implementation. Although, some research has been done, only
limited classes of uncertainty that has been addressed. In this chapter, we introduce
the synchronization problem of MASs to handle heterogeneous systems with unknown
dynamics.

This chapter is organized as follows: Section 1-1 introduces the MASs and the syn-
chronization of MASs where the adaptive approach has not been proposed. Section 1-2
presents the state of art methodologies that have been proposed in this field to address
the parameter uncertainties and the unknown dynamics of the agents. Section 1-3 sum-
marizes the research objectives of this MSc thesis. Finally, Section 1-4 concludes this
chapter by presenting the outline of MSc thesis report.

1-1 Synchronization of multi-agent systems

In recent years, the synchronization of MASs has been an emerging research direction
drawing the attention of the control community. Synchronization represents a potential
solution for coordination of large-scale networked systems [1,2], encompassing spacecraft
attitude control [3], sensor networks [4], smart buildings and smart grids [5-7], unmanned
aerial, ground and underwater vehicles [8-10].

Prior to an explanation of the theory of synchronization of MASs, it is useful to give
a definition of “agent”. The term “agent” appears in multiple disciplines in engineering
and science; therefore, the term has been continuously revised. According to [11], an
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agent consists of four basic elements: the sensor, the actuator, the information element,
and the reasoning element. According to [12], agents can be divided into three main
categories: human agents, hardware agents, and software agents. Depending on the task,
the software agent can be broken down into information agents, cooperation agents, and
transaction agents.

To coordinate MASs, either a centralized approach or a distributed approach can be
adopted. The centralized approach introduces a central node that utilizes the infor-
mation stemming from all agents to control them. On the contrary, the distributed
approach uses, for each agent, a controller that utilizes local information, i.e. neighbors’
information. The distributed approach gives more advantages due to its applicability
in the presence of communication constraints [13-15]. The research direction in dis-
tributed control can be grouped into several directions that may be overlapping, such
as synchronization (sometimes referred to as consensus or rendezvous when the syn-
chronizing behavior is constant), distributed formation control (sometimes referred to
as flocking in the presence of collision avoidance capabilities), distributed optimization
and estimation [16].

Based on the existence of the leader agent, the synchronization could be divided into two
types of synchronization, leaderless synchronization and leader-follower synchronization.
In this work, we will only discuss the leader-follower synchronization. Here, the agents
have the objective to synchronize to the leader dynamics where the error between the
agents and the leader converge asymptotically to zero. In general, the study of synchro-
nization has the objective of finding the coupling gains and the network topology that
guarantee the synchronization state error or the synchronization output error converges
asymptotically to zero. Initial research on synchronization has been focusing on networks
of identical agents, e.g., [17,18]. However, it is well known that agents can have heteroge-
neous dynamics, which makes synchronization more challenging [19,20]. Fixed coupling
gains among the identical and non-identical agents that stabilize the synchronization
error and guarantee the desired performance were proposed in [21,22]. Currently, the
cooperative regulation under large uncertainties or unknown dynamics has not been dis-
cussed widely. Therefore, the adaptive-gain distributed control is necessary to handle the
heterogeneous agent with unknown dynamics. Note that the previous works were using
the global information, the eigenvalues of the Laplacian matrix (algebraic connectivity),
that will be excluded in this thesis.

1-2 State of the art

The design of the adaptive distributed controller is utmost importance on dealing with
large uncertainties. Several methods of the adaptive distributed controller that has
been proposed are the adaptive distributed control based on passification method and
the adaptive distributed control based on model reference adaptive control (MRAC).
In passification method, a distributed observer of the exogenous signal and a reference
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model whose output can converge to the exogenous signal are designed to synchronize the
agents. The passification method was used to design the adaptive distributed controller
and solve the problem for the output regulation was proposed in [23,24]. It is known
that the passification method provides less restrictive matching conditions based on
regulator equations for tracking a given class of exogenous signals compared to state-
feedback MRAC approach [25]. However, the passification method assumes that every
agent knows the matrix of the exosystem.

The adaptive distributed control based on state-feedback MRAC was proved to synchro-
nize the heterogeneous agent with unknown dynamics via strict matching condition and
adaptive laws [25]. In that work, synchronization was reached by using an extended form
of state feedback model reference adaptive control (MRAC) where the vector coupling
gains are used. Based on that research, we provide less restrictive matching condition by
introducing the extension of output-feedback MRAC. The extension of output-feedback
MRAC assumes the relative degree of a linear system is the same as the reference model.
Then, we extend the capability to handle the switching topologies by introducing multi-
ple switched controller. We proposed the switched controller based on the number of the
agent predecessors where the learning process should be held whenever the controller
inactive. It is widely known that there exist stability analysis of switched system based
on dwell time analysis [26,27]. All the works as mentioned earlier based on MRAC
approach rely on the directed acyclic graph (DAG) assumption. However, for some cer-
tain purposes (i.e., merging maneuvers) having the undirected graph or directed graph
with a cycle is necessary. Therefore, we propose a well-posedness of the input that is
designed to handle the synchronization under undirected graph or directed graph with
a cycle. Furthermore, we extend our work to synchronize the Euler-Lagrange (EL) sys-
tems, which use state-feedback MRAC and inverse dynamic based control. Two things
shown in these works must be remarked: first, exchanging the inputs makes any ex-
change of auxiliary variables unnecessary, resulting overall in less communication effort
(because the input to be exchanged has typically a smaller dimension than the observer
variables); second, arbitrarily time-varying leader trajectories can be handled without
requiring any global knowledge of such trajectory neither any sliding mode.

1-3 Research objective

The synchronization of MASs reveals the need for adaptive control approach which can
handle the uncertainties and the unknown agent’s dynamics. The extension of state-
feedback MRAC has been used to synchronize the agents with unknown dynamics. Thus,
the output-feedback MRAC focusing on the problem of cooperative output regulation
in the presence of the uncertainties and the unknown agent’s dynamics is necessary.
The graph communication with a cycle is obligatory to perform merging maneuvers. It
is known that the EL systems can be employed to describe a wide class of practical
systems. Thus we propose the adaptive hierarchical control for uncertain EL systems
using distributed inverse dynamics. Consequently, the research objectives throughout

Master of Science Thesis Muhammad Ridho Rosa



14 Introduction

this MSC thesis are defined:

e Synchronization of linear systems (output-feedback MRAC): Design the adaptive
control law based on output-feedback MRAC where only local information (agent’s
input and agent’s output) are required to synchronize all the agents.

e Undirected graph and the cycle: Presents the condition that is satisfied the syn-
chronization under undirected graph and directed graph with a cycle.

e Synchronization of EL systems: Design the distributed adaptive control law for
uncertain heterogeneous nonlinear agent described by EL systems.

1-4 Report outline
The rest of the MSc thesis report is organized as follows:

e Chapter 2 introduces state-feedback and output-feedback synchronization based
on the distributed MRAC approach.

e Chapter 3 studies the well-posedness of the input under undirected graph and
graph with cycles.

e Chapter 4 introduces synchronization of EL systems based on distributed inverse
dynamics and MRAC.

e Chapter 5 presents the numerical simulations used to validate the theoretical
findings.

e Chapter 6 provides conclusions and proposes directions for further research.
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Chapter 2

Adaptive synchronization of
uncertain linear systems

This chapter is organized as follows: Section 2-1 introduces the communication graph
in general. Section 2-2 presents the previous work of synchronization of MASs based on
state-feedback MRAC. Section 2-3 extends the output-feedback MRAC to handle the
synchronization of MASs with unknown dynamics.

2-1 Communication graph

In this work, we consider networks of agents (linear systems or EL systems) which are
linked to each other via a communication graph that describes the allowed information
flow. In other words, we say that system ¢ has a directed connection to system j if the
second can receive information from the first. Here, informations are states x;, ¢;, ¢; or
output (y;) measurements and input measurements u;, 7; from neighbors. In a commu-
nication graph, a special role is played by the pinning node, which is an agent (typically
indicated as system 0) that does not receive information from any other agents in the
network. Note that the pinner can be a virtual or a real agent, depending on the par-
ticular application. The communication graph describing the allowed information flow
between all the systems, pinner excluded, is completely defined by the pair G = (V, £),
where V = {1,..., N} is a finite nonempty set of nodes, and £ CV x V is a set of pairs
of nodes, called edges. To include the presence of the pinner in the network we define
G={V,&,T}, where T C V is the set of those nodes, called target nodes, which receive
information from the pinner.

Figure 2-1 provides a simple communication graph where V = {1,2,3, }, £ = {(1,2), (1, 3)},
and 7 = {1,}. Note that the target node will be referred to as a leader in this work
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because they can access the information of the pinner: with this directed connection,
follower 3 can observe the measurement from leader 1 and follower 2, but not vice versa.
Let us introduce the adjacency matriz A = [a;j] € RV*N of a directed communication

Leader Follower
(Not connected to Pinner) (Not connected to Pinner)

Follower
(Not connected to Pinner)

Pinner

' States/Output

"o

States/Output States/Output

States/Output

3]

Figure 2-1: Multi-agent system communication graph.

graph, which is defined as a;; = 0 and a;; = 1 if (¢,7) € £, where ¢ # j. The adjacency
matrix corresponding to the example in Figure 2-1 is

A:

o o O

11
01
0 0

In addition, we define a vector, the target vector M = [ajo] € R, to describe the di-
rected communication of the pinner with the target nodes. Specifically, the target matrix
is defined as ajo = 1 if j € T and ajo = 0 otherwise. In the example of Figure 2-1, we
have M = [1,0,0]. A directed graph G is said to be hierarchical if the vertices of the
graph can be sorted in such a way that the adjacency matrix has upper triangular form
with only zeros in the diagonal, which is the case of the graph in Figure 2-1: this is
equivalent to saying that the directed communication graph is acyclic (in Chapter 3 we
discuss the Cyclic case). Also, the graph is said to contain a directed spanning tree with
the pinner as the root node, if for every agent j there is a directed path that leads from
7 to 0. In this chapter we will consider acyclic networks containing a directed spanning
tree with the pinner as the root node. Considering acyclic networks is a necessary conse-
quence of exchanging control inputs among neighbors, because the mutual dependence
of control inputs will bring well-posedness problems if the inputs are generated without
a prescribed priority [28]; however, it was shown in [29] that the distributed model refer-
ence adaptive framework can work, with appropriate modifications, also in the presence
of cyclic networks.

2-2 State-feedback MRAC

In line with [25], the objective in this section is to find the control laws u for each agent
that guarantee synchronization of MASs with unknown linear dynamics by only using
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the input and the states of the neighbors. First, let us assume that there are three agents
denoted with subscripts 0, 1, and 2. Let us consider the network depicted in Figure 2-2.
Here, the purpose of agent 1, the leader, is to follow agent 0. At the same time, the
purpose of agent 2 is to follow agent 1. agent 0 is a reference model that is connected
to agent 1, satisfying the following dynamics:

T = AmTm + bmr (2-1)

where x,, € R" is the state of the reference model, » € R is the reference input of the
reference model. A, and b, are known matrices of appropriate dimensions. Then to
have a bounded state trajectory x,, for bounded r, A,, should be Hurtwitz. Then, we
have agents 1 and 2, denoted with subscripts 1 and 2, respectively, and with dynamics
expressed in the following dynamics

o1 = A1z + biug (2—2)

&g = Aawa + bous (2-3)

where x1,z9 € R" is the state, u1, us € R is the inputs. Then we have A, As and by, by
are unknown matrices of appropriate dimensions, with possibly A; # Ay and by # b
(heterogeneous unknown agents). We assume a directed connection from agent 1 to
agent 2, i.e., the digraph is described by A4 = {1,2}, & = {(1,2)}. By using this
configuration, agent 2 can observe the measurement from agent 1, but not vice versa.

Reference Leader Follower
Model (connected to reference medel) (not connected to reference model)

Siates /—\ States
¥ Input Input

Figure 2-2: A leader-follower communication graph with one follower (state-feedback).

2-2-1 Synchronization of a leader to a reference model

Applying classical model reference adaptive control, it is known that agent 1 can syn-
chronize to the reference model (2-1) through the controller

ur(t) = k¥ 2 (8) + U (t) (2-4)

where ki, I* are the optimum feedback gains that should be satisfied the following
assumptions.

Assumption 1. There exist constant vectors k7, k5 and scalars {7, 15 such that

Ap = AL+ b1k, by = bil}

’ (2_5)
A = Ao+ bok . by = ol
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Assumption 2. The sign of /7,15 are known.

Remark 1. Assumptions 1 and 2 are standard in state-feedback MRAC [30, Chapter 5],
so that we can adopt the same assumptions also in the setting of adaptive synchronization
of MASs.

Being the system matrices (2-2) unknown, the proposed control law (2-4) cannot be
implemented for agent 1, then we can come up with

u(t) = ky (21 (t) + L (#)r (D) (2-6)

. / .
where k1,11 are estimates of k} , [} respectively. Let us define the error e; = x1 — Xy,
whose dynamics are

e1(t) = Amer(t) + by (ky ()21 (t) + L (E)r(t)) (2-7)

where k; = ki — k7, [} = I —I}. The following result is basically standard state-feedback
MRAC.

