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Abstract

Formation Control of Nonlinear Multi-agent Systems Using Neural Networks
Kiarash Aryankia, Ph.D.

Concordia University, 2023

This dissertation presents five main contributions to the field of distance-based formation control
and target tracking for multi-agent systems.

The first contribution proposes a neural network-based backstepping controller for distance-
based formation control in the presence of disturbance. Agents are modeled as second-order non-
linear systems, and a rigid graph theory is used to develop the controller. The radial basis function
neural network (RBFNN) is used to compensate for unknown nonlinearities in the system dynamics,
and the neural network (NN) weights tuning law is derived using the Lyapunov stability theory. The
uniform ultimate boundedness of the formation distance error and NN weights norm estimation er-
ror is proven, and simulation results demonstrate the proposed method’s performance on nonlinear
multi-agent systems.

The second contribution establishes the properties of the normalized rigidity matrix in two- and
three-dimensional spaces. The upper bounds of the normalized rigidity matrix singular values are
derived for minimally and infinitesimally rigid frameworks, and it is proven that transformations
of a framework do not affect the normalized rigidity matrix properties. The maximum smallest
singular value for a three-agent rigid framework in two-dimensional space is derived, along with the
necessary and sufficient conditions to reach that value. The results are applied to stability analysis
and control design of distance-based formation control, and numerical simulations are provided to
illustrate the theoretical results.

The third contribution proposes an adaptive neural network-based backstepping controller for
distance-based formation control and target tracking in the presence of bounded time delay and

disturbance. The RBFNN is used to overcome unknown nonlinearities and disturbances, and the
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control signal is designed based on a Lyapunov function and Young’s inequality to alleviate the
effect of state time delay. The adaptive NN weights tuning law is derived using the Lyapunov
function, and the uniform ultimate boundedness of the formation distance error is proven. The
performance of the proposed method is validated through simulation results and comparisons with
an existing displacement-based method.

The fourth contribution addresses the leader-following formation control problem for hetero-
geneous, uncertain, input-affine, nonlinear multi-agent systems modeled by a directed graph. A
tunable three-layer NN is proposed to approximate unknown nonlinearities, and the NN weights
tuning laws are derived using the Lyapunov theory. The leader-following and formation control
problems are addressed using a robust integral of the sign of the error feedback and NN-based con-
trol. The results are rigorously proven using the Lyapunov stability theory, and the performance of
the proposed method is compared with two other results.

The fifth contribution is the study of formation control with constant communication delays for
second-order, uncertain, nonlinear multi-agent systems with asymmetric control gain matrix and
unknown control direction. A three-layer NN is proposed to approximate unknown nonlinearities,
and the NN weights tuning law is derived using the Lyapunov stability theory. The leader-following
formation control problem with communication delay is addressed using a delayed integral of er-
ror variables, NN-based control, and a robustifying term. The semi-globally uniformly ultimately
bounded solution of closed-loop signals is rigorously proven using a barrier Lyapunov function, and
simulation results are provided to evaluate the efficiency and performance of the proposed method.

The thesis concludes with a summary of the contributions, limitations of the proposed methods,

and suggestions for future work.
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Chapter 1

Introduction

Multi-agent systems have gained increasing attention recently. The inspiration for formation
control stems from group behaviors of animals in nature, e.g., a flock of birds, a school of fish, and
colonies of bees. There are various formation control applications, such as guidance and navigation
of autonomous unmanned aerial vehicles (UAV) deployed to perform surveillance, exploration, and
search and rescue missions. The general categorization of formation control is based on sensing ca-
pability and interaction among the agents and includes position-based control, displacement-based
control, and distance-based control [1,2]. Some studies in the literature still do not fit in these

classifications, such as containment control and cyclic pursuit [2].

1.1 Motivation

The formation control has been motivated by group behaviors in nature, for instance, the flock
of birds. The V-shaped formation helps a flock of birds during their migrations as they save their
fuel and energy. Birds flying in a V-shaped formation benefit from the air currents generated by the
leading bird, with each bird following behind experiencing less air resistance and saving energy.
This reduced air resistance helps to reduce fatigue during extended flights. In addition to this, birds
in the V-formation are able to work together and navigate by following the path of the lead bird
and adapting their own flight accordingly [3]. By “riding wakes” - the air currents created by the

flapping wings of the birds ahead - they are able to conserve energy and maintain their position in
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Figure 1.1: Flock of birds flying in a V-shape pattern.

the formation. This allows them to travel greater distances with less effort, making their migration
journeys more efficient [4].

Also, the formation makes their seasonal movements easier as they follow the leader [5,6]. The
formation control can also be observed in air patrols or groups of autonomous vehicles deployed to
perform reconnaissance [7].

The advantages in both cases is clear — reduced energy expenditure or better fuel efficiency
and quicker harvesting or data collection. These enable humans and machines to “behave” more
efficiently, effectively, and intelligently [8, 9]. The applications of formation control in multi-agent
systems are not limited to the cases mentioned earlier. Multi-agent systems have also been employed
to optimize the number of satellites required in the sky and to make the gathered information of area

coverage productive, as well as to allocate resources [9, 10].

1.2 Categorization of Formation Control

In the literature, various varieties for the formation control problem can be categorized into
position-based, distance-based, and displacement-based control techniques. Also, there are other
terms in the literature, such as shape-producing, consensus, leader-follower, etc.

In a position-based formation control, each agent senses its position in the global coordinate
system and moves towards the desired position (formation). In the displacement-based method, the

agents control their relative positions with respect to their neighboring agents to achieve the desired
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Figure 1.2: Characterization of different formation control methods (source: [2]).

formation. The agents access their neighbors’ relative positions with respect to the global coordinate
system. In distance-based formation control, agents control inter-agent distances to form the desired
formation. The agents sense the relative positions of their neighboring agents and use their local
coordinate system to reach desired formation [2, 11]. The relation between the required amount of

interactions among agents and the sensing capability for each method is illustrated in Figure 1.2.

1.3 Contributions

In this section, the brief contribution of each chapter is given. More details about each contri-
bution can be found in the chapters that follow.

In this dissertation, we first provide a contribution to the rigid graph theory. We use the normal-
ized rigidity matrix and establish the upper bound of the singular value of minimally and infinites-
imally rigid (MIR) graphs in 2D and 2D spaces. Then, we focus on a rigid graph of three vertices
and prove that the maximum smallest singular value of a normalized rigidity matrix for a rigid graph
with three vertices in 2D space is equal to \/g . Furthermore, the necessary and sufficient conditions

for triangular formations to reach this limit value are established.



Moreover, we derive two essential lemmas about three-layer NN and use them to design a con-
trol law later in this dissertation.

We develop a controller using backstepping and RBFNN for nonlinear, multi-agent systems
in the presence of disturbance to address distance-based formation and target tracking problems.
Compared with existing distance-based formation control methods, which considered single- or
double-integrator dynamics for agents, the novelty is to consider second-order nonlinear systems
with unknown nonlinearity and disturbance. We also provide a rigorous Lyapunov stability analysis
for the formation control and target tracking for such a system. We also do not use the Laplacian
matrix to model relations among the agents and apply the rigid graph theory.

Second, we extend the results and consider nonlinear multi-agent systems with state time delay.
Established results about the normalized rigidity matrix are used to address the formation control
problem and target tracking of second-order nonlinear multi-agent systems. This study is the first
contribution proposing a formation control using inter-agent distance for nonlinear multi-agent sys-
tems with state time delay and disturbance. Compared with the existing methods, we use the rigid
graph theory instead of graph Laplacian and design the neuro-adaptive controller using the back-
stepping technique to address the formation control problem of nonlinear multi-agent systems.

Moreover, using a tunable three-layer NN and robust integral of the sign of the error (RISE)
feedback, the leader-following formation control problem of second-order, nonlinear multi-agent
systems is addressed. We consider the leader connected to at least one of the other agents. The
novelty is that the desired trajectory signals (information from the leader) are not fed into the first
layer of the NN. The effects of the leader dynamics and unknown disturbances in the tracking
error of each agent are ameliorated by the RISE feedback controller. Unlike commonly-used NN,
we determine the number of neurons in each layer and derive the tuning laws for the NN weights
matrices. The semi-global, asymptotic, leader-following performance is proved rigorously using a
Lyapunov stability theorem.

Finally, we focus on formation control with constant communication delays for second-order,
uncertain, nonlinear multi-agent systems with nonsymmetric control gain matrix and unknown con-
trol direction. The novelty is that the method does not require the existence or solvability of linear

matrix inequalities (LMIs). Moreover, we address the unknown control direction in the presence of



the time-invariant communication delay. Compared with existing results, we also consider a three-
layer NN to approximate the nonlinearity in closed-loop systems with a predetermined number of
neurons in each layer. Only the last layer of the neural network is tuned to improve the online
computational burden. Moreover, we use the barrier Lyapunov function to prove the stability of the
closed-loop system and prove that the leader-following formation control of second-order, nonlin-
ear multi-agent systems with communication delay is semi-globally uniformly ultimately bounded

(SGUUB).

1.4 Thesis Overview

This thesis is organized as follows:

* In Chapter 2, the related notation and preliminaries, as well as the basic graph theory basic,

the neural networks, and Nussbaum functions are presented.

* In Chapter 3, the spectral properties of the normalized rigidity matrix for an infinitesimally
and minimally rigid graph in two- and three-dimensional spaces are given. For a rigid graph
of three vertices, the maximum smallest singular value of the normalized rigidity matrix is

given. The results of this Chapter have been published in [J3, C3].

* In Chapter 4, with a backstepping technique and radial basis function neural network, distance-
based formation control and target tracking for input-affine, second-order, nonlinear multi-
agent systems in the presence of disturbance using rigid graph theory are addressed. The

results of this Chapter have been published in [J2, C1].

* In Chapter 5, for nonlinear multi-agent systems with bounded time delay and disturbance, an
adaptive neural network-based backstepping controller that uses the normalized rigidity ma-
trix is proposed to address the distance-based formation control problem and target tracking

problem. The results of this Chapter have been published in [J1, C2].

* In Chapter 6, using RISE feedback and a three-tunable-layer NN, the leader-following for-

mation control of heterogeneous, second-order, uncertain, input-affine, nonlinear multi-agent



systems is addressed when a directed graph models the interactions among the agents. The

results of this Chapter appeared in [J4, C4].

* In Chapter 7, using a Nussbaum function, the leader-following formation control problem
of second-order, uncertain, nonlinear multi-agent systems with constant communication de-
lays is addressed. The multi-agent systems are considered to have asymmetric control and

unknown control direction. The results of this Chapter appeared in [J5].

* In Chapter 8, the conclusion, limitations of each proposed method, and future works are given.



Chapter 2

Background and Related Works

2.1 Introduction

In this chapter, the related notation and preliminaries used in this manuscript are given. The for-
mation control problem is briefly introduced, and the basic graph theory is covered. The definition
of the normalized rigidity matrix is provided, and the necessary background and established results

on the neural networks are presented.

2.1.1 Notations and Preliminaries

The notations that are used in the report are given here. Let R indicate n-dimensional Euclidean
space and R™*" denotes the set of n x m real matrices. Let I, denotes n x n identity matrix and
1y =[1,...,1]Tis N x 1 vector of ones. With diag (a1, az, ...), we denote a block diagonal matrix
with diagonal elements of a;. The notation vec(.) represents a stacked vector of a matrix column-
wise. Let tr(A) denote the sum of diagonal terms of matrix A and let ® denote the Kronecker
product. With AT, we denote the transpose of a matrix A. Also, by ||.||, we denote the Euclidean
norm and ||.||, denotes Frobenius norm where for any matrix A, ||[A||r = +/tr(ATA). For
any vector € R”™, the Manhattan norm is ||z|[; = Y., |z;|. The notation \;(A) indicates i-th
eigenvalue of matrix A, and with A\(A), and A(A), we denote maximum and minimum eigenvalue of
matrix A, respectively. Also, with o(A) and 5(A), we denote the maximum (largest) and minimum

(smallest) singular value of matrix A, respectively. The signum function is denoted by sgn(.). The



notation ( ﬂ) denotes the intersection over all sets H of Lebesgue measure zero, and ¢o denotes
n(H)=0

the convex closure. With F(s) = L[f(t)], we denote the Laplace transform of f(¢) and its inverse

by f(t) = L7HF(s)].

2.2 Formation Control Problem

A formation control problem [2] can be described as follows. Consider a set of N agents
described by
z; = fi(wi, us),

(2.1
zZ; = hl(x,),

where z; € R™, u; € R™, and z; € RY, ; = 1,..., N denote the state, input and output of the
agent, respectively; n, m, and d are dimensions of state, input, and output, respectively. Also,
fi : R x R™ — R™_ and h; : R% — R Defining a variable z as the output vector z =

T T)T ¢ RN

(21 o 2N , where a desired formation [2], is described by a set of M -constraints

F(z) = F(z"), (2.2)

where F : RN — RM | for some given z* € R4, The main goal in a general formation control
problem described by a set of IV agents as (2.1), is to design a control law u;,¢ = 1, ..., N such that

the set
By = {xy F(z) = F(z*)}, 2.3)

becomes asymptotically stable under the control law, where x = [z] ..., 21T [2].

In formation control problem, position-based, displacement-based, and distance-based approaches

can be defined through the given problem formulation (2.3) as follows: [2]:

* In the position-based approach, each agent has access to its information in a global coordinate.

The constraint (2.2) is defined as

F(z):=z=F(z"), (2.4)



where each agent controls z;.

* In the displacement-based approach, although the measurements do not contain the absolute
states like the position-based method, it is assumed that agents access relative states that are

sensed in a global coordinate system. Also, the constraint (2.2) is defined as
F(z):=[..(zj — 2z)"..]" = F(z"), (2.5)

where each agent ¢ controls (z; — 2;) and j denotes its neighboring agent.

* In the distance-based approach, it is assumed that measurements y; contain only relative vari-
ables sensed in the local coordinate system. Unlike position-based and displacement-based
methods, agents do not have access to any absolute or relative variables information in the

global coordinates system. The constraint (2.2) for this method is defined as
F(z) = [...]|z — zil]..]T = F(z"), (2.6)

where each agent actively controls ||z; — z]| .

Note that the consensus problem can be generally considered as a specific form of formation control

where z* = 0 and F(z) := [...(2; — 2;)T..]T fori,j = 1,..., N.

2.3 Graph Theory

The relation among agents is described by an undirected graph that is denoted by G = (V, E),
with V' = {vy,...,un} set of vertices and £ C V x V set of edges. With |[V| = N and |E| we
indicate the number of vertices and edges, respectively. We assume the graph is simple, i.e., without
repeated edges and no self-loops. Adjacency, or connectivity matrix is A = [a;;] with a;; > 0, if
(vj,v;) € E, and a;; = 0, otherwise. Note that we consider a;; = 0.

Let us define an in-degree matrix D = diag(deg;), with deg; = >_,cy, aij, as the sum of
incoming edges weights to the vertex ¢. The graph Laplacian is L. = D — A, where the sum of all

TOWS equals Z€r10.



The leader adjacency matrix is defined as B = diag(by,...bx ), with b; > 0, if the leader sends
its information to the i-th agent, and b; = 0, otherwise. It is assumed that the leader is connected to

at least one agent.

Lemma 2.1 ([12]). The directed graph G is strongly connected if and only if its Laplacian matrix

is irreducible.

Definition 2.1 ([13, 14]). A square matrix P € RN*N js said to be a non-singular M-matrix, if it is

positive definite, and the off-diagonal elements have non-positive values.

We present a lemma that extends the results of [15, Lemma 2] and offers greater flexibility by
considering a connected graph instead of a strongly connected graph. This lemma is utilized later

in this dissertation.

Lemma 2.2 ([16]). Let the directed graph G = (V, E) be strongly connected. If the leader is
connected to at least one of the agents, then L 4+ B is a non-singular M-matrix, and the following
inequality holds

2 P(L+B)+(L+B)7TP >0, (2.7)

where P = diag(p;) £ diag(1/q;) is a positive definite matrix and q = (L + B)™'1y, with
q= [QL ) QN]T
A pair of F' = (G, p) is known as a framework, where p = (p1, ..., py) and p; € R%, d € {2, 3}

is the position of vertex ¢ in 2- or 3-dimensional space. Related to any arbitrary ordering of edges

in E, let us define the edge function of ¢ : R*™V — RI®I as follows:

¢G(p) = (--'7Hpi_pj‘|2a“‘)v(i7j) €E7 (28)

where ||.|| denotes the Euclidean norm. The rigidity matrix R, : R*Y — RIFI¥IN for the frame-

work (G, p) is defined as

R, = % 9%a(p) (2.9)

For instance, consider an undirected graph shown in Figure 2.1. The corresponding rigidity

10



1 4

Figure 2.1: Graph model of a system with four agents.

matrix R, is given by

—Pripz P2T1 0 0 ]
0 py3 Pl O
Bpy=10 pi 0 phl: (2.10)

Prip4 0 0 p4Tl

0 0 p3T4 p4T3_

where p;fg = p;; — pJT = [x; — zj,y; — y;], and z;, y; denote coordinates of the vertex i. Without

the loss of generality, the rigidity matrix can also be defined in 3D [7].

Lemma 2.3 ([17]). Let a framework (G,p) be given in 2D. For any vector v, € R2, an N-size
vector of ones denoted by 1y, and an | E|-size vector of zeros denoted by 0\, the following identity
holds

Rp(1N®UT) :0‘E|, 2.11)
where Ry, is the corresponding rigidity matrix.

Two frameworks (G, p) and (G, h) are equivalent, if ¢ (p) = ¢ (h), and congruent if ||p; —
pill = ||hi — hy|| for all 4, j € V, [18,19]. Two noncongruent equivalent frameworks are called
ambiguous. Figure 2.2 shows that the flip ambiguity of vertex 4 causes the framework to be non-

congruent.

Definition 2.2 ([20]). Consider two frameworks F' = (G,p) and F1 = (G1,q). These two frame-
works, with G = (V, E) and G1 = (V1, E1), are said to be isomorphic if they have similar vertex

and edge sets where there exists a bijection fi : V. — Vi such that viv; € E if and only if

f1(vi) f1(v)) € Ex.

11



Figure 2.2: Noncongruent framework due to flip ambiguity of vertex 4.

Isomorphic frameworks to a framework F' are denoted by Iso(F") [21]. For a framework of F/,
the notation Amb(F") denotes the set of all ambiguities [21].

The number of edges is important in determining the rigidity of a formation, as well as the
distribution of the edges among the graph vertices. Laman’s theorem relates rigidity and the number

of edges and vertices in 2D.

Theorem 2.1 ([22]). An undirected graph G(V, E) in 2D is rigid, if and only if there exists a
subgraph G1 = (V, Ey) where Ey C E with |Ey| = 2|V| — 3 such that for any Vi C V, the
associated induced subgraph G5 = (V1, Es) of G1 with E5 C Ej, satisfies |Es| < 2|Vy| — 3.

A graph is flexible if it is not rigid [23]. Based on Theorem 2.1, one can conclude that a triangle

in 2D is rigid.

Definition 2.3 ([20]). A graph is said to be minimally rigid if it is rigid but does not remain rigid

after the removal of an edge.

A minimally rigid graph in 2D and 3D satisfies |E| = 2N — 3 and |E| = 3N — 6, respectively
[24].

Corollary 2.1 ([23,25]). A framework with N vertices (N > 2) in 2D and 3D is infinitesimally

rigid, if and only if rank(Ry,) = 2N — 3 and rank(R,) = 3N — 6, respectively.

Lemma 2.4 ((7]). Let the framework (G, p) be MIR in d-dimensional (d € {2,3}), then RPRZ is

invertible.

12



Definition 2.4. The neighborhood N; of the vertex v; is the set of all edges adjacent to v;:
N; = {v; € V|vjv; € E}. (2.12)

2.3.1 Normalized Rigidity Matrix

Let us define the normalized rigidity matrix, Rp, as follows.

Definition 2.5 (26]). A normalized rigidity is obtained by row normalization of the rigidity matrix

by the length of the corresponding edges.

For instance, consider an undirected graph shown in Figure 2.1. The corresponding normalized
rigidity matrix Rp is given by

p1T2 p2Tl 0 0
Ip7all 3.l
0 p2T3 p§2 0
Ip3sll 3ol
Ry=| 0 %o o P, (2.13)
P24l P42l
p1T4 0 0 p4T1
A P4, I
0 0 P P
L lpasll  llpdsll

As row operations would not affect the rank of a matrixwe can also define the MIR graph based

on the normalized rigidity matrix.

2.4 Neural Networks (NN)

2.4.1 Radial Basis Function Neural Networks (RBFNN)

We use an NN to compensate for the unknown nonlinearity in the system. Additional details
on NNs can be found in [27,28]. We assume that the unknown nonlinearity in system dynamics

(f(2) € R™) is smooth; therefore, it can be approximated on a compact set £ as:

f(z) =WTp(2) + e(2), (2.14)

13



Input layer Hidden layer 1 Output layer

Figure 2.3: Radial basis function neural network architecture.

where z € Q C R”, and ¢(z) € R" is a known smooth function, 7 is the number of neurons,
W € R"7*™ is a set of unknown NN weights, and e is an approximation error [29, 30].

The architecture of the RBFNN is shown in Figure 2.3. The estimation, f using RBFNN, is
given by

f=Wre(2), (2.15)

where W is the tunable NN weights matrix, and ¢(2) = [¢1(2), ¥2(2), ..., o5 (2)]T. The activation

function ;(z) is selected as

0i(z) = exp[%w]’ (2.16)

and p; = [, - ,um]T € R"™ is the center of the activation function, and ®; is the width of the

Gaussian function.

Assumption 2.1. The unknown, ideal NN weights matrix is bounded by ||W || < Wy, with a fixed
bound W,.

Assumption 2.2. The NN approximation error €(z) over a compact set ) is bounded by ||e;(2)|| <

EM.

Remark 2.1. Consider the nonlinear function f(z) in be smooth and defined on a compact set of
Q. Since f is a smooth function and Weierstrass high order approximation theorem can be applied,

there exists a sufficient number of neurons such that NN approximation error € is bounded by a fixed

14



Input layer Hidden layer 1 Hidden layer 2 Output layer

Figure 2.4: Three-layer neural network architecture.

bound ||e|| < epr [27,29].

2.4.2 Three-Layer Neural Networks

Based on the universal approximation theorem, for a smooth nonlinear function of y(X'), over

a compact set of )y, there exists a three-layer NN [30], such that

y(X) = WTa1(Z o(VT X)) + ¢, (2.17)

where V', Z, and W are ideal NN weights matrices, o and o2 are the activation functions, and € is
the NN approximation error. We establish some standard assumptions to estimate the nonlinearity

[14,27,31].

Assumption 2.3. The unknown ideal neural network weights matrices V, Z, and W are bounded

with fixed bounds such that

HVHF < Vma
1 Z||F < Znm, (2.18)

IWllF < Wi
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Assumption 2.4. For the vector X € L, the approximation error €, and its first and second time

derivatives are bounded with a fixed bound.

In this section, we introduce a three-layer NN, as shown in Figure 2.4, to approximate an un-
known nonlinear function over a compact set {2x. The first hidden layer has m; neurons and the
second hidden layer has mso neurons. Considering § = [{j1, ..., Jn,]] € R"2, the output of NN
(Figure 2.4) can be written as

N

§ =Wl (ZToy(VT X)), (2.19)

where X = [1, X7)T € R™*! with X = [x1,...,2n,]7 € R™, the NN weights matrices V €
RmutDxmi 7 ¢ Rimt)xmz and 17 € R(M2+1)x72 We use oy (.) € R™*! and 05(.) € R™+1

to denote the activation functions of hidden layers. We consider the sigmoid function for both

1

hidden layers, i.e., for a scalar s;, one has oy (s;) = T

for k € {1,2}. The activation function
of the output layer is considered to be linear. The ideal NN weights matrices V', Z, and W are

defined as follows:

V,Z,W = argminy, ; i { subxeq, |[¥(X) = 9(X)]|}. (2.20)

Remark 2.2. For any sufficiently smooth function over a compact set, the Stone-Weierstrass The-
orem stipulates that the function can be approximated using enough number of neurons, and the

universal approximation property of NN guarantees the boundedness of the approximation er-

ror [14, 29, 30, 32].

2.4.3 Nussbaum Functions

Nussbaum functions were used to estimate the sign of the control gain matrix when the control

direction was unknown.

Definition 2.6 ([33,34]). A function N (C) is called a Nussbaum function (type A) if the following

16



200

-200

J-400

B ——Csin() | [0
— o oos(30)] |
\/
4 | | | | 800
3 2 1 0 1 2 3

Figure 2.5: Examples of Nussbaum functions ¢? sin(¢) (left y-axis) and ¢ cos (Z¢) (right y-axis).

properties hold

lim supi/s/\/'(g)d( = +00,
0

S——+00

R Y
lim 1nf5/0 N(¢)d¢ = —o0.

s——+00

2.21)

Commonly used Nussbaum functions (type A) are (2 cos(¢), ¢2sin(¢), and €’ cos (3¢). The

Figure 2.5 illustrates ¢ sin(¢) and e$” cos (g( )
Lemma 2.5 ([35]). Let V'(-) and ((-) be smooth functions defined on [0,ts) with V(t) > 0,Vt €
[0,t¢), and N'({) be an even smooth Nussbaum function (type A). If the following inequality holds:

t
V(t) <o+ / (PN () + 1)ée T dr, (2.22)
0

where constants cy,c1 > 0, and T'(.) is a time-varying parameter that takes an unknown value in
the closed interval of T = [g—, gt with 0 ¢ T, then V (t), ((t), and fOt(F(T)N(Q) + 1){dr must be
bounded over [0,ty).

A reader may refer to [34], where the Nussbaum Functions type B-L were introduced, and a
lemma similar to the Lemma 2.5 was proven for them. We use N'(¢) = ¢? cos(5 () for the purpose

of this thesis.
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Chapter 3

Spectral Properties of the Normalized
Rigidity Matrix for Triangular

Formations

3.1 Introduction

In this chapter, we provide an explanation of the normalized rigidity matrix and analyze its
singular values. Additionally, we present an upper limit for the smallest and largest singular values
of the normalized rigidity matrix in both two-dimensional and three-dimensional spaces. We also
discuss the maximum smallest singular value of a normalized rigidity matrix for a rigid graph with

three vertices in 2D space, along with the necessary and sufficient conditions to achieve this value.

3.1.1 Related Works on Normalized Rigidity Matrix

The rigidity can be used as a fundamental characteristic of a graph that models sensing and
communication topologies to achieve distance-based formation [36].