Theorem 1. Consider the reference model (2-1), the unknown leader dynamics (2-2),
the controller (2-6), and the adaptive laws

Kot = =sonE)s B P02 (6) = 010 (25)
1

[1(t) = —sgn(I§)7by, P(x1(t) — 2 (8))7 (1)
where the scalar v > 0 is the adaptive gain, and P is a positive definite matrix satisfying

PAn+A, P=—-Q, Q>0 (2-9)

then we guarantee synchronization of the leader dynamics(2-2) to the reference model
(2-1), and the convergence e; — 0 for t — 0.

Proof. To analytically show the asymptotic convergence of the synchronization error
between the leader and the reference model, one can introduce the following Lyapunov
function

.- : kyky 2
Vier, ki, ) = ey Pey + tr(—) + — . (2-10)
! gl V[
Then it is possible to verify
. !/ / ! ~1/ ~ %l _1];1 Z _1i
Vi =€) (PAy, + A, P)ey + 2¢, Pby (K21 + Iyr) + 2tr( 1Tl*| 1)+ 2 1Tl*| !
1 1
= —e1Qe1 + 2(sgn(l5)b,, P(x1 — xm)x) + 7_112/ )E

1 Vom P = tmle E R (2-11)

w1/ _1F l
+ 2(sgn(17)b,, P(x1 — xm)r + 1l1)|li|
1

’
= —e1Qey.

Muhammad Ridho Rosa Master of Science Thesis



2-2 State-feedback MRAC

19

From (2-11), we obtain that V; has a finite limit, so e, k1,0, € L. Because e; € L
and x,, € L, we have r1 € Z,. This implies k:;, l1 € Z». We have controller (2-6)
and k’/l,ll € %, so that we have u; € Z,. Therefore, all signals in the closed-loop
system are bounded. From (2-11), we can establish that V1 has a bounded integral, so
we have e; € %. This implies Vi — 0 for t — oo hence e; — 0 for ¢ — oo, which
concludes the proof. O

Remark 2. Note that Theorem 1 requires the agent to obtain the reference signal r
to synchronize to its neighbors which is not possible in a distributed setting. Therefore,
the signals of neighboring agents will be utilized instead of the reference signal.

2-2-2 Synchronization of a follower to a neighbor

In this subsection, we will design an adaptive control that can synchronize agent 2 to
agent 1 without using the reference input and reference states. In known parameter
case, one can have the control law for agent 2 as follows

us(t) = k3y ()21 (t) + k3 (8) (@a(t) — 1(t)) + 5y ()ua (t). (2-12)

The following proposition is the result of Assumption 1.

Proposition 1. There exist a constant vector k3; and a scalar [5; such that
Al = Ay + boksy, by = bl (2-13)

It implies that agent 2 can match agent 1 via k3; and [3;, which we refer to as coupling
gains.

Proof. Let us consider the equation (2-5), the we can come up with

l*
by = by->
1 2lik
A1 — Ay = boky — bk} (2-14)
*/ l* */
= by [kg — l—ikl ]
1

Ly
I

which is in the form of (2-13) we have k}; = k3 — ﬁ—?t ¥ and I3 = O
1

Remark 3. Proposition 1 shows us a distributed matching condition among neighboring
agents in synchronization of MASs (state-feedback case). In other words, there exist
coupling gains that match an agent to its neighbors. Such distributed matching condition
has been derived without extra assumptions than the standard assumptions of adaptive
control.
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Being the system matrices (2-3) unknown, the proposed control law (2-12) cannot be
implemented for agent 2. Then we propose the control law

ua(t) = kay ()1 (8) + ko (1) (@a(t) — 21.(1)) + Lo (Hur (1) (2-15)

’ / . !/ / .
where ko, ky, l21 are the estimates of k3, k3 , I3, respectively. Let us define the error
ea1 = T2 — o1, whose dynamics are

€21(t) = Amear (t) + by (kg ()21 (t) + kaear + lorui (t)) (2-16)

where 123/21 = ko1 — k3, 12:/2 = ko — k3, lo1 = lo; — I5,. The following Theorem provides the
leader-follower synchronization.

Theorem 2. Consider the unknown leader dynamics (2-3), the unknown follower dy-
namics (2-3), the controller (2-15), and the adaptive laws

ko () = —sgn(l5) by, P(wa(t) — 21(t))aa (¢)
y(t) = —sgn(l3)vb, P(wa(t) — 21.(1)) (w2(t) — @1(t)) (2-17)
I1(t) = —sgn(13)7yby, P(@a(t) — 21 (t))un (1)

then we guarantee synchronization of the follower dynamics(2-3) to the leader dynamics
(2-2), and the convergence ez — 0 for ¢t — oo.

Proof. To analytically show the asymptotic convergence of the synchronization error
between the follower and the leader, one can introduce the following Lyapunov function

Var(ea1, ko, ko, l21) = ey, Peay + tr(%llzfl) (IN{IQ]N?) + lgi : (2-18)
7”2’ 7‘l2| 7’12‘
Then it is possible to verify
. o ’ ’ ~7 ~/ = /;3/21’7_112321
2
ff/ﬂ*li@ 5/21771521
+ 2tr( —) »
|13 |13
/ ’ / < ]‘%
= —eg1Qear + 2(sgn(l3)b,, P(x2 — x1)x) + 7 ko) il
|13
*\ 7./ / —13/ k? *\ 7. _17 l21
+ 2(sgn(l3)b,, P(x2 — m1)77 + 7 kQ)W + 2(sgn(l3)b,, P(x1 — Tpm)us + 7y l21)ﬁ
2 2
= —6/21Q621.
(2-19)

From (2-19), we obtain that V5; has a finite limit, so a1, ko1, ko, lo1 € L. Because
€91 € Yy and 11 € L, we have 29 € Zy,. This implies ko1, ko, lo1 € L. We have the
controller (2-15) and ka1, k2,121 € ZLoo, so that we have uy € Z5,. Therefore, all signals
in the closed-loop system are bounded. From (2-19), we can establish that Vz; has a
bounded integral, so we have ey; € %%. This implies Vo1 — 0 for t — 0o hence eg; — 0
for t — oo, which concludes the proof. O
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2-2-3 Synchronization of a follower to two neighbors

In this section, we tries to synchronize a follower (called agent 3) to two parents neighbors
(called agent 1 and 2). We assume a directed connection from agent 1 to agent 3
and from agent 2 to agent 3, i.e. the digraph is described by 4 = {1,2,3}, & =
{(1,3),(2,3)}, with this directed connection, agent 1 and agent 2 can send its input
and state measurement to agent 3, but not viceversa. For simplicity, we consider an
unweighted directed graph, i.e. aj;3 = a23 = 1. The network under consideration is
presented in Figure 2-3.

Input Input

Leader Follower Follower
RE,;?:?;IEE (Mot connected to (Mot connected to (Not connected to
reference model) reference model) reference model)
O ", States m States States

States

Input

Figure 2-3: A leader-follower communication graph with two followers (state-feedback).

agent 3 is an additional follower that is connected to agent 1 and agent 2, satisfying the
following dynamics:

T3 = Asrs + bgus (2—20)

where x3 € R"™ is the state of the agent 3, ug € R is the input. We have A3 and b3
are unknown matrices of appropriate dimensions. Then we propose the control law that
synchronize agent 3 to agent 1 and agent 2

us1(t) = k) ()21(t) + kg () (@3(t) — 21(t)) + l1 (B (t)

/ /

(2-21)
uz2(t) = kg (t)za(t) + k3(t)(23(t) — 22(t)) + l32(t)ua(?).

In more compact form, the controller for agent 3 can be defined be defined as the addition
of us1(t) and usa(t)
1 (t)

uz(t) = k?;n(t)T + k()

ey et g gl el

(2-22)

Jjg(t)
2

where k31/, kso', k3', I31, I3 are estimates of k3, k3, k%, 1%, I3, respectively. In the interest
of synchronize agent 3 to its predecessors, agent 1 and agent 2, we define the dynamics
of the error e3; = r3 — x1 and e3; = x3 — x1 with dynamics

é31 = Amesr + bz(uz — k321 — k3 e31 — l5u1) (2.23)
é32 = Am€32 + b3(U3 — k§2.%'2 — k‘; €39 — l§2u2).
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The equation (2-23) can be derived via the dynamics of the error eza; = €31 — €32
x1(t) -, xo(t = ce3o1(t) = wi(t) =+ us(t
z1(t) + Fego () 2(t) + Fey () sa(t)  gom() g )).
2 2 2 2
(2-24)
The following Theorem provides the synchronization of a follower to two neighbors.

€321(t) = Amesan(t) + 2b3(];:l31(t)

Theorem 3. Consider the unknown leader dynamics (2-2), the unknown follower dy-
namics (agent 2) (2-3), the unknown follower dynamics (agent 3) (2-20), the controller
(2-22), and the adaptive laws

iy () = —sgn(13)7b,, Ples1(t) + esa(t)) 1 (t)

o (t) = —sgn(13)7b,, Ples1(t) + esa(t))za(t)

iy (t) = —sgn(l3)7b,, Pes1 (1) + esa(t)) (esn (t) + esa(t)) (2-25)
51 (t) = —sgn(l5)7b,, P(esi (t) + eaa(t) Jua (1)

lsa(t) = —sgn(l5)yb,, P(esi (t) + eaa(t) Jua(t)

then we guarantee synchronization of the follower dynamics (agent 3) (2-20) to the leader
dynamics (2-2) and the follower dynamics (agent 2) (2-3), and the convergence eza; — 0
for t — oo.

Proof. To analytically show the asymptotic convergence of the synchronization error
between agent 3, agent 2, and the leader, we can introduce the following Lyapunov
function

, kg ka1 ks kss ksks, B B

V391 = €391 Pega1 + tr( 31 )+ (=) (=557) ” . (2-26)
52 ’Y|l3| 7|53| 7‘l3| ’Y|l3’ ’Y|l3’

Then it is possible to verify

V321 = 6321(PA + A P)€321 + 26321Pb3(/€31$1 + k321’2 + k‘3€321 + l31u1 + l32U2)

Koy k Ky 'k oL i1 Y
+ 2‘[;’]"(%) + 2t’["(% + 2t’r( 37l* 3) + 9 3171* 31 9 32’}/[* 32
|13 |13 |13 |13 |15
! 4 ’ 1%y i;;
= —e391Qe31 + 2(sgn(15)b,, P(es1)ry +7 Yhgy) ’lil‘
3

k32

+ (sgn(lg)b P(es1)y +’Y_1k32)

|13
*\ 7/ ! —17’ k3 17 l31
+ 2(sgn(13)b,, P(es21)ez01 + k?’)\ll (sgn(l3)by, P(esar)ur +~~ l31)|l|
3 3
l
+ (sgn(l3)b P(€321)UQ —|—’}/ 1l32)’l‘
3
= e Qesan.
(2-27)
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From (2-27), we obtain that V3g; has a finite limit, so 391, ka1, k32, k3, 31,130 € Loo.
Because e301 € Lo, €31 € Lo, €32 = T3— T2 € Lo, and 21, X9 € ZLno, We have 23 € L.
This implies k31, k32, k3, l31,132 € Z~. We have controller (2—22) and k31, k3o, k3, l31,130 €
%o, S0 that we have ug € Z,. Therefore, all signals in the closed-loop system are
bounded. From (2-27), we can establish that V3p; has a bounded integral, so we have
e3o1 € %%. This implies Via1 — 0 for ¢ — 0o hence esq; — 0 for ¢t — oo, which concludes
the proof. O

2-2-4 Extension to acyclic graphs

In this subsection, we show the extension of our proposed approach to the acyclic graphs
MASSs synchronization. Let us first consider a set of N agents

where agent 1 is the leader that can access the reference signal r.

Assumption 3. The communication graph is a directed acyclic graph (DAG), where
the leader is the root node.

It is not difficult to extend the results of Theorems 1, 2 and 3 to acyclic communication
graph. Except for the leaders, which use controller (2-6) and adaptive laws (2-8), the
following controller is proposed for the other agents

N ’ N ’
w — dim1 aijk‘ji(t)f'?i(t) n 2im1 aijkj(t)(xj(t) —z;(t)) " ZZ‘]L ajli;(t)ui(t)
;=
S ai > ai S i
where the terms a;; indicate the entries of the adjacency matrix. One can verify that,

with the appropriate adjacency matrices, the adaptive controller (2-29) reduces to the
special case (2-15) and (2-22). The following result holds.

(2-29)

Theorem 4. Consider the unknown linear agents (2-28) with reference model (2-1),
controllers (2-6), (2-29), adaptive laws (2-8) and

r N
Kji(t) = —sgn(U)vb,, P| > agi(aj — o) |2;(t)
Li=1 i

r N
k:;(t) = —sgn(l;)’yme Zaij(xj — ;)

Li=1 i

N
[Z aj(x; — xi)] (2-30)
i=1

TN
ji(t) = =sgn()vb,, P | Y aij(x; — x5) | u(t)

Li=1 i

where kj;, kj, 1j; are the estimate of k3, k7, [5; respectively. Then, all closed-loop signals
are bounded and, for any (i, j) such that a;; # 0, we have ej; = z; —x; — 0 as t — oo.