The relation between graph connectivity and its rigidity is studied in [37], where a necessary
condition relates connectivity to rigidity. Related to our work, authors in [36] defined a symmetric

rigidity matrix and its eigenvalues. The normalized rigidity matrix was first introduced in [26],
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where it was used to design the controller for single- and double-integrator multi-agent systems.
The normalized rigidity matrix is a specific representation of the weighted rigidity matrix [36].
Authors in [36] addressed the formation rigidity of a multi-agent system, while this chapter focuses
on the normalized rigidity matrix and establishes the properties of this matrix.

A triangular formation modeled by an undirected graph with three edges is a connected and
rigid graph. The Laplacian matrix for any triangular formation always provides position-invariant
algebraic connectivity. However, the advantage of the rigid graph theory is that it offers a different
normalized rigidity matrix and smallest singular value for different triangular formations in two-
dimensional (2D).

We study MIR graphs and provide specific spectral properties for triangular formations. We
present a normalized rigidity matrix and its singular values. Moreover, we prove specific properties
of the normalized rigidity matrix. Also, for a framework in 2D or 3D spaces, we provide upper
bounds for the smallest and largest singular values of the normalized rigidity matrix. We show that
the transformation of a framework in 2D and 3D spaces does not affect the rigidity matrix properties.

The proposed results can be exploited to design controllers based on eigenvalues and eigenvec-
tors of the normalized rigidity matrix. Similar to [38], one can develop a practical, fully distributed
controller based on the eigenvalue and eigenvector of the symmetric rigidity matrix to achieve the
desired formation while maintaining the framework rigidity. Also, the proposed theoretical results
can be used for future stability analyses of distance-based formation control and the selection of
controller parameters.

We describe the normalized rigidity matrix and its singular values. We study the minimally rigid
graphs from a spectral graph theory perspective. We also provide an upper bound of the normalized
rigidity matrix’s smallest and largest singular values in 2D and 3D spaces.

Although the Laplacian matrix does not provide any information about the formation of a frame-
work, we seek to extract some information from the normalized rigidity matrix. We also show that
the transformation of a framework on 2D and 3D spaces not affect this matrix’s properties. The
main contribution is to show and prove the maximum smallest singular value for a rigid graph with
three vertices in 2D space and to provide the necessary and sufficient conditions for it. These results

can be used in future stability analyses of distance-based formation control and formation control
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design in general.

The main contributions here are: (i) The maximum smallest singular value of a normalized
rigidity matrix for a rigid graph with three vertices in 2D space is proved to be equal to \/ﬁ
(ii) The necessary and sufficient conditions for triangular formations to reach this limit value are

established.

3.2 Preliminaries on Normalized Rigidity Matrix

Consider the definition of the normalized rigidity matrix (Rp) in Section 2.3.1. Then, the fol-

lowing lemmas are valid.
Lemma 3.1. For a MIR graph in 2D and 3D, the matrix Rp is a full-rank matrix.

Proof. AMIR graph in 2D and 3D has (2N —3) and (3N — 6) edges, respectively. From Corollary
2.1, the rigidity matrix has a rank of (2N — 3) and (3N — 6) in 2D and 3D for an infinitesimally
rigid framework, respectively. Moreover, as the row-normalization does not affect a matrix’s rank,

then the normalized rigidity matrix is full rank. Thus, the result of Lemma 3.1 holds. O
Lemma 3.2. For a MIR graph in 2D and 3D, the diagonal elements of R,,Rg are equal to two.

Proof. Proofs for 2D and 3D cases are similar; hence, we only show proof for 3D. Let R,(m, :) be

an arbitrary row in the normalized rigidity matrix as

Rp(ma :) :[[0]7 Rm,3n72, Rm,3n717 Rm,Bna [0]7 _Rm,3n727 _Rm,?mfl» _Rm,3n7 [OH, (31)

with R 302 = (Tmn)/ \/x nt Ui, + 22, and Rysno1 = (Ymn)/ \/x nt+ Y2+ 220)

and ng,n = (2mn)/ \/ 22, +y2, + 22,,) being the consecutive elements of m-th row. Then, it

is straightforward to verify that R,(m, :)Rg (m,:) =2. O

In the following theorem, we establish an upper bound for the smallest singular value of a

normalized rigidity matrix.
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Theorem 3.1. Let the desired formation of N agents be modeled by an undirected MIR graph in
d-dimensional (d € {2,3}) space. The upper bound of the smallest singular value of the normalized

rigidity matrix is \/2.

Proof. Proofs for 2D and 3D cases are similar; hence, we only show proof for 3D. Consider a
normalized rigidity matrix for a MIR graph with NV vertices. The normalized rigidity matrix has
3N — 6 rows (Corollary 2.1), diagonal terms in the matrix R = RpRg have a value of two (Lemma
3.2), and R is full rank (Lemma 3.1). For any symmetric matrix A, one has > \;(A) = tr(A).
Therefore, > \i(R) = 2(3N —6). As R is a positive definite, one has (3N —6)A\(R) < 2(3N —6),
which yields to o(R,) < v/2. O

In the following theorem, we establish an upper bound for the singular values of a normalized

rigidity matrix.

Theorem 3.2. Let the desired formation of N > 3 agents be modeled by an undirected MIR graph

in d-dimensional (d € {2,3}) space. The upper bound of singular values of the normalized rigidity

matrix in d-dimensional space is VdyvN —1.

Proof. The diagonal elements of matrix R = RpRg have a value of two in d-dimensional space.
Consider any row in matrix R; the number of off-diagonal terms in matrix R in 2D (3D) is 2N — 4

(3N — 7). Using Gershgorin Circle Theorem, it is evident that the largest singular value is upper

bounded by vdvN — 1. O

Lemma 3.3. A graph G(V, E) is infinitesimally rigid if and only if the normalized rigidity matrix

singular values are strictly positive.

Proof. Similar proof for the weighted rigidity matrix can be found in [36], so we skip the proof

here. O

The following theorem stipulates that the singular values of the normalized rigidity matrix are

transformation-invariant.

Theorem 3.3. Let the desired formation of N agents be modeled by an undirected MIR graph in

d-dimensional (d € {2,3}) space. The smallest singular value of the normalized rigidity matrix is
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invariant under uniform scaling (dilation), translation, and rotation transformations of the frame-

work.

Proof. The proof considers (i) uniform scaling, (ii) translation, and (iii) rotation.
(1) Uniform scaling: consider any arbitrary element, Rp(m, n), of the normalized rigidity ma-

trix. This element can be written as Rp(m, n) = where a, b, c are constants (v a? + b2 + 2

cannot be zero, otherwise the rigidity condition is violated). One can see that the uniform scaling of
each constant does not change elements of normalized rigidity as well as its smallest singular value.
(i1) Translation: one can see that a framework’s shift in any direction does not change the nor-
malized rigidity matrix as each tuple is in the form of (p; — pj)T. Thus, the smallest singular value
of the normalized rigidity matrix is not affected.
(iii) Rotation: let T; denote the rotation matrix. The rotation matrix in 2D and 3D is an orthog-

onal matrix. The normalized rigidity of a rotated framework by an angle 6 is expressed by Ry. Let

Ry(i,:) and Ry (k,:) be two arbitrary rows in normalized rigidity matrix

Rp(i7:) [[OLpg’v [0],—p3;, [OH,

Ry(k, ) = [[0], Pk [0], ~ Dy, [0]]-

(3.2)

Let R,(i, :)R;f(k:, ) & piijkj. The i-th and k-th rows for a rotated framework can be written as

Ro(i,:) = [[0], p}; T . [0}, —p3;T7 . [0]],
(3.3)

Ro(k,:) = [[0]. pi;Tq , [0], =pin T3 , [0]].

Using the orthogonal property of Ty, one can have Ry (i, :) R} (k,:) = pz; pkj- For the two arbitrary
rows, we have Ry(i,:)Rj (k,:) = Ry(i,:)R] (k,:); thus, it is valid for the other rows. The inner
product of any two rows in the matrix Ry can have a value of two (diagonal terms), or zero, or
a value within the interval of (—1, 1), which is identical to inner products of the same rows in the
matrix R,; consequently, RyRj = R,R.

Thus, the singular value of a framework’s normalized rigidity matrix is invariant under rotation

transformation. O]
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Figure 3.1: The transformation of a MIR framework with three vertices in 2D (n # 0).

Figure 3.2: A rigid graph of three vertices in 2D.

Corollary 3.1. For an undirected MIR graph in d-dimensional space where d € {2,3}, a combi-
nation of scaling, translation, and rotation does not change the singular value of the normalized

rigidity matrix.
The proof of this Corollary is similar to Theorem 3.1; hence we skip the proof here.

Example 3.1. This example demonstrates the Corollary 3.1 in 2D. The smallest singular value of a
rotated framework (F3) is the same as the smallest singular value of the normalized rigidity matrix

for a MIR graph (F}) in 2D, as shown in Figure 3.1.
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3.3 Main Results on the Normalized Rigidity Matrix for Triangular

Formations

We establish two spectral properties of the normalized rigidity matrix for a rigid triangular

formation in 2D: (i) the largest singular value; and (ii) the maximum smallest singular value.

Theorem 3.4. For a rigid graph of three vertices in 2D, the largest singular value of the normalized

rigidity matrix is \/3.

Proof. We show that (i) one of the eigenvalues of the matrix of R has the value of three, and (ii)
this is the largest eigenvalue of R. As a result, v/3 is the largest singular value of the normalized
rigidity matrix.

(i) Consider an arbitrary triangular formation shown in Figure 3.2, where «, 3, and v are angles
between the edges. From Theorem 3.1, the diagonal elements of R have a value of two. Moreover,
one can show that the off-diagonal elements have absolute values of less than or equal to one.

The positive definite matrix R = RPR;;F can be written as

T T
PioP13 P1oP23 9 _
- COS| & — COS
puall sl Touall paal] (a) ()
D T
R == *k 2 M — * 2 cos . (34)
Tp1al] NIpal] (B)
* * 2 * * 2

As R is a symmetric matrix, we only show the upper triangular elements. The eigenvalues of R are

roots of the following equation

(A —2)% — (N — 2)(a® + b + ¢?) — 2(abe) = 0, (3.5)

where a = cos(a), b = —cos(y) = —cos(a + ) and ¢ = cos(/3). Substitute A; = 3 in (3.5) and

recall that the following is valid

1 — (cos?(a) 4 cos®(B) + cos?(7)) — 2 cos(a) cos(B) cos(y) = 0. (3.6)

One can conclude that A\ = 3 is a root of (3.5).
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(ii) Here we show that the matrix A3 — R is a positive semi-definite matrix, where X is the
maximum eigenvalue of R. Consequently, A\ = 3 is the maximum eigenvalue of R.

One can show that the leading principal minors are either positive or zero, which implies AI3— R
to be a positive semi-definite matrix. The matrix R is a positive symmetric matrix; therefore, all of
the eigenvalues are real and positive. As matrix A3 — R > 0, there is no eigenvalue of R that has
a value greater than \; thus, ) is the maximum eigenvalue of R and VX is the largest singular value

of the normalized rigidity matrix. O

Remark 3.1. From Lemma 3.1, one can conclude that the rank(R) = 3, \y = 3, and Y \; =
6, i = 1,2,3. Thus, one has \o + A3 = 3, implying Ao < 3 and A3 < 3. Thus, the eigenvalue X is

the maximum eigenvalue of the positive definite matrix R.

Remark 3.2. Theorem 3.4 provides the largest singular value of the normalized rigidity matrix for

rigid frameworks with three vertices in 2D, while Theorem 3.2 establishes an upper bound.

The necessary and sufficient conditions to reach the maximum smallest singular values for three

vertices in 2D are given next.

Theorem 3.5. Every rigid framework of three agents in 2D satisfies o(R,) < /3/2, with the small-
est singular value of the normalized rigidity matrix reaching the limit if and only if the framework

is an equilateral triangle.

Proof. Let us define auxiliary variables x = A — 2 and y = a® + b?> + ¢2. From Theorem 3.4 and

(3.6), one can write (3.5) as
23 —ay+y—1=(x—1)(2® + Az + B), (3.7)

where A = 1 and B = 1 — y. Thus, two other eigenvalues of R can be obtained as follows:

1+/4y—3

Aoz =2+ — 5 (3.8)

From (3.8), it is evident that the smallest eigenvalue of R has a value of less than % Therefore,

% is an upper bound for the smallest singular value of the normalized rigidity matrix for a rigid
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Figure 3.3: (a) Function of F'(«, 8) on aS-plane; (b) Contour plot and gradient of F'(«, 3) on aS-plane.

framework with three vertices in 2D. One can show that @ = § = v = % yields y = %, and thus
the smallest singular value of \/g is achieved. As a result, all the edges have the same length. We
have shown that for a rigid graph of three vertices (agents) in 2D if the lengths of edges are equal,
the maximum smallest singular value of the normalized rigidity matrix is reached. Now we show
that the maximum smallest singular value (\/g ) of the normalized rigidity matrix of three vertices
in 2D is reached only for equilateral triangular frameworks.