In addition, for every agent j we have e; = x; — 2, — 0 as t — 0.
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Proof. Let us adopt similar tools as Theorems 1,2, and 3 by considering the distributed
Lyapunov function

_ i li%eﬁl [Zaweﬂ

Kk
+ Zawtr[ ]l*\]

+ Z Z awtrl ]’Zl*j

Jj=1li=1

- (2-31)

199 o2

j=1:i=1

where the index ¢ = 0 is used for the reference model, i.e. ejop = e; = x; — 2, and
ajo # 0 only for the root node. Then, from (2-28) and (2-29), we obtain the following
error dynamics

bt = Amesi + s s = I i = ) 232
= Ameji + bj(kjil'i — kj €ji — lﬂuz)

Clearly, we have a similar structure as in the previously developed two-agent and three-
agent case. Then, it is possible to verify that

! N N ! N N
Z [Z CLUGJZ‘| Q [Z ai;€44 + 2 Z aijeji] ij [Z CLU/:I;TT% + Z aijl;:jeji
= — =0 — :
N k'/ ]~§ i k‘/ llz
+Za1j il +Zzaz]trl ji%y +Zt7’[ J +ZZ&2JtT[ " ‘|
J=1 1=17=1 ‘ | i=1j=1 ‘l
N [ N !
Z [Za1]€]1‘| Q [ZO aijeﬂ] .
7=1 Li=0 =

(2-33)

This can be used to derive boundedness of all closed-loop signals and convergence of e;;
to zero, which can be proved by using the Barbalat’s Lemma procedure already adopted
in Theorems 1, 2, and 3. This concludes the proof. O

2-3 Output-feedback MRAC

This section is part of [31]. The main task in this section is to find the control laws u
for each agent that guarantee synchronization of MASs with unknown linear dynamics
by only using the input and the output of the neighbors. In order to facilitate the main
result, let us assume that there are three agents denoted with subscripts 0, 1, and 2. Let
us consider the same network depicted in Figure 2-4. Here, the purpose of agent 1, the
leader, is to follow agent 0. At the same time, the purpose of agent 2 is to follow agent
1. agent 0 is a reference model that is connected to agent 1, satisfying the following
dynamics:

r (2-34)

Muhammad Ridho Rosa Master of Science Thesis



2-3 Output-feedback MRAC

25

where r € R and y,, € R are the reference input and the output of the reference model.
Zm(s) and R,,(s) are known monic polynomials, and k,, is the high-frequency gain.
Next, we have agents 1 and 2, denoted with subscripts 1 and 2, respectively, and with
dynamics expressed in the transfer function form as

Zl (8)

y1=Gi(s) =k Rl(S)UI (2-35)
y2 = Ga(s) = k2 2223 U2 (2-36)

where uj,us € R, and y;,y2 € R are the inputs and the outputs of two agents. Zi(s),
Z3(s), Ri(s), andRa(s) are unknown monic polynomials, and k; and kg are constants
referred to the high frequency gains. Note that, possibly, Zi(s) # Za(s) and Ri(s) #
Ry(s) (heterogeneous agents with unknown dynamics). We assume a directed connection
from agent 1 to agent 2, i.e., the digraph is described by .4 ={1,2}, & = {(1,2)}. By
using this configuration, agent 2 can observe the measurement from agent 1, but not vice
versa. The synchronization task between agent 0 and agent 1 is achieved when y; — ym,

Reference Leader Follower
Model (connected to reference model) {not connected fo reference model)

;'r" . Qutput m Output
nput Input

Figure 2-4: A leader-follower communication graph with one follower (output-feedback).

for t — oo. As the signal from the reference model is known to agent 1 only, the purpose
of agent 2 is to follow agent 1. In this case, the synchronization task is achieved when
yo — y1 for t — oo. It is clear that, if both synchronization tasks are achieved, then we
have also yo — ¥, for ¢ — oco. These tasks should be achieved for any bounded reference
signal r.

Assumption 4. To achieve the synchronization objectives, we need the following as-
sumptions for the reference model (R) and the agents (A):

(R1) Zn(s) and Ry,(s) are monic Hurwitz polynomials, where the degree of R,,(s) is
less than or equal to the relative degree of R;(s), n.
The relative degree of Gy, (s) is the same as that of G;(s), i € {1,2}.

(R2)

(A1) Zi(s),i € {1,2} are monic Hurwitz polynomials.

(A2) An upper bound n of the degree n; of R;(s), i.e., i € {1,2}, is known.
(A3)

The relative degree n* = n; — m; of G;(s), i.e., i € {1,2}, is known, where m is
the degree of the numerator. The relative degree of the agents and the reference
should be the same.
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(A4) The sign of the high frequency gains k; i.e., i € {1,2} is known.

Remark 4. Assumption 4 is standard in output-feedback MRAC [30, Chapter 5].
Therefore, we can adopt the same assumptions also in the setting of adaptive synchro-
nization of MASs.

In the next subsection, the synchronization of agent 1 to a reference model will be
discussed.

2-3-1 Synchronization of a leader to a reference model

As classical MRAC was used for the SISO plant in Chapter 5 of [30], it is well known
that the agents 1 can be synchronized to the reference model by using the following
control law:

rafs) a(s)

A( ) 1+f1 A( )y1+glyl+clT (2_37)

where A(s) is a Hurwitz monic polynomial and « are defined as

a(s) = [s”*Q 3L s 1} forn > 2
a(s) =0 forn=1 (2-38)
A(s) =" L Nas" 24 4+ Ns+ A = A Zn.
The consequence of Assumption 4 is that there are scalars I¥', f', g, and ¢! that match
the condition of agent ¢ and the reference model such that
ik km,
Ri(s)(A(s) = 1 0) = ki Zi(s) (ff @ + g7 A() — Ron(5)Zi(5)Am(s)”

The matching conditions for agent 1 to the reference model can be defined as follows, in
line with Chapter 5 in [30].

(2-39)

ka‘l = k‘m

, , (2-40)
Ri(s)(A(s) — Iy @) = k1 Z1(s)(f1 @ + g1 A(s)) = Z1(s) R (s)Am(s)

where ¢} = ’Z—’l’l Being the parameters of agent 1 are unknown, the proposed control law
(2-37) cannot be used for agent 1, then we can come up with

= =t + i+ g+ e (2-41)
A( ) A( )

where the controller parameter vector l’1, fll, g1, and c; are the estimates for lf, f{‘,, g1,

and cj, respectively. Let us assume the relative degree of 1 for simplicity. Adopting a

state-space representation of the reference model and agent 1, we obtain

T = AmZm + Bmr Ym :, h;nxm (2.42)
1 = A1z1 + Bius Y1 = hl.%'l.
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Let us define the state—space representation of agent 1 in the closed-loop form

l;'l = Ali'l + Blc’{r + Bl (Ul - 91(/001) Y1 = 6113_31 (2'43)

w;l . A1, B;, and C; are defined as

/

— /
where T1 = |11 w,,

. Ay + Blgfh; Bl B ff' . Bi| /
A= | dgthy  F+dii dff | Bi=|d| Ci=[n 0 0. (249
dh} 0 F 0

Obviously, agent 1 can be matched to agent 0 or it can be said that Cy(sI — A1)~ B¢} =
Cpn(sI — Ay) ' B,,. Therefore, the state-space representation of agent 1 in the closed-
loop form could be rewritten as follows

T1 = Am@1 + Bt + Bppi(ur — wal) y1 = Cn1 (2-45)

where p] = ci* By defining the state tracking error Z19 = Z1 — x;, and the output error
1
€10 = Y1 — Ym, We obtain the error equation

i10 = AmF10 4 Bmpllyw e10 = CmT10 (2-46)

where 6; = 6, — 07. The following result is basically standard output-feedback MRAC.

Theorem 5. Consider the reference model dynamics (2-34), the unknown leader dy-
namics (2-35), the controller (2-41), and the adaptive laws

. . k
Wyl = Fwyr + duq 01 = —F1€10w189n(é) (2.47)

wWy1 = Fwyr +dyr uy = 0w

where e19g = y1 — Ym, ['1 = Fll >0, w1, F, d, and 0, defined as follows

Wyl 1
_ wyl _ —)\n_Q —)\m . O r , , ]
“re n F= [ 1,5 0 ] d= : 0, = [ll fi 9 01} (2-48)
" 0

here the adaptive gain, I';, is not taken as a scalar, as it is in most literature, but as
a diagonal matrix

I, = diag{T;,T;, Ty, T} (2-49)

where I';,I'y,T'y, ' are the positive real numbers to be designed. Then all closed loop
signals will then be bounded and the errors will converge asymptotically to zero.

Master of Science Thesis Muhammad Ridho Rosa



28

Adaptive synchronization of uncertain linear systems

Proof. To show analytically the asymptotic convergence of the synchronization error

between the leader and the model reference, let us define the following Lyapunov function

TPt 61070,
2 2

Vi(01, F10) = il (2-50)

where P = P’ > 0 satisfies the Kalman-Yakubovich Lemma
PAp+ A, P=—q —vL  PBy=Chn (2-51)
where L = L' > 0, and v > 0. One can verify the time derivative of V;:

.’f, ,ZZ‘ v ~/ ~/ <
—w - 55510L5?10 + PBi10pi0ywi + 0,07 01 |p}]. (2-52)

.Vi p—
Since PB,,Z19 = CpT10 = €10 and pi = |pi|sgn(p}), we can delete the indefinite term
by choosing

01 = —T1ejpwisgn(p]) (2-53)

which leads to
1099 10 v L
—mT — §x10Lx10. (2-54)

V=
From (2-54), we obtain that V; has a finite limit, so iﬁlo,él € Y. Because T19 =
Tl — Tm € Lo and Ty, € L, we have T1 € L. This implies z1,y1, w1, w2 € ZLoo.
From u; = Gllwl and 01,w1 € £y, we have u1 € Z. Therefore, all signals in the
closed-loop system are bounded. From (2-54), we can establish that Vi has a bounded
integral, so we have Zp,e19 € %. Furthermore, using 01, w1,Z190 € Lo, in (2-46), we
have €19, 210 € Zso. This implies e;g — 0 for t — 0o, which concludes the proof. O

Remark 5. It is known that Theorem 5 requires the agent to obtain the reference signal
r to synchronize to its neighbors which is not possible in a distributed setting. Therefore,
the signals of neighboring agents will be utilized instead of the reference signal.

In relative degree 2 case (n* = 2), an extra filter is introduced to synchronize the agents
with the model reference. The extra-filter and the new form of the control law are
defined as follows:

. . k / v
¢1 - —p¢1 + w1 91 = —Fleloqﬁlsgn(k—l) uyp = lel + 91¢>1 (2—55)

m
where p > 0 is to be designed. Using similar Lyapunov arguments as before, one can
prove ejg — 0 for t — oo [30]. The complexity of the methods increases with the relative

degree n* of the agent. In the next subsection, the synchronization of agent 2 to a leader
node will be discussed.
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2-3-2 Synchronization of a follower to a neighbor

The control law (2-37) and consequently the matching condition (2-39) have two prob-
lems. The first problem is that the transfer function G of the agents is unknown, and
we do not know the lf, ff/, g7, and ¢j. The second problem is that, even if the trans-
fer function were known, the control law (2-37) would be implementable only for those
agents connected to the reference model, agent 0, and with access to r. Therefore, we
cannot implement the control law (2-37) for agent 2. In place of the matching condition
between agent 2 and agent 0, we should formulate a matching condition between agent
2 and agent 1. The following proposition follows.

Proposition 2. There is an ideal control law that matches an agent to its neighbor in
the form

* * o O e
lQlA( )u1 + f21A( )yl + 921y1 + capur + 15 Vs)(uz —u1) + f5 @(ZD — 1)

+95(y2 — 1)
(2-56)

where the gains satisfy the following matching conditions

Ri(s)(A(s) — (I3 = B5)a) — Zi(s)ka((f3' — fav)e+ A(s)(g5 — g31)) = zl<s)Am<s>Rm<;> |
2-57

Proof. In this proof, we want to formulate the matching conditions for agent 2 to agent
1 by using the proposed control law for agent 2. First, let us rewrite the control law
(2-56) as follows:

« * w *
(1—13 @)W:(lm_@) m“l‘f'(fm f2) As )3/1+(921 g2)lll+lgA( )y2—|—ggy2+czlu1

Uy = (31— 13) our + (f31 — £3) own + A(s) (g5, — 93)y1 + Lsaya + g3y2A(s) + carurA(s)
(A(s) = 15'a)

(2-58)

Substitute the control law in (2-58) to (2-35) and use the following matching condition
of agent 2 to reference model

Ra(s)(A(s) — 15 a) — ko Za(s)(f5 o + A(5)g3) = Zo(8) Rn(8) A () (2-59)
which leads to
(Za(5)Am(5) Rin(5)) (g2 — y1) + (Ra()(A(s) — 15 @) — kaZa(s)(f310 + A(s)g31) )y1 =

1% 1
kaZa(s)c51 (A(s) + 2o — 2-a)uy.
€21 €21

(2-60)
Then (2-60) can be written as follows:

Ri(s)(A(s) — (5 = B)a) — Zi(s)ka((f3 — fa)a + A(s)(g5 — 931)) = Z1(5) A (5) R (s)
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=
Ca1

This concludes the proof. ]

ko 1y 7* —
where ¢3; = 71,05 = s and 5 =

Remark 6. Proposition 2 shows us a distributed matching condition among neighboring
agents in synchronization of MASs (output-feedback case). In other words, there exist
gains that match an agent to its neighbors. Such distributed matching condition has been
derived without extra assumptions than the standard assumptions of adaptive control.