Consider Figure 3.3, where eigenvalues of R are \; = 3 and A2z = 2+ %. The
maximum smallest singular value of the normalized rigidity matrix implies y = %. Setting y = %
implies

cos(a) cos(B) cos(y) = 1/8. (3.9)

Let us write (3.9) in the form

f(a, B,7y) = cos(a) cos(3) cos(y) — 1/8. (3.10)

Function f(c, 3,7) achieves its maximum over the set S = {a, 5,7 | a+ 3+ v = 7}, at 0 for

a = 3 = = %. To find the maximum value of the function f(c, 3,) over the set S, let us define
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the Lagrangian function of £(a, 3,7, ) as follows:

Lo, B,7,A) = flo, B,7) + M —a— B —7), (3.11)

where ) is the Lagrange multiplayer. Taking the partial derivatives of £ and setting zero, one can

obtain
9L — —sin(a) cos(8) cos(1) ~ A = 0, (3.12)
gg — _ cos(a) sin(B) cos(7) — A = 0, (3.13)
9L _ _ cos(a) cos(B) sin(y) — A = 0, (3.14)
o
O —atBty=m (3.15)

Subtracting (3.12) from (3.13), one can conclude
sin(a — ) cos(y) = 0, (3.16)

implying o = 8 or v = 0. Excluding v = 0 (implies A = 0) yields a« = . Similarly, one can show
that o = v and 3 = . Considering (3.15), one has « = 3 = v = %, which implies the equilateral

triangular framework. O

For a rigid framework of three vertices in 2D, (3.11) can be written as

F(a, B) = cos(a) cos(B) cos(m — (e + ) — 1/8, (3.17)

which is shown in Figure 3.3(a). As the singular values of a real symmetric matrix are real, one
can show that y > %, implying F'(«, ) < 0. The gradient of F'(«, ) is shown in Figure 3.3(b)
in af-plane (z- and y-axis are « and (3, respectively). Figure 3.3(b) illustrates that the pair of
(o, B) = [5, 5] is the location of the maximum smallest singular value for three vertices in 2D (it

can be shown that the gradient is zero at this point).

Remark 3.3. The proof of Theorem 3.5 can alternatively be based on Cardano Method to solve a
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Figure 3.4: Formation of a MIR framework with four agents in 2D.

depressed cubic equation.

Example 3.2. The maximum smallest singular value of a normalized rigidity matrix for a MIR

square framework in 2D (Figure 3.4) is \/2 — /2.

3.4 Simulation Results

Here we provide numerical simulation results in order to verify and validate the theoretical

results.

Example 3.3. Consider a nonlinear multi-agent system with three agents in a plane, where the

dynamics of each agent is given by [28]

pi(t) =vi(t),
{]‘(t) _ aﬂvig(t)vﬂ (t) + sin(aigpﬂ(t)) n u(t) n Ci1 COS(1.5t) i—=1923
bilpiz (t)vig (t) + COS(bigpiQ (t)) C;i2 sin(t)

(3.18)

where p; and v; denote the position and velocity, respectively, in 2D. We used the control law
in [39] to achieve the desired formation (||p; — p;j|| — di; ), ¥(i,j), € E, dij = 1. From [39], the
parameters that we selected for simulation are given next. The control gains are ¢ = 30, k, = 1.
The radial RBFNN is selected with 9 neurons, centers [1;’s are evenly spaced for each agent, and

the values of constants are: k = 0.5, F; = Iog, b = 3, k, = 2, v, = [0.5,0.5cos(t/2)]7, p.(0) =
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Table 3.1: Parameters a;1, a;2, b;1, bio, i1, C;2, for the i-th agent.

a1 a2 b b ci1 e
03 -02 02 -03 1 -1

07 -08 04 07 21 -22
06 04 -05 03 -1 02

W N = =
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Figure 3.5: Performance of a multi-agent system with three agents using the proposed distance-based control
method in [39] with desired distance (d;; = 1).

[0,0]T. The initial conditions for each agent are p; = [0,2]7, vi = [0.5,0.5]7, po = [-1,1.2]7,
vy = [~1,0.8)7, p3 = [-0.2,—1.5]T, and v3 = [-0.3,0.5]T. The parameters of each agent are
given in Table 3.1.

We showed that if the formation reaches the condition given in Theorem 3.5, then the smallest
singular value of the normalized rigidity matrix reaches the value of \/g

Figure 3.5 shows the distance-based formation of three agents in 2D with the desired distance
(dij = 1). In this simulation, the initial conditions do not satisfy the necessary conditions of the
Theorem 3.5; therefore, the smallest singular value of the normalized rigidity matrix has a value

3

less than /5. This value is shown in Figure 3.6, and it can be seen as the framework satisfies the

sufficient condition of Theorem 3.5, and it converges to the desired formation.

Example 3.4. We used CoppeliaSim software to verify the presented theoretical results in this ex-
ample. The CoppeliaSim (formerly V-REP) [40], is a virtual robot experimentation platform. It
is used to validate the theoretical results of the chapter. The simulation software CoppeliaSim en-

ables us to simulate real-world physics and object interactions. We considered a simulation of three
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Figure 3.6: The smallest singular value of the framework and the maximum smallest singular value in The-
orem 3.5 (dashed line).

nonholonomic mobile robots (Pioneer P3-DX), which are modeled by single-integrator dynamics
similar to [41]. The control inputs are the robots’ right and left wheels’ speeds in Figure 3.7. The
driving wheel motor of each nonholonomic mobile robot is configured to produce a maximum of
3Nm of torque. Also, the maximum speed of the wheels is limited by 1.5rad/s. Synchronous with
the simulation loop, the controller is implemented in the remote API client and runs at 10Hz. We
implemented the controller proposed by [8], where the control gain is k, = 0.1. The control goal
is to achieve a distance-based formation between all three agents while the distance between every
two agents is set to be 2.5m. The framework maintains the formation and maneuvers with the speed
of 0.2rad/s along the x-axis and Orad/s on the y-axis. The simulation is run for less than two
minutes, and the simulator’s real-time factor is selected to get accurate results. The video of the
simulation can be found here'.

Simulation results are shown in Figure 3.8 and Figure 3.9. Figure 3.8 represents formation
errors between agents and the smallest singular value of the normalized rigidity matrix of the for-
mation. One can see from Figure 3.8 that as all edges converge to the desired distance (condition of
Theorem 3.5), the maximum smallest singular value is reached for the triangular formation. Figure

3.9 shows the velocities of robots’ left and right wheels, which converge to the desired velocity.

"https://www.dropbox.com/s/ufl2r2rtuog5j2t
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143
l
Yo @’
> Xo
Figure 3.7: An illustration of the i-th differential drive robot.

3.5 Conclusion

We have investigated the spectral properties of the normalized rigidity matrix for a framework
in 2D and 3D spaces. The upper bounds of the normalized rigidity matrix singular value have been
derived for a MIR graph in 2D and 3D. We have shown that the normalized rigidity matrix spectrum
is invariant under the framework’s translation, rotation, and uniform scaling transformations. For a
rigid framework with three vertices in 2D space, the necessary and sufficient conditions were given
to reach the maximum smallest singular value of the normalized rigidity matrix. The numerical

simulation for multi-agent systems in 2D validated the theoretical results.
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Figure 3.9: Velocities of right and left wheels of each robot.
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Chapter 4

Undirected Formation Control Using
Inter-Agent Distance for Second-Order

Nonlinear Multi-Agent Systems

4.1 Introduction

This chapter focuses on the formation control of input-affine, nonlinear multi-agent systems
using inter-agent distance with unknown nonlinearity. Directed or undirected graphs can model the
relations among agents. Most developed control methods focus on the undirected graph topology for
single-integrator multi-agent systems [42—-45]. However, in recent studies, double-integrator multi-
agent systems have become more commonly used due to their practical applications. Distance-
based formation control of double-integrator systems with undirected graph topology was studied
in [7,17,46]. Unlike these results, we establish a new control method to address distance-based

formation and target tracking of nonlinear multi-agent systems.

4.1.1 Related Works on Formation Control of Nonlinear Multi-Agent Systems

Graph theory, and in particular graph rigidity, is used in distance-based control, where each

agent measures distances from its neighboring agents instead of their exact locations in the global
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coordinate frame [47]. In [7], authors studied single- and double-integrator multi-agent systems
over undirected graphs. Directed graph formations of single- and double-integrator systems through
distance-based control were studied in [48], where leaders can sense their positions in a global
reference framework, while the followers can only sense their neighbors’ relative positions with
regard to their own local reference frames.

In [49], authors considered double-integrator dynamics of agents for the leader-follower con-
sensus problem. The distance-based formation control was studied in [50], where a discrete-time
control algorithm was designed to achieve velocity consensus. Related to our work, the authors
in [51] used the backstepping design to solve the formation control problem for double-integrator
agents. Distance-based formation control for single-integrator dynamics was addressed in [52],
where collision avoidance and desired formation are achieved using the angular information be-
tween the agents. Authors in [26] addressed the distance-based formation control for single- and
double-integrator dynamics with energy constraints where normalized rigidity is used to asymptot-
ically minimize energy consumption.

NN-based control methods have widely been used in literature to approximate unknown nonlin-
earities of nonlinear multi-agent systems [14, 28,53-57]. In [53], an adaptive NN control method
for a class of first-order nonlinear multi-agent systems with state time delay was proposed, where
an undirected graph models the communication among the agents.

In [54], a self-structuring adaptive NN controller for multi-agent systems with second-order
nonlinear dynamics was presented where the control goal is to achieve a leader-following formation
over a directed connected graph. In [14], a cooperative adaptive consensus controller was designed
based on the NN approximation method for a set of second-order nonlinear multi-agent systems. In
[55], particle tracking formation of second-order multi-agent systems using an adaptive NN control
with multiple leaders was presented. In [28], a consensus control based on graph Laplacian for a
second-order nonlinear multi-agent system was presented. The Frobenius norm of the NN weights
is tuned, reducing the proposed approach’s computation complexity. In [56], an adaptive NN-based
distributed containment controller was designed to reach a leader-follower synchronization where
an NN is utilized to approximate the uncertain dynamics of a second-order nonlinear multi-agent

system.
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We study a general type of nonlinear multi-agent system where the objective is to keep agents,
modeled by second-order nonlinear systems, at pre-specified distances from each other and to track
a target within the bounded trajectory. We also prove that the tracking error is uniformly ultimately
bounded (UUB) and demonstrate extensive simulation results in order to validate and verify the
efficiency of the proposed method. We introduce a performance index to demonstrate the advantages
of the proposed method in comparison with the displacement-based control methods.

We propose a control design for the nonlinear multi-agent systems using the backstepping con-
trol technique to achieve the control objectives. The unknown nonlinear part of the system dynamics
is compensated using an RBFNN similar to [28], where authors used the norm of the NN weights
matrix. The leader follows the target while the rest of the agents maintain the desired formation and
follow the leader [8]. Our results are based on a MIR graph, while displacement-based methods
usually rely on the graph Laplacian [2].

The novelties are a rigorous analysis and proof of formation stability control using NNs for
second-order nonlinear multi-agent systems in the presence of disturbance. The main contributions

of this chapter are:

(1) Compared with existing distance-based formation control methods [7,42-46, 52, 58], which
considered single- or double-integrator dynamics for agents, we assume that agents are mod-
eled as the second-order nonlinear systems with unknown nonlinearity and disturbance. We
provided a rigorous Lyapunov stability analysis for the formation control and target tracking

for such a system.

(2) In contrast with existing methods [14,28,53-55, 59], that use the Laplacian matrix to model
relations among the agents and addressed the displacement-based formation problem, we
applied the rigid graph theory to address the problem of target tracking and distance-based

formation control for input-affine, nonlinear multi-agent systems.
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4.2 Problem Formulation

Consider a nonlinear multi-agent dynamical system with agents modeled by

bi = i,

4.1)

where the vectors p; € R? and v; € R? represent the position and velocity of each agent, respec-
tively. Let us define X; = [p!,v}]? € R*. The nonlinear function f;(%;) € R? is the unknown
function and considered to be continuously differentiable, g;(%X;) € R?*? is the input gain ma-
trix function, u; € R? is the control input, w; € R? is a disturbance affecting each agent, and N
represents the number of the agents.
The overall dynamics of the multi-agent system is given by
X1 =X2,

“4.2)
Xo =f(X1,X2) + g(x1,X2)u + w,

where x1 = [p?,pd, ..., ph]T € R* and x5 = [vf, 0], ..., v}]T € R?Y are defined as overall po-

sitions and velocities of all agents, respectively. The vectorx = [x1,x317, f(x) = [f{ (%1), fT (%2),

oy fE(%N)]T € R2Y is the nonlinear vector function of the whole system, g(x) = diag(g1(X1), ga(X2),

c R2N><2N T

o N (XN)) , the control input vector is u = [u],ud, ..., uL]T € R?M, and the distur-
bance vector is w = [w] ,wi, ..., wi]T € RV,

We establish some standard assumptions [14, 60].

Assumption 4.1. The unknown matrix g;(X;) is a positive-definite, symmetric matrix, with eigen-
values satisfying 0 < g. < A1(gi(%i)) < A2(9i(%;)) < o0, and g, being a constant lower bound of
9i(Xi)-

Assumption 4.1 is needed for the controllability of the system (4.1), which is a standard as-

sumption in most NN-based controller designs [28, 35, 60, 61]. A large class of nonlinear sys-

tems described by Euler—Lagrange formulation satisfies this assumption [27, 32]. Let us define

g =min(g.).

=1
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Assumption 4.2. Disturbance w;(t) is unknown and bounded with a fixed bound, i.e., ||w;|| < wyy.

The objective of the control law is to ensure that the distance between neighboring agents ¢ and

J converges to the desired distance d;;: ||p; — pj|| — dij, (4, ) € E.

Assumption 4.3. Desired distances between agents are bounded by ||d;;|| < D,V (i,j) € E, with

a fixed bound D.

Consider points py,ps € R? and a set Sp. The distance between point py and the set S, is

defined as d(p1, Sp) £ infp,cs,||p1 — p2||- Let the initial conditions belong to the set S given by

S={x1 € RN 3" (llpyllP — d3)* < 5,d(x1, Iso(F*)) < d(xi, Amb(F*))}. (43
(i,9)eE*
where 9 is a positive constant, [8,21,62]. For initial conditions belonging to S, the convergence of
the formation to Iso(F*) and avoidance of getting stuck in Amb(F™) are guaranteed [21]. While
the precise determination of ¢ is difficult when the number of agents increases [8], the sufficient
condition to satisfy the inequality is given in [7]. The interested reader is invited to see [7,8,62] and
references therein.
For target tracking, we consider the first agent to be the leader that tracks the target, while the
remaining agents follow the leader and retain the desired formation, see Figure 4.1.

Let us define the tracking error between the leader and the target as [8]:

€r = Pr —P1, (44)

er(t) = [er1, er2]T, and components e, and e, represent the leader’s tracking errors in 2 and ¥ di-
rections, respectively. Vectors p,, p; € R? denote positions of the target and the leader, respectively,

while v, = p, is the target (reference) velocity.

Assumption 4.4. The variables p,, p,, p, are bounded.

Let us define a compact set [63] such that

Qr = {pr’prajjr | ||pr|| < pra Her < ‘71”7 ||pr|| < A_r}7 4.5)
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Desired

Desired formation

trajectory

Figure 4.1: Target tracking and formation control problems.

where P,, V, and A, are positive constants.

Assumption 4.5. The signals p, — p1, pr — p1, as well as v,, are known signals and can be broad-

casted to the followers [8].

Remark 4.1. We assume that the leader can approximate the position and velocity of the moving
target using, for example, the proposed technique in [64], where a moving target is detected. Fur-
thermore, its 2D velocity is estimated through a moving target indication method [65] based on back
projection and velocity synthetic aperture radar (VSAR) [64]. Moreover, the leader can distribute

the relative position and velocity of the target to the followers [8, 63].

In the following, we study the formation control and target tracking of multi-agent systems

described by second-order nonlinear dynamics.

4.3 Controller Design

Consider a multi-agent system (4.1) that is modeled by an undirected graph. The distance error
is given by

eij = [|pij|| — dijs (4.6)
where p;; = p; — pj. From (4.3), the distance error dynamics is

o by (Di—P;) _ by (vi—v)) 4.7)
*J 15311 eijtdij - '
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Definee = |[..., €ij ]T € R|E|, auxiliary variable g;; as
qij = eij(eij + 2diz), (4.8)
and the energy function as My(e) = }_; i p Mij(ei;) [7], where
1

1
M;j(eij) = Zqu = Zefj(eij +2d;5)% (4.9)

Considering (4.6) and (4.9), Ml(e) is given by

) OM;; ﬁ;(vifv')
Mi(e) =3 361.].JW- 4.10)

Let us define (3(e) as

oM,

B(e) = (s gy o) = (o e + 2di5), ), (4.11)

where pair (i,7) € F and §(e) € RI”l. As shown in [62], it follows from (4.7) and (4.10) that

M1 = 5T(e)Rpx2. (412)

Using the backstepping technique [7], we define s = [s7 ..., s%]T € R2N as

A (4.13)
The auxiliary variable 7 is given by

T = s+ 1n ® (vr + krey), (4.19)
where 7 = [r{, ..., 74" € R* and uy = —k,RLB(e) € R*", k, and k, are positive constants.
One can express ug element-wise as us = [uf{l, ...,uZN]T € R?N. The first term in (4.14) is

responsible for achieving the desired formation of agents, while the second term is used for tracking
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Figure 4.2: Block diagram of the proposed control scheme for each agent.

the target by the leader and other agents. Define the potential function
My = M;(e) + isT's. (4.15)
Taking a time derivative of (4.15), using Lemma 2.3, and (4.2), (4.14), yields

My =B"(e)Ryxa +s''s
=BT (e) Ry + 5" [f(x) + g(x)u +w + Ry B(e) — 7] (4.16)

= — kBT (e)RpR} B(e) + s [f(x) + g(x)u+w + R} B(e) — 7].

Using Cauchy—Schwarz inequality, one can write

N N
S Z Z WTSOz Xz +€z)
i=1 =1
N 4.17)
< D (sil LWl i Gea)l | + sl Heal])-
=1
Using the fact that ||.|| > ||.||, from (2.14) and Young’s inequality, one can write (4.17) as
N
< D (IWillE(llsill el + 10 = sl 2 + o 2\|€z|| %), (4.18)
i=1
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where a;, Vi =1, ..., N is a positive constant. Let us define w = [w7y, ..., wN]T, where the norm of

the NN weights matrix is given as w; = ||W}] |% fori =1,..., N, and @; is an estimation of =o; [28].

From Assumption 2.1, it is clear that w; is bounded by Wf/[ Define the NN weights’ norm estima-

tion error as @ = @ — @, where @ = [&1,...,wn]’ € RY. Define Z = Rl 3(e) € R*", where
T T

= i = [= =TT with =, = I 2 i
vector = can be written as = = [27,...,2y]", with 5; = ZjeNi pijqi; € R*. From Assumption

4.2 and following the same procedure as (4.18), one can obtain the following inequalities

= 1

sTw <> (sl + g 3wh),
=1 )
al 1

sTR;B(e) < 3 ((lsill IZ:01)* + 1) (4.19)

=1 1
al 1

ST+ <3 (Ulsill s, +keérD* + 175) + 7).

where Y;,4;,m;, for i = 1,..., N are positive constants. Substituting (4.18), (4.19), in (4.16) one

can obtain

My = — k3" () R, RE B(e) + 8™ [f(x) + g(x)u + w + RY B(e) — 7]

N
< — kBT () Ry Ry B(e) + Y _[llsil *(willi(x)I1? + [1Z:]* + 2
= (4.20)
+ ([Js, + krér‘”)z) + Sz‘Ti)r]
N
1 1 1 1 1
+ 87 gi (% )u; + — + —l&l? + —wi + =5+ —)-
PO z; (493 Ao a2 M g2 4¢§>
Consider the following energy function
1
V=M, + 5szF—%, (4.21)

where the matrix F' = II; Iy € RV*V s a positive-definite matrix, i.e., II; € R*, fori = 1,..., N.

We propose the following control law:

1 . 5
up = —csi — Y — g*wz'll%(xz‘)ll%iv (4.22)

<3
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where constant c is a positive scalar. Moreover, the term ~y; is given as

Lo . - b
% = =l + krérl|? + [1Z:]1%)s: + - sen(si), (4.23)

=} =1

with b being a positive constant. The tuning law of <u; is given by
@i = i [ps ()| |sal* — rellios. 4.24)

The control input signal is comprised of tracking error between the leader and the target, a back-
stepping controller, and an NN-based component to compensate for the unknown nonlinearity of the
system dynamics (see Figure 4.2). The controller is developed based on relative positions and ve-
locities of neighboring agents only; therefore, the proposed controller is distributed [8]. The control

input signal (4.22) for each agent can be written as follows:

1. . . )
Uy = — c8; — g—wz‘\l%(Xi)HQSi — 1Y [ko(isTa + 2pigiiy Jvig) — kvl
=i JEN;

1 - b
+ =1 > ijaislPsi + —sgn(s:),

(4.25)

with

si =0 = v = kver ko Y Bijdiy- (4.26)
JEN;

Remark 4.2. The control input signal (4.25) includes the relative position and relative velocity vec-
tors between agent 1 and its neighboring agents j. This over-sensing is necessary for the distance-
based formation [8, 66—-69] and the volume of the over-sensing can be reduced by considering a
minimally rigid framework. The relative position between the agent © and its arbitrary neighboring
agent j can be presented by the distance and angle sensing between agents. This angle between
agent i and j can be obtained through information such as the heading of the neighboring agent for
a rigid framework [70]. The agent can also calculate the relative velocity vector by differentiating

the relative position.
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4.3.1 Stability Analysis

In this section, we show that the proposed control law (4.22) can be used for nonlinear multi-

agent systems (4.2) with guaranteed stability of agent formation.

Theorem 4.1. Consider the framework F' = (G, p) to be modeled by an undirected MIR graph.
Select the control input signals as (4.22) and NN weights’ norm tuning law as (4.24). Under As-
2

sumptions 2.1,2.2, 4.1-4.5, choose b > ﬁ"UT"m and ¢ > = Then, for initial conditions that

belong to the compact set ) defined by

Q) ={x1(0), p(0)[p: (0) € Q. d(x1,Ts0(F*)) < d(x1, Amb(F*)), > (llpy|I> — d2)? < 6},
(i,5)eE*

4.27)

the distance errors and the NN weights’ norm estimation errors are UUB. The leader follows the

target, and followers maintain the desired formation (F*) with the leader.

Proof. Note that the closed-loop system with (4.22)-(4.24) has a discontinuity due to sgn(s;) in
(4.23) at s; = 0. We choose the Lyapunov function candidate as (4.21). Let ¢; = F;(<;, t) be the
closed loop system with respect to multi-agent systems with (4.22)-(4.24). Following the procedure

in [8, 63], the time derivative of Lyapunov function (4.21) is given by

N
- ae. ov
ved %Ki[]‘—i](%ﬂ
i—1

CMQ + o' F 1.

(4.28)

Recall the definition of @ and consider the Assumption 2.1. By considering (4.20) and substituting
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the proposed control input (4.22), using the NN tuning law (4.24), one obtains
_ N
V < — kT () RyRy B(e) + Y _[llsil*(@illoi)ll® + 2 + [[Eil|* + |lits, + krérl[*) + 5T 0]
i=1

N
1 2 1 2 1 1 ~ - 2 2 ~
2 (2t zllzll apht gyt gge) F L Sl Il + i)

N
. b .. - . .
+ )81 gi(%) (—esi— . Senlss) = = ([l + krerl 2+ 11Z4l” + il loi (%) |*) 1)

i=1 24 23

(4.29)

From Assumption 4.1, matrix g;(X;) is a full-rank and positive-definite matrix. Using the fact that
9i(%;)g; *(X;) = I, one can have w > 1. Considering the fact that s7 sgn(s;) > 0, the

following inequality holds

b
——s7 gi(%:)sgn(s;) < —bs! sgn(s;). (4.30)

<3

From (4.30), and by simplifying and rearranging (4.29), one has

N N
V <=k (@R Ry B(e) =) ((eg; = 2llsill® + llsil (V2lorl oo = ) + 3 (73
=1 =1 'L
. . . N 4.31)
2 2 ~ /A~
+ﬁH61H 72 M+4TZ2+41/122)+;KZ@Z(WZ)

From (4.19) and (4.31), one can notice that the selection of b is important to counteract the effect
of the disturbance in the system dynamics. Let us define K = min(k1, ..., kny). Applying Young’s

inequality to the last term yields

o 2wl
wit; < 71 + 71 (4.32)
Recalling the definition of g, using b > v/2||||o0, and Assumptions 2.1-2.2, one has
) K~
V< —kUBT(e)RpRZB(e) — (eg = 2)[|s||* - EHWHQ +q, (4.33)

44



where ¢ is written as

N
1 1, 1 1 1 Wi
— — : , 4.34
q ;(4e?+4a?EM+4n?wM+4T?+4¢?+m 5% (4.34)

Based on Assumptions 2.1-2.2, 4.1-4.5, the time derivative of Lyapunov function (4.29) is bounded

by
7 < 2 (cq— 2_ Bz (4.35)
V < —koo(Bp)[|B(e)II” = (cg = 2)lIs|I” = S Il + ¢, :
or equivalently
koa(Rp) 00 [15(e)l
V< - - +q.
<-| sl sl 112l e B I
0 0o 5 il
Q
Defining z = [||3(e)|| ||s|| ||&@|[]*, (4.36) can be rewritten as
V< -2TQz+q. (4.37)

For V < 0 one requires Q > 0 and

2 9 .
102 > 2 (4.38)
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From (4.21), one can write the following inequality for V/

T
1 Yoo ][ sl
sLus@il 1sll 1=l ]| o 1 o sl
0 0 7 1l
<V < (4.39)
1 Yoo J[se@l
sLuse@n sl sl ]| o 1 o sl |
00 ]| Il
T

, ﬁ) and 5(T3) = max(1, ﬁ) Therefore, one has

where o(T}) = mm(%

so(T)|l2]]? <V < 56(T)l|2]% (4.40)
From (4.40), we conclude that
a(Ty)
V> q, (4.41)
20(Q)

implies (4.38), and therefore, z(t) is UUB [71]. As for any vector z, one has ||z||; > ||z||2 > ... >

||2||c0» and sufficient conditions for (4.38) are [14]

BN > /25, @a2)
or

|[sl| > g(qQ)7 (4.43)
or

Bl > /25, (4.44)
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This shows that ||53(e)|l, ||s||, ||co|| are UUB. Using (4.37) and (4.40), one can write

174 < —a1V + aog, (4.45)
with a1 = 20(Q)/5(T) and ag = q. From (4.45), it follows that
V() <V(0)e 4+ 22(1 — et
“ (4.46)

<V(0) + 22,

ai

Using (4.40), one has
[B(e)[| < [[=(D)]|
. (4.47)
(T2) - c(T2)g A
(I[B(e(O)II? + lIs(0)[1* + [ (0)[[*) + \/J(TI)U(Q) =p

Qi

(T1)

19

<
(4.48)

and
Isll < Hlz(®I] < p,
and
=l < =@ < p. (4.49)
From (4.47), we have
18 = /i yer(€l + 2die)? < p (4.50)
By substituting e;; in (4.50), one has
1B(e)]| = \/Z(i,j)eE((Hﬁin — dij)2(|1pys]| + diz)?) < p (4.51)
From (4.51), for the edge (7, j) € E one can write

1535 = d; < p- (4.52)
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Using Assumption 4.3, the upper bound is given by

[1Bijl| < /p + D>

(4.53)

As desired distances d;;’s are considered bounded, the inequality (4.53) implies boundedness of the

distance error dynamics (e;;) for all (¢,j) € E. Thus, inter-agent distance error, as well as NN

weights’ norm estimation error remain bounded.