Being the parameters of agent 2 are unknown, the proposed control (2-56) cannot be
used for agent 2, then we can come up with

/ « / 8] / 8] /e
ug = 12171&1+f21@y1+921y1+021ul+l2w(w—ul)+f2m(y2—y1)+gz(y2—yl)

A(s)

(2-62)
where the controller parameter vector ll217 llz, fél, fé, g21, g1, and co1 are the estimates
for 151, 15, f5, f5, g5, ¢f, and ¢, respectively. First let us consider agent 2 with
dynamics

T9 = Asxo + Bous Y = h/2$2. (2-63)

The closed-loop form allows us to write

To = AgZo + Bacytia + Ba(ug — 05 wo) Y2 = CaZs (2-64)
where To = xIQ w;l w;ﬂ w;zl wg;m} and uy = [ul yl} .

’ % o « « B2 M

A2 + BQQS}LQ BQZQl Bgf21 B2l2 B2f2 d 31

) 0 F 0 0 0 ) o 0

Ay = dhs 0 F 0 0 |, By= 0 =
dgsh, diy,  dfs;  F+d dfs d1— L) dehgi)

dh, 0 0 0 F 0 2

Co=[hy 0 0 0 0].
(2-65)
From Equation (2-61), we already know that agent 2 can match agent 1 or it can be
defined as Co(sI — Ap) 'Bacy;, = Cy(sI — A;)~'Bic;. Therefore, agent 2 can match
the reference model Cy(sI — A) "' Bach; = Cp(sI — Ap) ' By,. We can then take a
non-nominal state-space representation of agent 2:

By = AnTy + Bt + Brpi(uz — 05 ws) o = Cis (2-66)

where p5 = é By defining the state tracking error Z2; = o — &1, and the output error
1
€21 = Y2 — Y1, let us define the following error dynamics:
Fa1 = A1 + B (uz — 03 wp)
= Ao + Bmpss ws (2-67)

e21 = Cpo1
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where 05 = 05 —05. The following Theorem provides the leader-follower synchronization.

Theorem 6. Consider the unknown leader dynamics (2-35), the unknown follower
dynamics (2-36), controllers (2-62), and the adaptive laws

) ) : ko
Wyy = Fwy, + dug Wyy = Fuwyy, + d(ug —uyp) Oy = —I'zegiwasgn(—)
km (2-68)
wy, = Fuwy, +dys Wyyy = Fuwy,, + d(yQ - yl) ug = Oywo
where ea; = 99 — y1.
—_ w;l -
wy1 1
Y1 0
—>\n7 —)\m ’ ’ ’ ’ ’
w2 = 1fl F= ]17%22 0 d= . b0y = [121 for g1 cor Iy fo 92]
(JJUQI A
’ 0
wy21
LY2 — Y1

A(s) =" X082+ L+ NS+ A [y = diag{T;,Tf,T,,T.,T;, T, Ty}
(2-69)

where I'y,I'y, 'y, I'c are the positive real numbers to be designed. Then all closed-loop
signals are bounded and the errors converge asymptotically to zero.

Proof. To show analytically the asymptotic converge of the synchronization error, the

Lyapunov-based approach will be used.

To  Pio1 050510,
2 2

where T'y =T, > 0 and P = P’ > 0 such that (2-51) holds. The time derivative (2-70)
along the trajectory of (2-67) is given by

Va(0a, F21) = |3 (2-70)

T5100 21 v s ok
_ﬂT — 5P LEn + PBu@aplyws + 051 10, p3). (2-71)
Since PB,,Z91 = Ciuiio1 = €21 and ph = |p3|sgn(p}), we can delete the indefinite term
by choosing

Vy =

0y = —T'aea1wasgn(ps) (2-72)

which leads to .,
To919q T21 UV 1 L

—ﬂT - 55521.[11'21. (2'73)
From (2-73), we obtain that V5 has a finite limit, so Fo1,00 € L. Because Fgp =
To—T1 € Lo and T1 € L, we have Tg € L. This implies x2, yo, Wy, Wy1, Wu21, Wy21, €
L. From uy = 0/2(,02 and 6y, wy € L, we have us € Z,,. Therefore, all signals in the
closed-loop system are bounded. From (2-73) we can establish that V5 has a bounded
integral, so we have 21, e € . Furthermore, using 62, ws, Z21 € L in (2-67), we
have es1, 721 € Zs. This concludes the proof of the boundedness of all closed-loop
signals and convergence ey — 0 for ¢ — oo. O

W —
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2-3-3 Synchronization of a follower to two neighbors

Before giving the main result, it is necessary to deal with the case in which a follower
(called agent 3) tries to synchronize two parent neighbors (called agents 1 and 2). Let
us assume a directed connection from 1 to 3 and from 2 to 3. The digraph is described
by A4 ={1,2,3}, & = {(1,3),(1,2),(2,3)}. In addition, let us consider for simplicity
an unweighted digraph, i.e., aj2 = a13 = ao3 = 1, and the edges’ weights are equal to
1. The network under the consideration is presented in Figure 2-5. We have agent 3

{Not connected to (Mot connected to (Mot connected to
reference model) reference model) reference model)

Reference
Model

Qutput Qutput Qutput
3

L0 >
; Input Input

(2)
N

Output

Input

Figure 2-5: A leader-follower directed communication graph with two followers (output-
feedback).

denoted with subscript 3 and dynamics expressed in the transfer function form:

Zg(s)
Rs3(s)

Yys = Gg(s) = k3 us (2—74)
where uz € R and y3 € R are the input and the output of agent 3. Z3(s) and R3(s) are
unknown monic polynomials, and k3 is a constant referred to the high frequency gains.
Note that, possibly, Z3(s) # Zi(s), Z3(s) # Za(s), and Rs(s) # Ri(s),Rs(s) # Ra(s)
(heterogeneous agents with unknown dynamics). We assume a directed connection from
agent 1 to agent 3 and a directed connection from agent 2 to agent 3. By using this
configuration, agent 3 can observe measurement from agent 1 and agent 2, respectively,
but not vice versa. By following an approach similar to that taken in the previous
subsection (cf. Proposition 2), the synchronization of agent 3 to agent 1 is possible via
the controller.

us = Iy~ +f + + c31uq + 1 —|—f/ie + gse
3_31A() Uy 31A( )yl 931Y1 31U1 3A() u31 3A(s) 31 T g3€31

(2-75)
= O3 w31
and the synchronization of agent 3 to agent 2 is possible via the controller
=1 uz + fs Yo + gsays + capun + . uzz + fs e32 + gses2
32A( ) 32A( ) 3A( ) 3/\( ) (2-76)

= 932W32

where ug; = uz —uq and uze = us — ug, and the output error ez; = y3 —y1, €32 = y3 — yo.
In a more compact form, the controller for agent 3 can be defined as the addition of
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(2-75) and (2-76):

’ « 4 a 9311 C31U1 ’ o ’ « g32Y2
— e !
us =gy gy Ty Ty Tleegrrgue Flaggae T

C32U2 / o ’ « g3€s321

!

T thgpgy e st T

O3w3

= B

(2-77)

where uza; = uzi + ug2, €321 = e31 + e32, 03 = 031 + 032, and w3 = w31 + w3z. The
following Theorem provides the synchronization of a follower to two neighbors.

Theorem 7. Consider the unknown leader dynamics (2-35), the unknown follower dy-
namics (agent 2) (2-36), the unknown follower dynamics (agent 3) (2-74), the controllers
(2-77), and the adaptive laws

Wy, = Fuwy,, + duq wyl = Fwyl + diy
Wyy = Fuwy, + dug Wyy = Foy, + dyo
wu321 = qu321 + dU321 we321 = Fw6321 =+ d€321 (2—78)
) k3 0/ w3
03 = —I'zesziwzsgn(—) ug = 22
km 2

where

’
w3 - [Wul wyl yl ul Wug wyz y2 U2 wugzl w6321 6321]

03 = [531 Js1 931 31 l3a f3o 932 c32 I3 f3 93]

F= l_ji”;z _Sm d’:[l 0 ... 0} (2-79)

A(s) = s" T Mas" 2+ 4+ A1S+ A
1—‘3 = dia’g{rlaFf7rg7FCaFlarf7Fg7FC7Pl7Ff7Pg}'

Then, all closed-loop signals are bounded and the errors converge asymptotically to zero.

Proof. To show analytically the asymptotic convergence of the synchronization error, the
Lyapunov-based approach will be used. Let us define the dynamics error 31 = T3 — Z1,
T3y = T3 — To, and T3o1 = T31 + T32. Following the same approach in the previous
section, let us derive the dynamics error ess;:

T391 = AmT321 + Bmpiy (us — 9§/1w31) + By p3o(ug — 9§lzw32)
= Ami'321 + QBmp§219~§/w§/ (2_80)

es21 = Cp @321
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where 035, = 031 — 031, 03y = 032 — 0%y, 05 = 0%y + 03, and ply; = piy + phy. One can
take the Lyapunov function:

_ Fagy PT 0,716
V3(03, Z321) = 3212 2Ly ; 3’P§21’ (2-81)

where I's = Ty > 0 and P = P’ > 0 such that (2-51) holds. The time derivative (2-81)
along (2-80) is given by

: Ty01qq T321 U _ . I

Vs = 7% - 530321[@321 + P By @321039103w3 + 0513 193|,0321‘. (2-82)
Since PBp,T321 = CpyT321 = €321 and p3o; = |p5a1]sgn(p3y,), we can delete the indefinite
term by choosing

03 = 03 = —T'3e301w359n(pia1) (2-83)

which leads to

30100 321 U s
5~ gLl (2-84)

Vs =
From (2-84), we obtain that V3 has a finite limit, so F391,03 € L. Because Tgo =
T3] + T32, T31 = T3 — X1 € Lo, T329 = T3 — X2 € Lo, T1 € Lo, and To € Lo,
we have T3 € Z. This implies x3,¥y3, Wy, W2, Wyl, Wy2, Wy321, Wez21 € ZLoo. From
us = 9éw3 and f03,w3 € Ly, we have ug € Zy. Therefore, all signals in the closed-
loop system are bounded. From (2-84), we can establish that Vs has bounded integral,
so we have Z3g1,e321 € L. Furthermore, using 03, ws, 321 € L in (2-80), we have
321, @321 € Ls. This concludes the proof of the boundedness of all closed-loop signals
and convergence ez — 0 for ¢ — oo. ]

2-3-4 Extension to acyclic graphs

In this subsection, we show the extension of our proposed approach to the acyclic graphs
MASSs synchronization. Let us first consider a set of N agents
Zi(s) .
= Gi(s) = ki——=u, e{l,..,.N 2-85
Yi i(s) lRZ'(S) u;, 1€ } ( )
where agent 1 is the leader that can access the reference signal r. It is not difficult to
extend the results of Theorems 5, 6 and 7 to acyclic communication graph. Except for
the leaders, which use controller (2-41) and adaptive laws (2-47), the following controller
is proposed for the other agents

N g N g N N
Doimt Qiglywys Dt Qi [y i @iV D oieq QijClitl

uj = N N N + N
D=1 @i D1 Gij dim1 ij Doim Qi 9-86
N ro N ro N ’ ( B )
D im1 aijljwujz‘ >oim1 aijfjwyji D=1 Qijg;€ji
N N N
i=1 Qij i=1Qij i=1 Qij
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where the terms a;; indicate the entries of the adjacency matrix. One can verify that,
with the appropriate adjacency matrices, the adaptive controller (2-86) reduces to the
special case (2-62) and (2-77). The following result holds.

Theorem 8. Consider the unknown linear agents (2-85) with reference model (2-34),
controllers (2-41), (2-86), adaptive laws (2-47) and

T

Wy, = Fw, + du; Wyoo = Fow,,.. +d(u; —u; 0, = —Tieiwisqn(—~
U u; i wj; Ui ( j z) J j€jiW;Sg (kz) (2-87)

wyi = Fwyi + dyl wyjz’ = Fwyji + d(yj - yl) uj - e;wj

where Ui, fji, gjis ¢ji, lj, fj, g; are the estimate of I5;, 1, g5;, ¢j;s [5, [}, gj respectively.
Then, all closed-loop signals are bounded and, for any (i, j) such that a;; # 0, we have
eji = y; — yi — 0 as t — oo. In addition, for every agent j we have e; = y; — y,, — 0 as

t — oo.