O]

Lemma 4.1. Given the bounded initial conditions for p,(0) and p1(0), the tracking error between

the leader and the target is bounded by ||e,.(t)|| < &, with the bound

V2p

€= llen(O)l] +

(14 kya(Rp)).
Proof. From (4.13) and (4.14) the velocity of the leader (first agent) can be written as
v =T + 81 = Us1 + U + krep + 51,
The target tracking error dynamics is
ér = vy —v1 = —keey — (81— ugy).
From (4.48) and (4.49), it follows that
ér < —krer + p(1 + kyo(Rp)) ® 1o.
Multiplying both sides by e** yields
d

@(erek”) < p(1+ kv&(Rp))ekrt ® 1s.

By taking integral over [0, t], we have

p(l + kva—(RP)) )]e—krt ® 12 + (,0(1 + kv&(Rp))

er(t) < [er(o) - ( k, ky

)®12.
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‘We can conclude that
p(1 + kyo(Rp))
k.

er(t) < er(0) + ( ) ® 1. (4.60)

Equivalently, ||e,(t)|| < &. O

We provide a bound over the states of second-order nonlinear multi-agent systems defined by

(4.1). From (4.4) it follows that

[lpall = llpr = erll < lpell + e, (4.61)

which yields

lp1]| < P+ €. (4.62)

As the framework is considered a MIR graph, there exists at least one neighbor of the leader, say

agent j. Therefore, from triangle inequality and (4.53), we have

3j € Nl pjall = [lpj — pall = [Ipjl] = llpall- (4.63)

From (4.53) and (4.63), we can write

pill = llp1l] < Vp + D2,
pill < llp1ll + V' p + D2, (4.64)
lpjl| < Pr+ €&+ v/ p+ D2

Since the framework is rigid, there exists another vertex k£ € IV;. Using (4.53) and (4.64) we have

lprll < Pr+E+2¢/p+ D. (4.65)

Thus, for all positions there is a bound (Vi € V, 3P; | ||pi|| < P); equivalently, ||x;]| < ||P|],
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where P = [Py, ..., Py]”. From (4.13), and using triangle inequality, we have

[zl < [Is] + [I1],

(4.66)
[xal| < [lsl] + |Jus +1n @ (vr + Erer)]].
Using inequalities (4.40), (4.48), and ||e,(t)|| < & we conclude
|Ix2|| < p(1 4 kuo (Rp)) + VN(V, + k) £ V. (4.67)

Since the velocity of the target is considered to be bounded (Assumption 4.4), for t > 0 there exists
a compact set of Q where Q = {x | [|x1]] < P, ||x2|| < V}.
The results presented below are a specific case of the main theorem, which pertains to Brunovsky

form nonlinear multi-agent systems [39].

Corollary 4.1. Let the required framework be modeled by an undirected MIR graph where each
agent is described by a second-order nonlinear system in Brunovsky form as follows:

pi = Uy,

(4.68)

Vg :fi(pi,vi)+ui(t)—|—wi(t), 1=1,2,...,N.
Select the control input signals as (4.22) and NN weights’ norm tuning law as (4.24), under Assump-
tions 2.1, 2.2, 4.2 -4.5, choose b > \@HOTHOO, c > 2, and g, =1 Then, for the initial conditions
belonging to the compact set €y, the NN weights’ norm estimation and inter-agent distance errors
are UUB. The leader tracks the target, and other agents maintaining the desired formation follow

the leader.

Proof. Set g. = 1, then it is not difficult to see the proof of Theorem 4.1 still holds for a class of

nonlinear multi-agent systems given as (4.68). O

Remark 4.3. Inequalities (4.47) and (4.49) provide bounds for inter-agent distance errors and the
NN weights’ norm estimation errors. As the leader (first agent) tracks the moving target within a
bounded trajectory, the leader’s position remains bounded by (4.62). The control law guarantees

the boundedness of inter-agent distance errors, and other agents remain in their desired formation.
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It has been shown that the velocities of agents remain bounded as the velocity of the target is
bounded. Using the proposed control, and based on Assumptions 4.3-4.5, all positions and velocities
of the agents remain bounded. We use this bounded region to form a compact set () where the NN

approximation property holds.

Remark 4.4. Signal ~; in (4.23) has a discontinuous right-hand side part. Therefore, the existence
of a general solution should be checked through differential inclusions. As the sign function is a
bounded function, the Filippov solution exists, [8, 72]. Consequently, the time derivative of the
Lyapunov function (4.21) belongs to a closed, upper semi-continuous set-valued map [73]. Thus,
the Lyapunov function is continuously differentiable, and the proof is valid. Moreover, a hyperbolic
tangent can be used in practical applications to alleviate the undesired chattering effect caused by

the sign function.

Remark 4.5. The proposed control law guarantees that the multi-agent system (4.1) converges to
the equilibrium within the set Qg. Thus, the distance errors remain in the invariant set Qg [8] and
Dij # 0. Moreover, the multi-agent system (4.1) converges to the equilibrium inside this invariant

set, thus preventing the flip ambiguity.

4.4 Simulation Results

We conducted multiple simulations in order to evaluate the performance of the proposed method
for distance-based formation control applied to second-order nonlinear multi-agent systems. In each
example, the results of the proposed distance-based method are compared with the results of existing
displacement-based methods. Also, to evaluate and quantify the performance of each method, a

performance index is introduced.

Example 4.1. Consider a nonlinear multi-agent system with N = 5 agents in a plane where the

dynamics of each agent is given by

101 (¢)sin(diipii (¢ (4.69)
sty = | cren@esinldapa®) 4w =125,
ciaviz(t)cos(dizpia(t))
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Figure 4.3: Communication topology and desired distances of multi-agent systems: MIR frameworks of five
agents (left) and six agents (right) in 2D.

3 I

Leader

Followers initial positions
Followers final positions
Target

t=10-"

Figure 4.4: Desired formation of equilateral pentagon with side length d = 1.

The goal is to form the desired formation, shown in Figure 4.3 (left), while the agents follow the
leader which is tracking a target within a bounded trajectory. To this end, the proposed control law
in Corollary 4.1 is applied.

Vectors p;(t) = [pi1, pio]t and vi(t) = [vi1,via]T represent the location and velocity of i-th
agent in x and y directions, respectively. Parameters c;1, c;o, dj1, dio of each agent are given in
Table 4.1. The initial conditions for these five agents are: p1(0) = (0,2.1)T, v1(0) = (0.5,0.5)7T,
p2(0) = (=1,1.2)7, v2(0) = (=1,0.8)", p3(0) = (=2, -1.5)7, v3(0) = (0.3,0.5)", pa(0) =
(0.2, -1.2)T, v4(0) = (0.5,1)7, p5(0) = (0.5, 1)T, v5(0) = (—1,—-1)T. The disturbance w; =

0.1cos(t)5(t), where §(t) € R? is a random variable with the normal distribution N'(0, 1) borrowed
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Figure 4.5: Trajectories of agents and the target along = and y directions.

from [15,74]. The target velocity and initial position are v, = [0.5,0.5cos(t/2)]T and p,(0) =
[0,0]T respectively.

We selected constants b = 3 and k, = 2. RBFNN is selected with 9 neurons, centers [i;’s are
evenly spaced for each agent, and the values of constants are: kK = 0.5, F; = Iy, c = 5, k, = 0.5.
The desired distances and communication topology are given in Figure 4.3 (left) with d = 1. Figures
4.4-4.8 show results of the proposed control law. Figure 4.4 shows how agents form an equilateral
pentagon where each side is equal to the desired distance. Figure 4.5 represents the trajectories of
each agent and the target in x and y directions. The velocity of each agent and the target in x and
y directions are shown in 4.6.

In order to compare the results with a displacement-based method, the modified version of [14]
is simulated. We selected the following parameter for the proposed controller [14]: number of
neurons is 9, oy, = 1, kK = 0.5 and ¢ = 91.21. We compared distance (edge) errors in Figure

4.7 and the target tracking errors of the leader along x and y directions and its time derivative in
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Figure 4.6: Speeds of agents and the target along = and y directions.

Figure 4.8. We use an average absolute formation distance error (AFDE) ((t) function [63]:

) == > 1Bl — dij)l, (4.70)
‘E| (i,9)EF

which is plotted in Figure 4.9. The proposed method has an improved AFDE compared to the

displacement method.

Table 4.1: Values of ¢;1, ¢;2 and d;1, d;o in the ¢ — th agent.

i 1 2 3 4 5
1| 02 04 -06 07 -08
ce2 |03 06 05 05 06
di| 04 07 03 -04 -0.7
dip | 03 -04 04 08 -05

Example 4.2. Consider a multi-agent system consisting of N = 6 two-link robot arms. The goal is
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Figure 4.7: The distance errors e;;, (¢,j) € E of the proposed method (Method 1) and the modified
displacement-based method (Method 2) [14].

to form the desired formation, shown in Figure 4.3 (right), while the agents follow the leader that

tracks a target within a bounded trajectory. The dynamics of each robot arm is given by [60]

qi1 = qi2,
M;(gi1)di2 + Vi(ai, gi2) @iz + Gi(qi1) + Tia = 7, 4.71)
i=1,2,...,6,

where the vector q;1 = [qi11, qi2)T € R? and qin = [qi21, qio2]’ € R? represent the position and
velocity in x and y directions respectively. The dynamics of a two-link robot arm can be described as
(4.71) where inertia matrix M;(q;1), centripetal and Coriolis matrix V;(q;1, ¢i2) and gravitational
vector Gi(q;1) are defined as follows [27]:

My Mo

Mi(gn) = | "l e R, 4.72)

Mo Moo

where

M1 = (mg1 + ma2)r3 + 2myeriariacos(gie),
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Figure 4.8: The target tracking error of the leader and its time derivative for the proposed method and the
modified displacement-based method [14] along x and y directions.

2
M2 = Mig1 = miars, + migriiriacos(gii2),

_ 2
Moo = mj127]; 9.

Vigman) = | 2| e B2 (4.73)
Vi1 Vize
where
Viin = —maaririasin(gi2)giz,
Vite = —maaririasin(gii2)qizz — maariri2sin(gii2) g1,
Vio1 = miaririasin(qi2)gizz,
Viga = 0.
Gi(gi1, gi2) = (Gin1, Gin2)" € R%. (4.74)

where Gi11 = (Mg +mi2)griicos(gii1) +miagriacos(ginn + gizz), and Gi1z = miagrizcos(qia1 +
gi12)- In (4.71), the variable T;q4 represents a constant bounded disturbance in the dynamics of each
two-arm robot. The parameters of the each robot arm are g = 9.8m/82, ri1 = 1lm, r;1 = 1m,

mio = 1kg, and mis = 1kg, 7,4 = [0.1,0.1]7 (i = 1, ..., 6). The initial conditions of all agents are
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Figure 4.9: Performance comparison (AFDE) between the proposed distance-based method and the modified
displacement-based method [14].

given in Table 4.2. The target velocity and initial position are v, = [5-cos(12Et), 5= sin(427t)]"

and p.(0) = [0,0]7, respectively. We selected b = 2 and k, = 1.

Table 4.2: Initial values of ¢;1, g;2 in the i-th agent

) 1 2 3 4 5 6
g1 | 0 25 2 07 -1.7 -19
gn2 | 21 0 -1.1 -1.8 -1 1
g1 103 08 0 -05 05 04
g2 | 03 0 07 -1 1 -0.5

We applied an RBFNN with 81 neurons and activation function centers, |1, evenly spaced for
each agent. One can obtain g, = 1/[(mi1 +ma2)r + 2muor?, + 3maarari) for Vi = 1, ...,6 [27].
The values of the constants are k = 0.2,11; = 1,¢ = 20,k, = 0.3, and the desired distance is
d = 1.6 for all edges. Figures 4.10-4.14 show the simulation results of the proposed control law
(4.22) applied to a nonlinear multi-agent system. Figure 4.10 indicates how these agents form an
equilateral hexagon where the desired distance for each side is d = 1.6. Figure 4.11 represents the
trajectories of each agent and the target in x and y directions. The velocity of each agent and the
target in x and y directions are shown in Figure 4.12.

To compare the results with the displacement-based method, the modified version of [28] has
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Figure 4.10: Desired formation of equilateral hexagon in 2D with side length d = 1.6.

been simulated. By applying this method and adding constant displacements of the desired positions
[20, p. 127] to the formation control problem, we obtain a shape-based control with distance errors
shown in Figure 4.13. We selected the following parameter for the used controller in [28]: number
of neurons is 81, o, = 1, Kk = 0.3 and k; = 650, k = 0.7 and o; = 0.3.