Proof. Let us adopt similar tools as Theorems 5,6, and 7 by considering the distributed
Lyapunov function

Vj= g: [ﬁf:aiji’ji]/ [Z%%z

=1

+Zaw[ i ] (2-88)

where the index 7 = 0 is used for the reference model, i.e. T;0 = Z; = z; — oy, and
ajo # 0 only for the root node. Then, from (2-85) and (2-86), we obtain the following
error dynamics

ii‘ji = Am:iji + Bmpj(u]' — Gj/wj)
— Amitji + B0 w; (2-89)
eji = meﬂ

Clearly, we have a similar structure as in the previously developed two-agent and three-
agent case. Then, it is possible to verify that

S S [S] - S Stn] 5[]

j=1 Li= = j=0i=1 j=1

N N
+ Z Z aij lPBmxﬂp] 9]%]

]:O =1
/

N N N
By [z] “ [z] SN [L]
j=1 j=01i=1

(2-90)

This can be used to derive boundedness of all closed-loop signals and convergence of e;;
to zero, which can be proved by using the Barbalat’s Lemma procedure already adopted
in Theorems 5, 6, and 7. This concludes the proof. ]
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36 Adaptive synchronization of uncertain linear systems

2-3-5 Summary

The distributed adaptive controls based on state-feedback MRAC and output-feedback
MRAC have been derived in this chapter under the matching condition assumptions.
The asymptotic convergence of the synchronization error has been analytically proven
by introducing an appropriately defined distributed Lyapunov function. It is known
that the proposed control laws and adaptive laws work under DAG condition and fixed
communication topology. The next chapter provides the approach that relaxed those
conditions.
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Chapter 3

Adaptive synchronization with cyclic
communication network

This chapter is organized as follows: Section 3-1 provides the parameter projection
assumptions to be used under a graph with cycle or undirected graph.

3-1 Well-posedness of the input

The proposed distributed adaptive control based on MRAC assumes the communication
graph is DAG. In this section, we will discuss the well-posedness of the agents’ input by
introducing the parameter projection that will be applied on state-feedback MRAC case
only. In output-feedback, such a well-posedness is unknown due to the presence of the
filter. So that we only consider the state-feedback case. In order to support the main
result, let us rewrite the dynamics of the reference model

Ty = AmTm + b1 (3-1)

where x,, € R" is the state of the reference model, r € R is its reference input, and A,,
and b, are known matrices of appropriate dimensions, with A,, being Hurwitz so as to
have bounded state trajectories x,,. Then, we have three agents that have the dynamics

i’l = Alxl + blul
.fz = AQiL'Q + bQUg
&3 = Aszx3+ bsus (3—2)

where x1, 9,23 € R" is the state, ui, us,us € R is the input, and Ay, A, A3 and by,
ba, bs are unknown matrices of appropriate dimensions, with possibly Ay # As # Ag
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and by # by # bs. Then we have introduce the communication graph with a cycle as in
Figure 3-1.

Iro — X1
L2 — I3

Figure 3-1: A communication graph with a cycle

The inputs to the three vehicles can be written as

2uy(t) = Koy (t)1(t) 4 k5() (22 (t) — 21(t)) + I (t)ua (t)
+ Ky (8)a3(t) + k5(t) (za(t) — x3(t) (t)us(t) (3-3)

or, in a more compact matrix form

1 0 0 Uq kl 0 0 T ll
—121 2 —lg3 Ug | = k?gl — kg 2/€2 ]{131 - k?g o + O r. 3 4
=31 —lz2 2 u3 k31 — ks kza — ks 2ks3 x3 0 (3-4)
U

In order to be able to say that ui, uo, and ug are well-posed at all time steps, we
need to guarantee that the matrix U is invertible. To this purpose, let us calculate the
determinant of U, so as to obtain

1 0 0
det —l21 2 —l23 =4- 123l32. (3—5)
—ls1 —lz 2

In the ideal case (with the actual parameters from Proposition 1) I5505, = 1, so that the
determinant of the ideal U* is equal to 3. However, in the actual case with the estimated
parameters, the determinant of U can take arbitrary values and even result equal to 0.
This would make the inputs uq, us, and ug not well-posed at all time steps. A simple
approach to guarantee well-posedness of the inputs at all time steps is to allow vehicle
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2 and vehicle 3 to exchange their estimates la3(¢) and l32(¢). This way it is possible
to project the estimates in such way that lao3(t)l32(t) # 4 and the matrix U is always

invertible. The following assumption is made.

Assumption 5. The actual parameters l5; and [3, are known to reside in convex

compact set €); that does not contain the set [3313, = 4.

Among infinite choices, we can choose an example of (); satisfies I35 > 0, 13, > O,

53 + 159 < 3.99 as represented in Figure 4.

Figure 3-2: Singular set (red curve) and projection set (shaded blue area)

In general, the set €; can be written as

Y = {l23,132]9(l23, I32) < 0}

for some appropriate vector function g(les, ls2). The following theorem follows

(3-6)

Theorem 9. Consider a communication graph with cycle described by communication
graph in Figure 3-1. The reference model described by (3-1) and for the three agents

described by (3-2), the controllers (3-3), and the adaptive laws

it () = —sgn(13)7b,, Ples1(t) + esa ()1 (t)
ko () = —sgn(13)7b,, Plesi (1) + esa(t))za(t)
ka(t) = —sgn(l3)7b, Pesi (t) + esa(t)) (esn (t) + esa(t))
51 (t) = —sgn(l5)7b,, P(esi (t) + esa(t)ua (1)
lsa(t) = —sgn(l5)7b,, P(esi (t) + eaa(t) Jua(t)
iy () = —sgn(l3)7by, Plear (t) + eas(t))a (t)
g (t) = —sgn(13)7b,, Pea1 (1) + ea3(t))zs(t)
kiy(t) = —sgn(l3)7b, Pear (t) + e23(t)) (ean (t) + eas(t))
a1 (t) = —sgn(l5) b, P(ex1 (t) + eaa(t))us (1)
las(t) = —sgn(l5) b, P(exr (t) + eaa(t)us(t)

(3-7)
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40 Adaptive synchronization with cyclic communication network

with the following modifications
la3(t) = P [—yb}, P(ear(t) + ea3(t))us(t)]
. (5[23@) if lzg(t) € Q) or lgg(t) S (5(95) with 5123Vg <0
0 otherwise
lsa(t) = P [=ybl, P(es(t) + esa(t)ua(t)]
~ Jaisa(t)  if lsa(t) € Oy or I32(t) € 6(€) with dj32Vg <0
o otherwise

where P indicates the projection operator in the set €, as arising from (3-5). In par-
ticular, §(€;) is the border of ©; and V, is the derivative of g with respect to la3 or
l32. Then, we guarantee synchronization of the three agents (3-2) to the reference model
(3-1), and the convergence e1, ea1, €23, €31, esa — 0 for t — oo.

Proof. Let us consider the following Lyapunov function

Vi(er, k1, 1) = e, Pey +t (Eiég)g+‘4§i,
1\€1,R1,01) = 1 r * *
' VG A1
’ ]~€/ ]2;21 ]%/23]2'23 ];/2];2 lgl l~%3
Valeast, ko1, kas, ko, la1, l23) = €gaq Peasy + tr(—2 +tr + tr +
2(e231, ka1, ka3, ka2, 21, [23) 231476231 (7|l’5|) (7|1;‘ ) (7\l§|) Y5 ylis)
, ik - gk 12 13
Vs(es21, ks, ka2, ks, ls1, ls2) = egg Pesar + tr( ";TZ*T) +r 371*3\2) t (VTZ*T) * 'y|?21| WISZ?“I
3 3 3 3 3
(3-9)

, and follows the same lines as classical adaptive control designs in the presence of
parameter projection. In fact, we have

Vi+ Vo + Vs < —€,Qe1 — en3 Qeast — €301 Qeson + Vi (3-10)
where
=0 if la3(t),132(t) €  or la3(t) € () with 0;23Vg < 0 or I32(t) € 5(C)
Vp(t) with 6;32Vg <0
<0 otherwise
(3-11)

i.e V, is a term that due to convexity of the projection set €); verifies V,, < 0. Therefore,
Vp can only make the derivative of the Lyapunov function more negative [32, Sect 6.6
and 8.5]. Hence,

Vi4 Va4 Vs < —€,Qe1 — eg31Qeast — €s91Qesan (3-12)

and stability follows from Barbalat’s lemma as in Theorem 9. O

Remark 7. Theorem 9 basically states that the structure of the network can be ex-
ploited to implement appropriate projection laws that make the input well-posed at
every time instant, even in the presence of cycles.
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3-2 Summary

In this chapter, we have exploited the graph structure to implement appropriate pa-
rameter projection and guarantee well-posedness of the actual inputs. The next chapter
provides the approach to synchronize the EL systems.
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Chapter 4

Adaptive synchronization of
uncertain Euler-Lagrange system

This chapter is organized as follows: Section 4-1 introduces the Euler-Lagrange (EL)
Systems and inverse dynamic based control. Section 4-2 presents the synchronization
of the leader to the reference model. Section 4-3 provides the synchronization of the
follower to a neighbor. Please note that the agents are described as EL systems.

4-1 Preliminaries results

4-1-1 Euler-Lagrange systems

The dynamics of a network of EL agents can be described by
Di(gi)di + Ci(qi, ¢i)gi + gi(qi) = 7, i={1,...,N} (4-1)

where the term D;(g;)¢ is proportional to the second derivatives of the generalized co-
ordinates, the term C;(g;, ;)g is the vector of centrifugal/Coriolis forces, proportional
to the first derivatives of the generalized coordinates, and the term g;(g;) is the vector
of potential forces. Finally, the term 7; represents the external force applied to the sys-
tem. Throughout this work the following assumptions, standard in literature [33], will
be adopted:

Assumption 6. The inertia matrix D;(¢;) is symmetric positive definite, and both
D;(q;) and D;(g;)~! are uniformly bounded.
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Assumption 7. There is an independent control input for each degree of freedom
of the system.

Assumption 8. All the parameters of interest such as link masses, moment inertias,
etc. appears in the linear-in-the parameter form, i.e. as coefficient of known function of
the generalized coordinates.

Remark 8. For most EL agents of practical interests, like robotic manipulators and
mobile robots/vehicles, Assumptions 6 and 8 hold [33]. Assumption 7 implies that the
system is fully actuated, which is not always the case in practice. For under-actuated
EL systems, a control allocator should be put in place to transform the input 7; into
the actual inputs to the system: this will introduce some unmodelled dynamics which
can be handled using a modification of the proposed methodology in a robust adaptive
sense [34]. While this is a relevant practical aspect, in this work we focus for compactness
on fully-actuated EL dynamics.

4-1-2 Inverse dynamic based control

Inverse dynamic based control is a typical control method for EL systems [33], which
is here recalled for completeness. Given the dynamics (4-1), the objective of inverse
dynamic based control is to cancel all the non-linearities in the system and introduce
simple PD control so that the closed-loop system is linear. In the known parameter case,
the cancellation of non-linearities can be achieved via the controller

7 = Di(qi)ai + Ci(qi, ¢i)Gi + 9i(4) (4-2)
where the term a; is defined as
a; = (jd — Krvéi — eri (4—3)

with e; = ¢; — ¢% and K,, K, being the proportional and derivative gains of the (multi-
variable) PD controller. Note that g%, ¢%,and §¢ are desired trajectories, velocities, and
accelerations to be specified by the user. Substituting (4-2) into (4-1) gives us

Di(qi)(Gi — G + Kyéi + Kpei) = 0
62 + Kvéi + eri =0.

The resulting second-order error equation can be written as

qi
i

or equivalently,

+ o] (@ + Kud® + Kpq?). (4-6)

1
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Remark 9. The closed-loop systems (4-6) is a second-order state-space system whose
state matrix must be Hurwitz by construction (by appropriately selecting K, and K,).
Two things must be noted about (4-2): the first is that the control law (4-2) requires the
dynamics to be perfectly known, so as to operate a perfect inversion; the second is that
the control law (4-2) requires agent i to know ¢%, ¢¢, and §%. Tt clear that in practice the
dynamics are not known due to parametric uncertainty, leading to imperfect inversion. In
addition, in a multi-agent setting, the desired positions, velocities and accelerations may
not be available to all systems. In fact, due to communication constraints, it might be
impossible to communicate ¢¢, ¢¢, and §¢ to the entire formation, except for a few agents,
e.g. the leading agents. Therefore, one cannot implement (4-3) in a distributed way and
in the presence of uncertainty. In Section 3, we will design an adaptive distributed
version of the inverse dynamic based control, which can be implemented in the presence
of uncertainty and use local measurements from neighboring agents.