Also, target tracking errors of the leader along x and y coordinates and time derivatives for
both methods are shown in Figure 4.14. We use AFDE to compare our results with [28], as shown
in Figure 4.15. It can be seen that the proposed control method improves the AFDE when applied

to an input-affine, nonlinear multi-agent system.

4.5 Conclusion

In this chapter, we proposed a control method for distance-based formation control and target
tracking for nonlinear multi-agent systems with unknown dynamics and disturbance. We considered
second-order nonlinear agents that are connected through an undirected graph network. An RBFNN
compensated for the agent’s unknown dynamics. The proposed control law was based on the target
tracking backstepping controller and is paired with a stable NN tuning law that ensures the stabil-
ity of the obtained formation. The stability results showed that distance error dynamics and NN
weights’ norm estimation error were UUB. Simulation results were provided to illustrate the per-

formance and effectiveness of the proposed method. The performance index has been introduced to
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Figure 4.11: Trajectories of the agents and the target along x and y directions.

quantify the comparison with two existing displacement control methods. We demonstrated that the

proposed method improves the system performance compared with two other displacement-based

methods.
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Figure 4.12: Velocities of the agents and the target along x and y directions.
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Figure 4.13: The distance errors e;;, (4, j) € E of the proposed method in Theorem 4.1 (Method 3) and the
modified displacement-based method (Method 4) [28].
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Figure 4.14: Target tracking error of the leader and its time derivative of the proposed method in Theorem
4.1 (Method 3) and the modified displacement-based method (Method 4) [28] along x and y directions.
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Figure 4.15: Performance comparison (AFDE) between the proposed method in Theorem 4.1 (Method 3)
and the modified displacement-based method (Method 4) [28].
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Chapter 5

Undirected Formation Control of
Second-Order Nonlinear Multi-agent

Systems With State Time Delay

5.1 Introduction

This chapter focuses on the formation control of a general class of input-affine nonlinear multi-
agent systems using inter-agent distance with unknown nonlinearity, time delay on the dynamical
states, and disturbance. To compensate for the time-delayed function, there is a time-dependent
control gain, which differs from the control design in Chapter 4. Moreover, the disturbance as well
as the assumption for the boundedness of the disturbance are state-dependent. A normalized rigidity

matrix is utilized in controller design.

5.1.1 Related Works on Formation Control of Nonlinear Multi-Agent Systems with

State Time Delay

Existing distance-based methods, such as [7,46, 58], use single- or double-integrator dynamics
for the system. We consider nonlinear dynamics to model each agent. The formation control prob-

lem of nonlinear multi-agent systems with a state time delay function was studied in [53,60,75,76],
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where the authors considered a bounded time delay for a nonlinear multi-agent system. In contrast
with these methods, where the Laplacian matrix has been used to express the relation among the
agents, our technique is based on rigid graph theory. While the formation control problems can
be modeled with standard graph theory, a rigid graph theory offers modeling that minimizes the
number of edges/distances one needs to control to achieve the desired formation.

The objectives are to keep agents, modeled by second-order nonlinear systems and state time
delay, at pre-specified distances from each other and to track the target within a bounded trajectory.
To achieve this, we propose a new control design for the nonlinear multi-agent systems relying
on the backstepping control and rigid graph theory. The unknown nonlinear part of the system
dynamics and the disturbance are approximated using NN, where an RBFNN is used to estimate
the unknown dynamics. To achieve target tracking, the leader tracks a target within a bounded
trajectory while the rest of the agents maintain the desired formation and follow the leader. The
main contributions are:

(i) The Lyapunov function is selected for the formation control problem and target tracking
of second-order nonlinear multi-agent systems. This chapter is the first contribution proposing a
formation control using inter-agent distance for nonlinear multi-agent systems with state time delay
and disturbance to the best of the author’s knowledge. Compared with existing methods in [53,60],
the system’s dynamics is not limited to first-order nonlinear systems.

(i) Compared with the existing methods [53, 60, 75, 76], which use the Laplacian matrix to
express the interactions among the agents, we use rigid graph theory to represent those relations for
a general class of nonlinear multi-agent systems.

(iii) The smallest singular value of the normalized rigidity matrix for a MIR framework is uti-
lized to design the neuro-adaptive controller using the backstepping technique to address the forma-

tion control problem of nonlinear multi-agent systems.
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5.2 Problem Formulation

Consider a second-order nonlinear multi-agent system consisting of NV agents. The dynamics of
the i-th agent is given by

pi =7,
(5.1)

v = fi(pi> vi) + gi(pi, vi)ui(t) + hi(pi(t — 7i), vi(t — 7)) + wi(ps, vi, 1),

where the vectors p; € R?, v; € R? represent the position and velocity of each agent respectively,
fi(.) € R, h;(.) € R? are the unknown smooth vector functions considered to be continuously
differentiable and locally Lipchitz, 7; is an unknown time delay, u; € R? is the control input, and
w;(.) € R? is a disturbance affecting each agent. Matrix g;(p;,v;),R* — R?*2 is an unknown
matrix.

In target tracking, we consider the first agent to be the leader, while the remaining agents are
followers. The control objectives are: (i) the leader tracks the target; (ii) the distance between

neighboring agents 7 and j converges to desired distance d;;:

llpi — pjll = dij ast— o0, (i,j) € E, (5.2)
where the d;;’s are positive and bounded by max(d;;) < D,V(i,j) € E, with a fixed bound D.
We establish standard assumptions [14, 35,60, 76] as follows.

Assumption 5.1. The vector function h;(.) is considered to be bounded, i.e., there exists a known

Sfunction C; such that ||h;(z;(t))|] < YTi(x;(t)).

Assumption 5.2. Disturbance w;(z;(t), t) is an unknown vector function that satisfies ||w;(x;, t)|| <

pi(xi(t)), where p;(x;(t)) is a positive smooth function.

Assumption 5.3. Time-invariant delay 7; is unknown and bounded by ||7;|| < Tar, with a fixed

bound )y fori=1,...,N.

Note that we consider the Assumptions 2.1,2.2, 4.1, and 4.3-4.5 are also valid here.
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5.3 Controller Design

The distance error for the multi-agent system (5.1), modeled by an undirected graph, is given
by e;; = ||pij|| — dij. The distance error dynamics can be derived as (4.7). Let us define an energy

function
Mi(e) = % Z(i,j)eE egj' (5.3)

Considering (4.10), Definition 2.5, and by taking a time derivative of (5.3), M, is given by

= Y i = 570 Ry, (5.4)
where B(e) = (...,eij,...) € RIPl for (i,5) € E. Moreover, x; = [p!,...,pk]" and x5 =
[, ..., o511 € R2V is defined as an overall velocity vector for all agents. Note that R, is the

normalized rigidity matrix explained in Section 2.3.1. Using the backstepping technique [7], we

define s = [s7, ..., %7 € RV, s = x9 — v, where v is an auxiliary variable given by
v =+ 1y ® (v + krey), (5.5)
with ug = —k:vR;;Fﬁ(e) and k, being a positive constant. From (5.5), one has

—ky Z Pij + (vp + krey),

——e;;)
HPZJ” !
JEN; (5.6)
=v; + ky Z Pij eij) — (vp + krer).
2y

Achieving the desired formation in (5.5) relies on us, while 1y ® (v, + kye;) is the term for tracking
of the target by the leader and other agents.

Let us define the potential function V; = M; + My, where My = =3 Zl 15 Tg.. Taking
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time-derivative of V7 and (5.5), one has

Vi =BT (e)Ryxa +s"8 = BT (e) Ry + 5" [xa + R} B(e) — V]
N
= k8T () Ry Ry Ble) + ) 8T [filwi) + gi(wi)us + hi(wi(t — 7)) + wilwi ) (57

=1
+ Z Pij ezg i]a

2 iyl

where z; = ;‘F, ZT |*. Using Assumptions 5.1-5.2, and applying Cauchy’s and Young’s inequalities
one has

[|s3]]? n 7 (xi(t — 7))

Ty (ot — 7)) <
s; hi(zi(t —m)) < 5 5 ,

(5.8)
1 A 2p2 it
$Tun(w, 1) < & 4 Lol P @i(t)
2 2
Substituting (5.8) into (5.7), yields
‘ R S pi o IsiPRG) | [lsiP?
Vi < —kof (G)RPRP/B(G)—’_Z i [fl ;) Z ||p || 2 + 2
i=1 JEN; Dij
+ Lot - m) + st gi(zi)u; | + =
2 2
(5.9)

To compensate for the unknown function h;(z;(t — 7;)), which is upper bounded by Y;(z;), we add

the following term to potential function V;

My =330 [1 T3xi(2))dz, (5.10)

and its time-derivative is given by

My =350 (Y2 (ai(t) — Yt — 7)) G.11)

Let us define potential function V5 as Vo = V; + Mjs. Taking time-derivative of V5, and from
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inequality (5.9) and equation (5.11) yields

) Dij lIsill> | Y7 (a(t))
Vo < —k,8T(e)R +Z< i(si, 1) ViZ(H ,]_Hez'j)H 5t
jen; "4
N
+ S;fgz(xz)uz> + o

(5.12)

with T (si, 2:) = fi(2:i) + 5807 (2i(t)).

Define 5 = RIB(e) € RN, where ¥ = [¥1, ..., yn]" with 5; = >_jeN; (HpuHe”) Motivated
by [60], let {p;,v;} € £, be a compact set, then Q,, C €, where Q,, = {s; | ||si]| < 0;} with o
chosen as a small arbitrary constant. As ), is an open set, its complement set, Qgi =0, — Qo
is a compact set. The set 2, is the compact set in which the NN can approximate the unknown
dynamics of an agent.

We propose the following control law for the multi-agent system (4.1)

—1~2 0

s, Yio(xi(t)), si €8y,

v — o g s Tili(t)) o 5.13)
07 Si € Q‘Pi

—ci(t)si — 5o} |lei(si, i) |Psi — v — (55
where ©; is the current estimation of w;, s; ' = s;/||si||%, control gain ¢;(t) > 0, and v; is given
by

]. - 2 . M 2 b
Vi =—(1Fll” + [[krér — k5ilI7)si + — sgn(si), (5.14)
with b > v/2||0||oo. Agents’ NN tuning law is given by

@i = 1L (i, 50)|? ||sil [ — rillicos, (5.15)

where x; > 0 is a constant and II; is a positive constant.
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5.3.1 Stability Analysis

Theorem 5.1. Let an undirected MIR graph model the required framework. Under Assumptions
2.1, 2.2, 4.1, 4.3-4.5, and 5.1-5.3, select the control input (5.13), b > \/2||0r||, adaptive NN

weights tuning law (5.15), and the control gain ¢;(t) as

r;, 1 /t 5 ke +3
—(=— Y7 (x(2))dz +
gl' (2H8'LH2 t—Tn ( )) PZ

where —kyo(R,) < f%, Ki > EH ,and ke > T, T' = min{T'1,...,U'n}. Then, the inter-agent

ei(t) = ), (5.16)

distance errors and NN weights matrix estimation errors are UUB for initial conditions that belong

to the compact set y:

Qo ={x1(0),x2(0), W(0), p,(0)[p- (0) € Q. d(x1,I50(F*)) < d(x1, Amb(F™)),

> lpyll? —di)? <6},

(i.4)eE*

(5.17)

where 0 is a small positive constant.

Proof. The error dynamics with respect to e;; and s; in a closed loop system with (5.13)-(5.15) has
right-hand side discontinuity because of sgn(s;) in (5.14). We choose the non-smooth Lyapunov
function candidate V = V5 4+ My, with My = J&TF~l&, F = 11 = diag(Il;) (see 4.18 and
(4.21). Let ¢; = F;(s;, t) be the closed loop system where ¢; = [e;5, s, then F;(;, t) is continuous
everywhere except in the set {(¢;,t) | ||s;|]| < o;}. For this system Filippov solution exists by
satisfying differential inclusion ¢; € K;[F,](;, t) where K;[F,](s;, t) is an upper semi-continuous,

nonempty, set-valued map [8, p. 171]. Then, the time derivative of V' is given by

N
ae oV
Ve 7Ki[]:i](glvt)
=1 agi
C kAT QN: T T(o0.2) r%<xi(t>>+\|si||2+sT< (@) - cs(t)s:
D iy Lg 2 9 i \ Gi\Tq 7 [
i=1
1 ~ T 1 p” 1 —1~r2 Dij
— —] l@i(si, z0)l|*si 4+ (=) (- Z e ) — (5)s T Z Vi
74 9; JEN; [Ipi; | 29, JEN; ||pwH )

+ g + &l F %,
(5.18)
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Similar to (4.18), one can write

=

1 1
Zsz (562 < 3 (Il sl oo s)l)? + 5 +llsilP+ gplledl?). 519
(A 7

=1

From @; = ||W;||% and by applying Cauchy’s inequality and substituting (5.14), one has

V< ok, +Z(42+ el + 2 T (e
(5.20)

— (b sgn(s;) + vy >) % i (Kito;)]

Similar to (4.18), and by utilizing Young’s inequality, substituting equations (5.15), (5.16) into
(5.20), and using Young’s inequality and assuming boundedness of ideal NN weights matrix by

[|W||Fp < Wy, with a fixed bound W), one has

N
N 1 1 1
V< -TM — ng—ng—PEj +5+§§:(53+,ﬁwg4+@+@>
i=1 i=1 % 7

S _EV + BM7
(5.21)

where By = 5 + %Zf\;l (522 + kW3, + ﬁ + ﬁ) From [77, Lemma 1.1], inequality (5.21)

implies
By

Vit < e Lt (5.22)

F(V(0)+ 21

It can be seen that using the control law (5.13), the distance errors are uniformly ultimately bounded
(UBB). If s; € Q,, as o; is chosen small enough, it follows that the formation control has been

achieved and no more control effort is required. 0

Remark 5.1. If inequality (5.22) holds, as t — oo, the radius can be reduced by choosing I large

enough. Thus, I directly impacts formation stability and tracking performance.