4-2 Adaptive synchronization of a leader to a reference model

Before giving the main result, let us first consider the communication graph depicted in
Figure 4-1. Figure 4-1 provides a simple communication graph where V = {1,2,3,4},
& =1{1,2),(3,4)}, and T = {1,3}. Note that the target nodes will be referred to as
leaders in this work, because they can access the information of the pinner: with this
directed connection, follower 2 can observe the measurement from leader 1, and follower
4 can observe the measurement from leader 3, but not vice versa. The adjacency matrix

Follower 1
(Agent 2)

Leader 1
(Agent 1)

Trajectory Generator
(VF System)

Leader 2
r (Agent 3)

90 do Follower 2
(Agent 4)

T3
Figure 4-1: Example of multi-agent system communication graph for EL systems.

corresponding to the example in Figure 4-1 is

0100
00 00
A_O()Ol
00 00

In the example of Figure 4-1, we have M = [1,0,1,0]’. In this chapter we will consider
hierarchical networks containing a directed spanning tree with the pinner as the root
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node. The following problem can be stated.

Problem 1. Given a hierarchical network G of EL heterogeneous uncertain agents (4-1),
a pinner with state (qo, o), find a distributed strategy for the inputs 7; that respects
the communication graph, that does not require knowledge of the EL matrices, and that
leads to synchronization of the network, i.e. (gi,¢;) — (qo,do) as t — oo, for every agent
i.

In this section, we will focus on the control for a leading agent. Because the leading
agent has access to ¢%, ¢%, and ¢, the main problem for this agent is to cope with
uncertainty. Without loss of generality we denote a leading agent with the index 1: in
addition, we focus on a single leading agent because the presence of multiple leaders is a
trivial extension of the proposed control law. Let us start by formulating some reference
model dynamics

go| | O 1 q 0
o)=Lk e o]+ [ w
o e B

where g, §o € R™ is the state of the reference model and r = % + K,¢% + qud is a
user-specified reference input. The reference dynamics (4-7) basically represent some
homogeneous dynamics all agents should synchronize to. Any leader dynamics in the
form (4-2) can be written in the state-space form

q1 0 1 q1 0 0
.| = _ |t — + _ 4-8
—_—— —_——
A1 xr1 B1

where the dependence of the matrices on ¢q1, ¢; will be omitted whenever obvious. The
main idea is to formulate a nonlinear version of the model reference adaptive control
method [34, 35], by designing a controller to match the leader dynamics (4-8) to the
reference model dynamics (4-7). To this purpose, we propose a controller in the form

=K K e RN (4-9)
T
————
K}

where the superscript * indicates an ideal controller whose gains possibly require the
knowledge of the system dynamics. The following proposition tells how to find such
matching gains.

Proposition 3. There exists an ideal control law in the form of (4-9) that matches the
leader dynamics (4-8) to the reference model dynamics (4-7), and whose control gains

K{, K{, Ly, and G} are
K = —D\K, LY = Dy

k! */ (4_10)
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Proof. By direct substitution of (4-9) into (4-8), we have the leader closed-loop dynamics

j 0 1
[Zj = [D11[_{f/ D;l([?ik/ B 01)] lgj + [—Dll(gol —ar) + D1(1)LT/] r. (4-11)
We see that Proposition 3 is verified for the ideal control law
1 = —D1Kyq1 — D1KyG1 + Cigy + g1 + D1 (4-12)
from which we derive the control gains in (4-10). This concludes the proof. O

Being the system matrices in (4-8) unknown, the controller (4-12) cannot be imple-
mented, and the synchronization task has to be achieved adaptively. Then, inspired by
the ideal controller (4-12), we propose the controller

1 = @,Dlng(_KpQI - Kyq1 + T) + 9/01501 qi + @;1591
—— ——— ~——

Dl él g1

(4-13)

where the estimates f)l, Cy, g1 of the ideal matrices have been split in a linear-in-the-
parameter form. In fact, in view of Assumption 8, an appropriate linear-in-the-parameter

form Dy = ©F &p,, C1 = OF, &, and g1 = O} §;, can always be found. A specific form

of regressand © and regressor £ will be derived later in numerical simulation for the
example of Unmanned Aerial Vehicles. Let us define the error e; = 1 — x,, , whose
dynamics are

é1 = Amer + Bi(Kjq1 + Kig + Gy + Lir)

N ~ N (4-14)
= Aner + B1(0p,ép, (= Kpqt — Kogi +7) + O,y 41 + O}, &y )

where K=K —K}, K1 = K\—K{, Ly = L1—L},0p, =0p, -0} ,0¢, = O¢, —OF,
and O, = 04, —0Op . The following theorem provides the synchronization result between
the leader and the reference model.

Theorem 10. Consider the reference model (4-7), the unknown leader dynamics (4-8),
and controller (4-13). Under the assumption that a matrix S; exists such that

LiS;=81L7 >0 (4-15)
then, the adaptive laws
Op, = —S1B},Per(—Kpq1 — Koy + 7)€,
O, = —S1B,, Pe1d;&¢, (4-16)
O, = —S1B,,Peig),
where P = P’ > 0 is such that
PA,+A. P=-Q, Q>0 (4-17)

guarantee synchronization of the leader dynamics (4-8) to the reference model (4-7), i.e.
e1 — 0.
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Proof. To analytically show the asymptotic convergence of the synchronization error
between the leader and the reference model, let us introduce the following Lyapunov
function

Vl(el, éD17 (:)Clv (:)91) = 6/1P61 + tr((:)blSl_lL’l‘_l(:)DI) + t?“( Nlclsl_lLT_lécl)

- ~ 4-18
+1r(0), ST LT0y,). (4-18)

Then it is possible to verify
Vi(e1,0p,,0¢,,64,) = €| (PAy, + A, Per + 2¢, PB1(0), ép, (—Kpq1 — Ky + 1)
+ 60,0 d + O &g,) + 27O, STILTOp,)
+26r(60, S L O, ) + 2tr (6], ST LTT1O,,)
— —e\Qe1 + 2By Per(— Kypqt — Koy +1)/€p, + 6y, 711100,
+ 2B}, Perdi&l, + O, ST LT 6¢,
+2(Bl, Peié), + 6! STH)LIT8,,

= —e’lQel.
(4-19)

Here we used the property a’b = tr(b'a). From (4-19), we deduce that V; has a finite
limit, so el,épl,(:)cl,égl € %y. Because e = 1 — xy, € Ly and z,, € Lo, We
have x1 € Zs. This implies $1,©D1,écl,ég1 € Z. Consequently, we can deduce
T1 € L. Therefore, all signals in the closed-loop systems are bounded. From (4-19),
we can establish that V; has a bounded integral, so that we have e; € £5. Then by using
éDu (:)01, (:)g1 ,e1 € L, we have é1 € Z,. This concludes the proof of the boundedness
of all closed-loop signal and convergence e; — 0 as t — co. O

Remark 10. Condition (4-15) is mutuated from the well-known condition of multivari-
able MRAC [36]: even though such condition might sound restrictive because it involves
a possibly unknown matrix Lj, it can be easily satisfied in most EL systems of practical
interests. In fact, in most EL systems like robotic manipulators and mobile robots, the
matrix D; is symmetric in view of some symmetrical geometry of the robot: this implies
that LY, even if unknown, is symmetric. Therefore, (4-15) is satisfied by simply selecting
S; = I, for any positive scalar ~.

Remark 11. It is now clear that in the presence of multiple leaders it suffices for each
one to implement a control law in the form (4-12) to achieve synchronization to the
reference model dynamics (4-7).

4-3 Adaptive synchronization of a follower to a neighbor

In this section we explain how a follower agent that has no access to the desired tra-
jectories ¢%, ¢¢, and ¢ can still synchronize to the reference model dynamics (4-7) by
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exploiting the signals of a neighboring agents for adaptation. By looking at Figure 4-1
and without loss of generality, the follower dynamics are denoted with subscript 2, while
the dynamics of the neighboring (hierarchically superior) agent are denoted with sub-
script 1. The dynamics of any follower in the form (4-2) can be written in the state-space

G2 0 1 q2 0 0
.| = _ U+ — + _ . 4-20
| —_——
A2 z2 Bs

Analogously to the previous section, we aim to find a matching controller for agent 2:
however, since the reference model signals are not available to this agent, we assume the
dynamics of the neighboring agent 1 to act as a reference model. Then, let us propose
the following controller to match the follower dynamics (4-20) to the leader dynamics
(4-8)

= K3 K] Bj + K5y Ky lgz:gi +Gy + Ly
— ————
K5 K3

(4-21)
€21

The following proposition explains how to find the matching control gains in (4-21).

Proposition 4. There exists an ideal control law in the form (4-21) that matches the
follower dynamics (4-20) to the leader dynamics (4-8), and whose gains K3', K3', K3,

51, L3), and G¥' are

K} = —DyK K =0 G5 = g9
5 b _Ka 2 (4-22)
Ky' = —DyK,+Cy K31 =Cy—DyDy'Cy Ly = DDyt

Proof. By direct substitution of (4-21) into (4-20), we have the leader closed-loop dy-
namics

Go| _ 0 1 a@| o U Q1
G2| |Dy'Ky DyNK3 —Co) |&2|  |Dy' (K3 - K3) DyN(K3—K3)| |4

0

0
+ - | T lp—17e | T
—D; ' (—g2 + G3) D, 1112/1] '
(4-23)
from which we see that matching is achieved for the ideal control law
75 = Cag1 — DaDT'C1d1 — DoKpéa — DaKyéar + Coean + g + DaDy'my (4.24)

= Cyqs + DaDy ' — DaDy 11 — Do(Kpéar + Kyéan) + go

where we have defined €s1 = q2 — q1, €21 = §o — ¢1. From (4-24) we find the control gains
(4-22). This concludes the proof. O]
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Remark 12. Differently from Proposition 4, which gives us matching conditions be-
tween an agent and the reference model dynamics, Proposition 2 gives us matching
conditions among neighboring agent. In fact, it is easy to show how (4-24) implies the
existence of coupling gains K3, K37, L%} satisfying
Ry = K3 — LYKy

K3 = K3 — Ly K7’ (4-25)

5 =Ly (L)
where L} = Ds. Therefore, Proposition 2 can be interpreted as a distributed matching
condition among neighboring agents.

Being the system matrices in (4-20) unknown, the control (4-24) cannot be implemented,
and the synchronization task has to be achieved adaptively. Then, inspired by the ideal
controller (4-24), we propose the controller

Ty = — O, Ep, (Kpéa1 + Kyéa1) + O¢,8c, G2 + O, p,EDaDy 1 — O, p,0yEDaDr 0y @1

HA/—/ R}\/—/ —— ——

Do Ca DD+ D>D1Cq

!

+ 692£92

——

g2

(4-26)

where the estimates 152, C’g, D/Q-D\l , Dﬁ?l\cl, go of the ideal matrices have been split
in a linear-in-the-parameter form, in view of Assumption 8. In fact, Assumption 8
guarantees Dy = (9*52&72, Cy = 92425(;2, g2 = @;;{QQ, DyD; = @%2D1§D2D1 and
DyD1Cy = @%2 D0, $D2Dycyt again, a specific form of regressand © and regressor §
will be revealed in Section 5 for the example of Unmanned Aerial Vehicles. Let us define
the error es; = xo — x1, whose dynamics are

ég1 = Apmear + BQ(K2,€21 + Koi'z1 + Ly + GY)

= Apea + Ba(Khean + Khéor + Kiyq1 + Khygi + Lhym + GY) (4-27)
= Amear + Ba(0p,€c,d2 + O, p,Epapi Tt — Oy pucyEDaDrcr @

: ,DggD2 (Kpé21 + Kvé?l) + (:);2592)

where KQ = KQ-K%‘, _[N{Q]_ = K21—K§1, I~/21 == L21—L§1, éD2 = @DZ—@BQ, éCQ == @Cz_

2’2’ @gz = 992 - 6227 @D2D1 = @D2D1 - GEle and ®D2D101 = @DQDICI - @*DngCl'
The following theorem provides the follower-leader synchronization.

Theorem 11. Consider the reference model (4-7), the unknown leader dynamics (4-8),
the unknown follower dynamics (4-20), and controller (4-26). Provided that there exists
a matrix Sy such that

LSy = S5L5 >0 (4-28)
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then, the adaptive laws

O, = —S2B,, Pes1dht, p, = S2B,, Peai (Kpéan + Kyéa1)'€h,
O'p,p, = —S2B,, Pea1Ti&p, p, 0, = —S2B,, Pex&,,
/[)Qchl = SZB?IHPemq/l‘EIDQDlol
(4-29)

where P = P’ > 0 is such that (4-17) holds, guarantee synchronization of the follower
dynamics (4-20) to the leader dynamics (4-8), i.e. ea; — 0.

Proof. To analytically show the asymptotic convergence of the synchronization error
between the follower and the leader, let us introduce the following Lyapunov function
Vo = ey Pea1 +tr(0¢, 53 Ly 0¢,) + tr(0p,p, 55 ' Ly 'O p,,)
+ tr(QIDngcﬁ5271L371@D2D101) + tr(QIDgszilL;il@DJ + tr(@/ﬂg;lefl@gQ).
(4-30)

Then it is possible to verify

Vo = —eh Qean + 2€h PBs (0, €, 42 + O, p,E0o0y 71 — O, by 0y EDaDrcr
— O, n, (Kpar + Koyor) + O &4,) + 20r(00, S5 L5 Oc,) + 2tr(6)p, S5 ' L5 ' Op,)
+20r(Op, p, S5 L5 Opy ) + 267(Op, iy S5 L5 Ony iy ) + 20r(O), S5 L5 10,,)
= —¢5Qea1 + 2(B), Pea1héc, + é’02 Sy Ly O¢, + 2(By, Pené,, + (i){% Sy L3 16,
+2(B}, Pent{€p, p, + O'p,p, 55 )L5 6,0,
— 2(By, Pea1dép,p,cy + éIDQchl Sy L5 ' O,y
— 2Bl Peay (Ko + Koém)'€p, + 05,5 L3 6p,

= —6/21 Qegl .
(4-31)

Following similar steps as in the proof of Theorem 10, from (4-31) we deduce that V5 has
a finite limit, so es, (:)Cz, éDan éD2D1017 C:)D27 (:)g2 € Y. Because es1 = x90—x1 € Lo
and 1 € %, we have x9 € Z,. This implies xo, (:)(;2, (:)szl, éD2D101, (:)DQ, (:)g2 €
%~ Consequently, we can deduce 7o € Z,,. Therefore, all signals in the closed-loop
systems are bounded. From (4-31), we can establish that V5 has a bounded integral, so
that we have es) € %. Then by using (:)02, éD2D1, éD2D101, éDQ, (:)92,621 € Lo, We
have é21 € Z,. This concludes the proof of the boundedness of all closed-loop signal
and convergence es; — 0 as t — o0. ]

Remark 13. It is worth remarking that the controller (4-26) and the adaptive law
(4-29) do not require the knowledge of the desired trajectories ¢, ¢?, and ¢¢. On the

other hand, local information from the neighboring agent 1 is needed to agent 2, namely
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the state g1, ¢1 and the input 7;. Now, comparing controller (4-26) with [37, 38] or
similar approaches, we see that the proposed protocol is essentially simpler, because it
does not require an extra dynamical system to exchange in a distributed manner the
observer variables and reconstruct the leader’s signal: therefore, the distributed observer
mechanism has been replaced with local exchange of input information among neighbors.

4-3-1 Extension to acyclic graphs

At this point we have shown that the proposed theory is consistent, modulo the nonlinear
setting, with the theory in [25]. Therefore, it is not difficult to extend the results of
Theorems 10 and 11 to hierarchical communication graphs. Only the main points are
given for lack of space. Except for the leaders, which use controller (4-13) and adaptive
laws (4-16), the following controller is proposed for the other agents

. ) ) A L N Y
S aiDi(Ky(g; — @) + Ko(d; — 6i) | SN aijCid; | 2i=1 @igDjDijmi
- ZfL Qij " Z@']L Qij ZijL Qij
N ST - A
i=10ij D DiC; ;G N YN aijg
N N
Dois1 @ij D=1 ij

Tj =

(4-32)

where the terms a;; indicate the entries of the adjacency matrix A and of the target vector
M, as explained in Section 2.3 (one can verify that, with the appropriate adjacency
matrices, the adaptive controller (4-32) reduces to the special case (4-26)). The following
result holds.

Theorem 12. Consider the unknown EL agents (4-1), with reference model (4-7),
controllers (4-13), (4-32), and adaptive laws (4-16) and

. N N
@/Dj = SjB;nP[Zaij(a:j — xz)] [
=1
N/ _ !
Op, = —SjB;nP[ aij(zj — xi)] dice, (4-33)
. N
D,DiCy = SjBinPlZaij(a:j - ﬂfi)] [
=1

N
@;j == SJB%P[ZGZ]('Z] — SUl) 5;]
i=1

where O¢;, ©p,p,, Op;p,c;s Ob;, Oy, are the estimate of the regressand of C;, D;D;,
D;D;C;, Dj, g; respectively. Then, all closed-loop signals are bounded and, for any (4, j)
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such that a;; # 0, we have ej; = x; —x; — 0 as t — oo. In addition, for every agent j
we have e; = xj — xy, — 0 as t — oo.

Proof. Let us adopt similar tools as Theorems 10 and 11 by considering the distributed
Lyapunov function

N TN 7! N N . R
Vj = [Z Q5 €4 P [Z ai;€44 + Z aijtr [@b] Sj_lL;k-_lecj‘|
7j=1 L=0 d =0 7=1
N N _~ B N N B B
—I—ZZazjtr /DjDiSj_lL;_l(aDjDi + ZZazjtr [@bjDiCiSIIL;_IGDjDiCi]
j=1li=1 L Jj=1li=1
N N r N N
A 1 =1 A a—17x—13
+ Z Z aijtr @,DJ Sj L;k @Dj + Z Z aijtr [9;] Sj L; @gj]
j=1l:i=1 L j=1li=1

(4-34)

where the index ¢ = 0 is used for the reference model, i.e. ejo = e¢; = x; — xp,. Let
us define €;; = ¢j — ¢; and €;; = ¢; — ¢;. Then, from (4-1) and (4-32), we obtain the
following error dynamics

. ~ > 1 = ~

€j; = Ameji + Bj(Kj eji + Kji x; + L;iTi + G;)

= Ameji + Bj(0¢,6c,4j + Op,p,60,0,7i — O, p,c,$D,D,C, i (4-35)
- @/Dijj (Kpéji + Kvéji) + 6/93-591')'

Clearly, we have a similar structure as in the previously developed two-agent case. Then,
it is possible to verify that

S [z%eﬂ]/ [Z%eﬂ] N glz%eﬂ]

/!

N
Pb; [Za'j@'cjich'j

— o
N N _ N B B
+ Y aijOp, p,60;0,Ti — Y 4O, picip;picidi — Y 4ijO’p Ep; (Kpeji + Kyéji)
j=1 j=1 Jj=1
N N ) .
+Z ”@/ & +2Zawtr [@O S: IL* 1@ _|_22a2-jt7’ l@;jsj,—l[,;—l@gj]
7=1 7=1 7j=1

N .

- el A

+2 E aijtr [@bjS] L; @Dj]
Jj=1

N .

N
+2ZZ thT[GDDS 1L _1@DD‘|
/

S S5

(4-36)
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This can be used to derive boundedness of all closed-loop signals and convergence of e;;
to zero, which can be proved by using the Barbalat’s Lemma procedure already adopted
in Theorems 10 and 11. Convergence of z; — z,, to zero follows according to [29] by
using the hierarchical structure of the graph. This concludes the proof. O

Remark 14. All the synchronization results have been given for errors in the form
eji = xj — ;. This implies that upon synchronization all the agents will converge to
a common trajectory depending on the desired trajectories ¢%, ¢¢, and ¢, and on the
reference model dynamics K, and K,. It is not difficult to show that the proposed
synchronization protocol can be extended to include formation gaps, provided that the

error _
qj qi dji
eii =x; —T; +di; = T =1+ 4-37
S ’ M M l 0 ] il

is considered, where d;; contains the desired formation displacement in among agents j
and ¢. Crucial to this extension is the fact that

0 1 dji 0
b ol 4] [

implying that the added displacement does not contribute to the error dynamics. Defin-
ing the formation as a desired set of displacements is the standard way most formations
are defined, e.g. vehicle formations or other robotic formations [39,40].

4-3-2 Summary

The proposed distributed adaptive control have been derived to synchronize uncertain
heterogeneous Fuler-Lagrange systems. The proposed control algorithm is distributed
among the agent and utilizes local state and input information, without any extra aux-
iliary variables nor sliding modes. The stability of the proposed controlled was derived
analytically by introducing an appropriately defined distributed Lyapunov function.
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Chapter 5

Numerical simulations

This chapter is organized as follows: Section 5-1 presents the simulation of output-
feedback MRAC with switching topologies restricted to DAG. Section 5-2 presents the
simulation of state-feedback MRAC with switching topologies and the capability to
handle a cycle. Section 5-3 presents the simulation of a formation of Unmanned Aerial
Vehicles (UAVs).

5-1 Output-feedback MRAC: Yaw attitude control of multi
UAV

Before giving the numerical simulation, it is functional to discuss the switching adaptive
control scheme. communication losses between agents and a certain purpose of the MASs
may lead to the changing of topology. By using the proposed adaptive distributed control
based on MRAC, one can handle the switching topologies via multiple switched adaptive
control. The switching algorithm is based on the number of the predecessor of an agent.
Let us consider the switching adaptive controller scheme for the agent k € {2,3,..., N}
where N is the last agent in the graph and ¢ € N, where Ny is the neighbors of the
agent k as in Figure 5-1. The activation of one or of the other controller depends on
the switching logic o which is based on the number of neighbors. Also, note that the
learning process should be stopped when the controller is inactive and reinitialized once
the controller is active.
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Adaptive Controller for (Number of NETgROrs) | oo :
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Figure 5-1: The switching adaptive control for agent k

However, such a dwell time is unknown in the output-feedback case. Therefore, in this
work we are proposing an adaptive switching scheme and evaluating its effectiveness in
simulations. The switching scheme resembles the multiple model adaptive control, e.g.,
as discussed in [41-43]. In line with [44,45], some simplified quadcopter dynamics are
used as a numerical example. The simplified quadcopter attitude dynamics is given as
follows:

=17, (5-1)
where 1, I, and 7, are the yaw angle, the rotational moments of inertia on the y-axis,
and the rotating torque on yaw angle, respectively. The yaw angle output will be utilized
to synchronize the yaw angle for all the agents. The state—space representation of the
quadcopter ¢ with attitude dynamics:

T lo L Topi + 0 1 T,
Yi = i —1| 79
Yy = [1 0} Topi
where the state vector, xy;, = [1[)1',1,[}7;], comprises the yaw angle and the yaw rate, ¢ €

{1,.., N}, where N is the total number of the quadcopter. Note that (5-2) has relative
degree 2 (n* = 2). Index 1 indicates the leader quadcopter, which is the only quadcopter
that has direct access to the reference model. The reference model is indicated as
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fictitious Agent 0, which can communicate the reference signal to Agent 1. The reference
model dynamics in state—space formulation is given as follows:

Tapm = 0 1 Topm + 0 T,
ywm = [1 O} :Ed,m
where the model reference parameters are taken as: oy = —0.5,00 = —1,1, = 1,

and the initial condition of the reference model [t;,4;] = [1, —1]. Each quadcopter has
different and unknown rotational moments of inertia I, and the initial state is also
unknown. Therefore, the network is composed of heterogeneous and unknown agents.
Table 5-3 shows the parameters of each quadcopter that are used only to simulate the
network.

Table 5-1: Quadcopter parameters and initial conditions.

Iyi [¢’L7 '(/)z]
Quadcopter 1 1 [1, 1]
Quadcopter 2 3 [-1, —1]
Quadcopter 3 2 [—1, 0]
Quadcopter 4 4 [0, 1]
Quadcopter 5 0.5 [1, 0]
Quadcopter 6 0.75  [—1, 1]

The simulations for multi-agent output-feedback MRAC with switching topology are
carried out on the directed graph shown in Figure 5-2. The communication between
Node 4 and Node 1 varies with time, e.g., due to communication losses. It must be
noted that Agent 4 only has one parent neighbor if the edge is inactive and has two
parents if the edge is active.

Figure 5-2: The directed communication graph output-feedback scheme with switching
topology.
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The design parameters are taken as F' = —0.7, p = 0.3, and all coupling vector gains are
initialized to be 0. Let us define the adaptive gain I'; for each agent ¢ as follows:

Fl = diag{Fl,Ff,Fg,Fc}
FQ = Fg = F5 = FG = diag{Fl,Ff, Fg,FC,Fl, Ff,Fg} (5—4)
]-_‘4 = dia‘g{rl7rf7rg7PC7Pl7Ff7P97F07Fl7Ff7F9}

I' have been selected to give a smooth response and acceptable input action where
I =02T;=0.05 T, =0.1,and I': = 0.025. In our case, two reference inputs are
considered:

1. a constant reference input with an amplitude of 1.

2. a sinusoidal reference input with a frequency of 0.2 rad/s and an amplitude of 1.

The activity or inactivity of the edge is defined by the switching edge of Figure 5-2
(0 =1, edge is active and o = 0, edge is inactive). The switching edge signal is shown
in Figure 5-3. If the controller is not switching, Agent 4 continues to use the controller
for two neighbors instead of only one. Note that the parameters of Agent 1 are equal to
zero when there is no connection.

Switching Edge (Agent 1- Agent 4)
T T

0.8 -

0.6 B

0.4

0.2

0 50 100 150
Time (sec)

Figure 5-3: Switching edge o.

The output response of synchronization with a constant reference input and a sinusoidal
reference input are shown in Figures 5-4 and 5-5, respectively.
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(a) Agent 4 without a switching controller
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(b) Agent 4 with a switching controller
Figure 5-4: Output response of the output-feedback MRAC with a constant input reference
where the controller is not switching (a) and the controller is switching (b).
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(a) Agent 4 without a switching controller
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(b) Agent 4 with a switching controller

Figure 5-5: Output response of the output-feedback MRAC with a sinusoidal input refer-
ence where the controller is not switching (a) and the controller is switching (b).
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It can be observed in Figures 5-4a and 5-5a that the output of Agent 4 does not converge
to the output of the leader, while in Figures 5-4b and 5-5b all the outputs converge
asymptotically to the output of the leader. It can be concluded that, in the case of
switching topologies, the switching adaptive controller must be implemented.

5-2 Cyclic state-feedback MRAC: Platooning merging maneu-
ver

The platooning merging maneuver will be used as a numerical example of adaptive syn-
chronization based on state-feedback MRAC. In this case, we have time-varying topolo-
gies and communication graph with a cycle. First, let us consider the model derived
by [46] is used to represent the vehicles in the platoon

sz' (%

v | = a; , 1€ Sy (5-5)
. 1 1

a; —5 0t U

where a; and u; are respectively the acceleration (m/s?) and external input (m/s?) of
the i*" vehicle. Moreover, 7; (s) represents each vehicle’s driveline time constant.

It is now possible to define the spacing error (m) between the j** and the i** vehicle as:

d;(t) d;(t) 75 (%)
eji(t) =|v; (t) — Ui(t) + 0 (5-6)
a;(t) a;i(t) 0

where r;; depends on time because it is allowed to change during the merging manuever.
Substituting (5-6) in (5-5) we obtain the linear time-invariant state space system

d; 01 0 d; 0
di 0 0 —T% a; 7_%
A; T b;
Furthermore, the leading vehicle’s model is defined as
do 01 0 do 0
| =10 0 1 vo |l + 10 |ug
Ci() 0 0 —71() ap 71()
do 0 1 0\ [do 0 (5-8)
| =10 0 1 v |+ 0 |r
do apr ao2 aopz) \ao boo
——
Am Tm bm
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Fig. 5-6 shows the switching topologies for the merging maneuver. The merging maneu-
ver starts with network 1, with a platoon consisting of vehicle 1 and vehicle 2: before
attempting the merging manuever, vehicle 3 aligns to vehicle 2. When the merging starts
(network 2), a communication graph with a cycle appears (due to safety reasons an undi-
rected edge between agent 2 and agent 3 is created): vehicle 2 increases its distance from
vehicle 1, and vehicle 3 tries to stay in the middle of the two vehicles. The undirected
edge between vehicle 2 and vehicle 3 is used by vehicle 2 to watch the behavior of vehicle
3 and vice versa (as it happens in merging manuevers operated by humans). Finally, in
network 3, the merging is complete and a new acyclic directed network is established
between the three vehicles.

’

0} 0 0

(1
2
Network 1 Network 2 Network 3
(Before Merging) (Merging Phase) (After Merging)

Figure 5-6: The communication graphs before, during and after merging ( Platooning
Merging Maneuver Case)

The following CDH spacing policies apply to the three networks:

e Network 1
r3o = 0 and 191 = p for a certain design parameter p;

e Network 2
ro1 increases linearly from p to 2p, r3s decreases linearly from 0 to —p, and r3; = p;

e Network 3
r31 = p and r3 = p;

while ejg = e1 = 1 — x,,, for all three networks.

The parameters of the reference model are taken as: ag1 = —4, aga = —6, ap3 = —4, and
boo = 1, while the dynamics of the vehicles in (5-7) are unknown. Table 5-2 shows the
parameter for each vehicle i, together with their initial conditions. These parameters
are used only to simulate the unknown heterogeneous agents.

The reference signal r is taken to be a ramp. Please note that all the simulations
are carried out at low speed (around 2.5m/s) so that the gaps between vehicles can
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Table 5-2: Vehicles parameters and initial
conditions

Vehicle i 7 z;(0)

Vehicle 0 - [0,0,0]
Vehicle1 0.5  [-2,1,0]
Vehicle 2 0.33  [-15,2,1]
Vehicle 3 0.2 [-20,2,1]

be better visualized in the plots. Please note that we have verified that the proposed
approach would work also at higher speeds. The other design parameter are taken as:
Q = diag(1,1,5), p = Tm, the adaptive gains v, = 0.005,; = 0.001, and all coupling
gains, k;, kij, l;, l;j, are initialized to 0. The merging maneuver is organized as follows

“ 0-30 s: vehicle 3 aligns with vehicle 2, while vehicles 1 and 2 achieve the initial
formation.

“ 30-50s: vehicle 2 creates an increasing gap for vehicle 3, while vehicle 3 starts the
merging.

¥ 50-60s: the final formation is achieved.

150 )
_——
—_ L _ i
§,1OO _—
c
K]
% 50 B
DO_ — Reference Model
— Vehicle 1
0— Vehicle 2 |
—Vehicle 3
.25 ! ! |
0 10 20 30 40 50 60

Time (s)

Figure 5-7: The position response (Platooning Merging Maneuver Case)

Figs. 5-7, 5-8, 5-9, and 5-10 show the response of p;, v;, a;, and u;, respectively. In
Fig. 5-7, we can observe in the interval 0-30 seconds (network 1), the distance of vehicle
2 and vehicle 3 are at a distance p from vehicle 1, at the same time vehicle 1 synchronize
to reference model. Then, in the interval 30-50 seconds (network 2), vehicle 2 makes
a gap by increasing the distance with vehicle 1 in order to allow vehicle 3 to merge
in between vehicle 1 and vehicle 2. Finally, in the interval 50-60 seconds (network 3),
vehicle 3 is located at a distance p from vehicle 1 and vehicle 2 is located at a distance
2p from vehicle 1.
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Figure 5-8: The velocity response (Platooning Merging Maneuver Case)
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Figure 5-9: The acceleration response (Platooning Merging Maneuver Case)
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Figure 5-10: The input response (Platooning Merging Maneuver Case)
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5-3 Euler-Lagrange systems MRAC: Formation control for multi-
aircraft systems

Simulations are performed using the following reference model dynamics and parame-
ters:

[ Kpzd + ki + 37
kpyd + kv?)d + yd

d o d =d
TN P = s

kpl —ky, 1 1 kpo? + ko + ¢4 (5-9)
k! + kof +
Lkpto® + kyth® + 94
Q=1001  k,=50 k,=50 Sy =---=8;=1001

/

/
where, for each agent j, the state is z; = {qj qﬂ , being ¢; the generalized UAV

coordinates in the body frame. In addition, ¢%, ¢¢, and ¢¢ are obtained from an UAV
flying in a windy environment and implementing a vector field approach as in [47]: this
UAV represents the pinner UAV. We consider constant airspeed V, = 15 m/s, constant
altitude h,, = 50 m, and slowly-varying wind with amplitude A(¢) = 3sin(0.01¢) and
slowly-varying wind angle t,,(t) = wsin(0.01¢). The control parameters of the vector
field approach are k = 5, k = 0.1, e = 1, I' = 0.1, and o = 0, whose exact meaning can
be retrieved from [47].

In line with most UAV path generation approaches, the path is composed of straight lines
and orbits. For these simulations we take a path consisting of a straight line followed
an orbit with radius R = 50 m and orbit center ¢ = [500 m, 250 m]. The simulations
of the multi-UAV formation are carried out for 4 UAVs and a pinner UAV under the
same communication graph shown in Figure 1. Table 5-3 shows the parameters of the
fixed-wing UAVs, which are used only for the sake of simulations and are unknown for
the purpose of control design.

Figures 5-11 and 5-12 show the state synchronization for all UAVs, where it is immediate
to see that all states converge to the reference model. The states are reported in the
inertial frame for an easier interpretation of the results. Figure 5-13 shows how the
UAVs behave in the inertial xy plane. It can be seen that by synchronizing to the
reference model, all the agents perform the path consisting of the straight line and the
orbit.

Clearly, in Figure 5-13, the UAVs converge to the same point (rendezvous) due to the
fact that we did not implement any desired formation (no formation gaps). In order
to do so, we provide the desired gaps among agents, in such a way to describe a V
formation. For convenience, we introduce first the gaps J;i in the inertial frame: df,
15, = [50,—100,0,0,0,0], and d§,, d53 = [50,100,0,0,0,0]. These gaps describe the V
formation: obviously, it is possible to introduce more complex gaps in the x,y, z space
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Table 5-3: Fixed-wing UAVs parameters and initial conditions

Mass Initial cond. Initial cond. Moment
(kg) [, y,2,9, 0, 9]'(0) [a, v, w, p,q,7]’(0) of Inertia (kg m?)
Agent 0
(Trajectory 10 [-50,500,-50,0,0,0] [15,0,0,0,0,0] l 0'82 0 (())26 _0601]
Generator) —001 0  0.053
Agent 1 , , 0.1 0 —0.01
(Leader 1) 20 [-50,750,-75,0.5,0.05,0.5] [25,0,0,0,0,0] [ 0 0.05 0 ]
—0.01 0 0.1
Agent 2 , , [ 0.2 0 —0.027
(Follower 1) 30 [-100,-1000,-100,1,0.1,1] [5,0,0,0,0,0] 0 01 0
1—0.02 0 0.2 |
Agent 3 , , [ 04 0 —0.04]
(Leader 2) 40 [-50,250,-150,-0.5,-0.05,-0.5] [20,0,0,0,0,0] 0 0.2 0
1—0.04 O 0.4 |
Agent 4 , , [ 0.8 0 —0.08]
(Follower 2) 50 [-100,0,-200,-1,-0.1,-1] [10,0,0,0,0,0] 0 04 0
1—0.08 O 0.8 |

x (Inertial frame)

y (Inertial frame)

400 1200
500 1000
- \
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\
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Figure 5-11: Adaptive state synchronization for states (x,y, z,u,v,w) (Synchronization

of Multi-Aircraft System)
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Figure 5-12: Adaptive state synchronization for states (¢, 8,1, p, q,7) (Synchronization of
Multi-Aircraft System)
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Figure 5-13: Adaptive state synchronization in the inertial zy plane without formation
gaps (Synchronization of Multi-Aircraft System)

to perform more complicated flight formations. The error e$; in inertial frame is

e __
eji—

e e Je
x5 — xy +dj;.

J

Then, we translate the error to the body frame by introducing the rotation matrix R
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where

cosfsiny —sinf
cosgcosy + singsinfsiny  singcosd
—singcosy + cosgsinfsiny  cos¢pcosd
(5-12)

cosfcosy
—cos¢gsiny + singsinfcosy
singsiny + cos¢sinfcosy

R(¢,0,v) =

so as to implement control and adaptive laws in the body frame. Figure 5-14 shows, in
the inertial xy plane, that the V-formation of fixed wing UAVs can be achieved, which
demonstrates the effectiveness of the proposed adaptive formation algorithm.

350

Reference model
Leader 1

300 Leader 2
Follower 1
Follower 2

250

D

200 /\

o
S

x-axis [m]

S
S
-

@
=)

-50

-100
-200 0 200 400 600 800 1000 1200

y-axis [m]

Figure 5-14: Adaptive formation control in the inertial y plane for V formation flight
(Synchronization of Multi-Aircraft System)
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Chapter 6

Conclusion and future work

6-1 Conclusion

In this work, it was shown that the output synchronization of a heterogeneous MASs
with unknown dynamics can be achieved through extended version of output-feedback
MRAC. In contrast with standard MRAC, where the adaptive gain is scalar-valued, in
this proposed approach, the adaptive gain is a diagonal matrix. By using the proposed
control law, the agents only require the output and the control input of its neighbors.
The effectiveness of the proposed methodology has been illustrated using multi-UAV
attitude control. Then, we have shown that it is possible to exploit the graph structure to
implement appropriate parameter projection and guarantee well-posedness of the actual
inputs. The effectiveness of the proposed methodology has been illustrated by using a
platoon of three vehicles during merging maneuver. Finally, this work has shown the
possibility to synchronize uncertain heterogeneous agents with Euler-Lagrange dynamics.
A distributed model reference adaptive control is used to synchronize the Euler-Lagrange
systems, which utilizes local states and input information, without any extra auxiliary
variables nor sliding modes. The effectiveness of the proposed methodology has been
verified via numerical simulations of a formation of Unmanned Aerial Vehicles.

In our proposed approaches, the presence of uncertainty is handled first by showing that
distributed matching gains exist between neighboring agents, and then by developing
adaptive laws to estimate these gains. Such distributed matching conditions and adaptive
laws allow all agents to converge to same homogeneous reference model dynamics and
thus synchronize. The stabilities of the proposed controllers have derived analytically
by introducing an appropriately defined distributed Lyapunov function.
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6-2 Future work

Future work will consider the presence of under-actuated Euler-Lagrange dynamics where
a control allocator technique should be introduced to transform the input, forces and
moments, into the actual input to the system i.e. for fixed-wing UAV we have aileron
deflection, rudder deflection, elevator deflection, and propeller thrust. In the simula-
tions, it has been shown that the switching topologies could be handled by introducing
the switching controller. However, the stability proof is an open problem and might
be proven using the adaptive switched tools [26,27]. Future work could include the
possibility to handle non-hierarchical networks of Euler-Lagrange systems. Another in-
teresting problem is how to deal with networked-induced constraints. In [39] it is shown
that communication losses can be possibly managed. Similarly, we believe that limited
communication, e.g. quantization can be handled in line with [48]. Another relevant
direction is, in line with [49,50], to consider practical constraints such as input con-
straints and actuator saturation. Finally, in the implementation, capabilities such as
obstacle-avoidance and collision-avoidance is necessary.
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