Remark 5.2. Through control law (5.13), the multi-agent system moves toward the equilibrium,

which is located in Q; as a result, the distance error remains in the invariant set Qg [8]. Moreover,
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0 is chosen sufficiently small positive constant and consequently, p;; 7# 0.

Lemma 5.1. Consider the following function
1
= 28T (©)(e) + 5B F % + osTs 4 o Z/ T2w()dz,  (5.23)

IfV satisfies 1%4 < —a1V + ao, then for a bounded initial conditions in a bounded set g (5.17)

i) the states and NN weights remain within a bounded set

D, = {pi(t), vilt), Wi)] [[ps(D)]] < B oI < V, [@at)]] < Wiy + Wi, pe(8) € ),

(5.24)
where constants f_’l* and W; and V' are defined as
P =(af + )P+ P+,
200
N B Oy (5.25)
(2 HZ 9

1%

S+ ko (Rp)) + V2N (|50 + ¢ ),

and o denotes the number of vertices in the minimum path from the leader to the i-th agent and

§ 2
§=,/2v(0) + 2
(85
_ 2
P=/2V(0) + % +D, (5.26)
1

ii) The states and weights converge to a compact set

e, = {pi(t), Wilt)] im Jless|| = Ze,, Jim [|Wil] = Sw,}, (5.27)
with Ze, = /222 and Zy, = | | 2%-.
Proof. Similar proof is provided in [77], hence we skip the proof here. O
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It can be shown, using Gershgorin circle theorem, that 6(Rp) < V2N — 2 (see Lemma 3.2).

Thus, the compact set of Qgi defined in (5.13) can be specified as

Remark 5.3. The variables s; and y; are bounded as all of their components are bounded as well

as the control gain c;(t) and the control input (5.13).

5.4 Simulation Results

Example 5.1. Consider a nonlinear multi-agent system with four agents in a plane, where the

dynamics of each agent is given by

pi(t) =vi(t),

( ailvig(t)vil(t) + sin(a“pil (t)) ) n ( 1+ COS(Ui4)Sin<UZ‘23) 0 ) u(t)
bi1piz(t)via(t) + cos(bipiz(t)) 0 1+ cos(vi3)sin(vd,)

cipi1 (t — 73)cos(viy (t — 7)) di1vi2p? cos(1.5t)
n + Ci=1,..,4.

Ciapia(t — 1) sin(via(t — 73)) dia(vi1 + pi2)sin(t)

0i(t) =

(5.29)
Parameters a;1, bi1, ci1, ¢io, di1, dio of each agent are given in Table 5.1. The initial conditions for
the four agents are: p1(0) = (0,1)T, v1(0) = (1,1.5)T, po(0) = (=0.2,0)T ,v5(0) = (—1,1)T,
p3(0) = (0.2, =), v3(0) = (1,-1)T, and p4(0) = (0.3,0.5), v4(0) = (0.5,0.5)T. The time
delays are 1 = 0.10, o = 0.18, 73 = 0.13, 74 = 0.12, and 75y = 0.2. The target velocity
and initial position are v, = [0.2,0.5cos(2t)|T and p,(0) = [0,0]7, respectively. Considering

[|0r||cc = 1, we choose b = 3 and k, = 2. RBFNN is selected with 9 neurons and r; = 2.3, F; =

101y, k, = 15. To satisfy Assumptions 5.1-5.2, we choose Yi(z;(t)) = /(ci1pi1)? + (ciopi2)? and
;=2 k.=22in(5.16).

The desired distances and communication topology are given in Figure 3.4, with d = 1. Figures
5.1-5.3 show results of the proposed control law (5.13) for a nonlinear multi-agent system. Figure

5.1(a) shows the performance of the multi-agent system, which achieves the desired formation (d =
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4
Time Time
(b) (©
Figure 5.1: (a) The desired formation is a square with side d = 1; (b) Trajectories of the agents and the target
along x and y directions; (c) Velocities of agents and the target along = and y directions.

1). Figure 5.1(b) represents the trajectories of the agents and the target in x and y directions.
The velocity of agents and the target in x and y directions are shown in Figure 5.1(c). Figure
5.2(a) illustrates the distance errors e;;, (i,j) € E of the proposed method, and Figure 5.2(b)
demonstrates the target tracking error of the leader and its time derivative of the proposed method.

To compare the results with a displacement-based method, the modified version of [76] is sim-
ulated. We selected the control parameters of [76] as follows: number of neurons is 9, k; 4 = 10,
and C; . = 0.2.

We use AFDE (4.70) to compare our results with [76]. As shown in Figure 5.3(a), the proposed
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Figure 5.2: (a) The distance errors e;;, (i,7) € E of the proposed method. (b) The target tracking error of
the leader and its time derivative of the proposed method.

method improves the AFDE when applied to second-order nonlinear multi-agent systems. More-
over, in order to provide a better comparison, using Example 3.2, the smallest singular values of
normalized rigidity matrix for our proposed method (dashed line) and method in [76] (dash-dotted
line) are depicted in Figure 5.3. (b). From Example 3.2 and Figure 5.3, one can see the performance
improvement in comparison with the presented method in [76]. Moreover, it can be noted that the

smallest singular value of the normalized rigidity matrix is always less than the introduced upper

bound in Theorem 3.1.
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Table 5.1: Parameters a;1, b;1, ¢;1, Ci2, d;i1, dio for the i-th agent.

i a1 bt 1 ¢ din dgp
1103 1 1 -1 24 2.1
2107 -02 -12 -22 18 -15
31-07 -08 21 12 -04 13
41-06 04 -05 -07 06 08
04 ‘
— — Method 5
03} —-—-Method 6 |
I
o2l i
U
o1 [ 1
\
0 \\\ﬂ R, R R Bl O (A e B il |
0 1 2 3 4 5 6 7 8 9 10
S — o — — -
ryo T - T T
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\b§|0-5*‘4 076 . -7 e~ \\\\ ///’ ] |—-— Method 6| |
04 f' 075 : :
: T 2 3 4 5 6 7 8 9 10 ]
03 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Time
Figure 5.3: (a) Performance comparison (AFDE) between proposed distance-based method (Method 5) and
displacement method (Method 6) [76]; (b) Smallest singular value of normalized rigidity matrix comparison
between proposed distance-based method (Method 5) and displacement method (Method 6) [76] (solid line
is the desired value for the smallest singular value of normalized rigidity matrix in Example 3.2).

5.5 Conclusion

A neuro-adaptive backstepping and rigid graph theory-based control have been proposed for a
distance-based formation control and target tracking of second-order nonlinear multi-agent systems
modeled by an undirected graph in the presence of bounded disturbance and unknown state time
delay. The RBFNN has been used to compensate for the unknown nonlinearity of the dynamical
system and disturbance. The rigorous stability analysis based on the Lyapunov stability theory
showed UUB of distance error. The normalized rigidity matrix has been used for designing the
control law. The simulation results have verified the performance of the proposed method. Two
comparisons have been provided to demonstrate the efficiency and improvements of the proposed

method compared with the recent results in the literature.

74



Chapter 6

Directed Formation Control of
Nonlinear Multi-Agent Systems Using

Three-Layer Neural Networks

This chapter focuses on leader-following formation control problem for heterogeneous, second-
order, uncertain, input-affine, nonlinear multi-agent systems modeled by a directed graph. A tun-
able, three-layer NN is proposed with an input layer, two hidden layers, and an output layer to
approximate an unknown nonlinearity. Rather than relying on trial and error to select the num-
ber of neurons or hyperparameters in a conventional neural network, this approach leverages prior
knowledge of the number of states to set up the appropriate number of neurons for each layer. The
NN weights tuning laws are derived using the Lyapunov theory. The leader-following and for-
mation control problems are addressed by RISE feedback and an NN-based control. The RISE
feedback term compensates for unknown leader dynamics and the bounded disturbance in the agent
error dynamics. The NN-based term compensates for the unknown nonlinearity in the dynamics of
multi-agent systems. The semi-global asymptotic tracking results are rigorously proven using the

Lyapunov stability theory.
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6.1 Introduction

6.1.1 Related Works on Formation Control of Nonlinear Multi-Agent Systems Using
Multi-layer Neural Networks

In the formation control problem of multi-agent systems, it is common to consider single- and
double-integrator dynamics [59,78,79], or nonlinear dynamics [14,28,54,80] to model multi-agent
systems. Some literature that considered unknown nonlinear dynamics, utilized NNs or fuzzy logic
controllers to approximate the uncertain nonlinearity in the system dynamics. There are two main
reasons for this: (i) the multi-layer NNs and fuzzy logic controllers are universal approximators
that can approximate any continuous and smooth function over a compact set with a desired accu-
racy [14,81]; (ii) a precise model for the dynamics of a multi-agent system is not required, which
eliminates an extra effort to acquire an accurate system model [82].

Intelligent control results in formation control mainly used one-layer NNs, e.g., radial basis
function neural networks (RBFNNs) [28, 83, 84] or two-layer NNs [54], to compensate for the
unknown nonlinearities in the system dynamics. These studies commonly used the universal ap-
proximation property, where the RBFNNss and the Gaussian activation functions were utilized. In
RBFNN, hidden layer neurons are usually uniformly distributed on a regular lattice, or they are ran-
domly initialized. In [85], authors constructed an RBFNN, where the distance of any two adjacent
centers of the bell-shaped activation functions was the same as the width of the activation function.

An RBFNN can approximate a nonlinearity if the input variables of the activation function are
located in certain neighborhoods of the RBF centers [85]. Thus, one can select a large number of
neurons (not a priori known) and distribute activation functions over a regular lattice uniformly to
cover the compact set. A one-layer NN with a tunable, hidden layer in the form of linear-in-the-
parameters can approximate a nonlinearity in the dynamics of a nonlinear system at the desired
accuracy. The exact number of neurons for control systems design is not clearly established. Al-
though the self-organizing receptive field method was introduced in [86] to optimize the locations
in RBFNN, these results have not been used in the formation control problem to approximate the
unknown nonlinearity.

These limitations and restrictions motivated us to propose a three-layer NN with two hidden
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layers, where the numbers of neurons in hidden layers are set based on the order of the agents’ model
(see Remark 6.6). Increasing the number of layers and neurons inevitably increases computational
complexity. However, setting the number of neurons a priori reduces the controller design time.

To address the issue of the number of neurons in a NN, a self-structuring NN was proposed
in [82], where a neuron is divided into two by satisfying a specific condition, but the output of these
two neurons remains identical to the output of a neuron without division. This work was extended
to a nonlinear multi-agent system [54], where authors designed an observer to estimate the states
of the leader for each agent and addressed the cooperative tracking control problem of a leader.
Compared with existing results, we used two hidden layers instead of one [31, 32,54, 82, 87], and
we developed tuning laws for all three layers. The other novelty is that the number of neurons is
fixed.

The RISE feedback controller is utilized to eliminate the chattering effect that occurs in sliding
mode controllers [31, 32, 88-91]. Although a RISE feedback control can potentially exceed the
actuator’s limit due to the large integral gain, it has been shown that it can be implemented in real-
time applications, e.g., [91]. Authors in [88] used the RISE feedback to compensate for nonlinearity
in a class of higher-order, multi-input multi-output systems. These results were extended in [32],
where a tracking problem of an uncertain system was addressed by an NN-based controller. In [32],
the authors used the discontinuous projection algorithm, which requires an a priori knowledge of
the convex set, as well as maximum and minimum of NN’s weights [92]. In a similar study, in [89],
authors used two-layer NN (input, hidden, and output layers), where only the weights between two
outer layers can be tuned. The tuning laws in [8§9] were derived using the Lyapunov stability theory.
These results were further extended in [31, 91], where a discontinuous projection algorithm has
tuned the NN weights matrices between any two consecutive layers for a two-layer NN.

The novelty of our work in comparison with [31,32,88,89,91,92], is that we employ a three-
layer NN comprised of an input layer, two hidden layers, and an output layer. Moreover, all NN
weights matrices are tunable, and the tuning laws are derived through the Lyapunov theory.

The NN-based formation control results addressing the displacement-based, leader-following

problem have demonstrated only uniform ultimate bounded stability due to NN approximation error
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and lack of communication between the leader and all followers [14-16,53,54,60]. A RISE feed-

back controller with two hidden layers NN is proposed to achieve semi-global, asymptotic stability

for the leader-following formation control for heterogeneous, second-order, uncertain, input-affine,

nonlinear multi-agent systems.

The main contributions of the chapter are given as follows:

ey

2

3)

6.2

We consider the leader to be connected to at least one of the other agents. Unlike [31, 32,
87,89,91], where the desired trajectory signals (information from the leader) are fed into the
first layer of the NN, the novelty here is that the NN is designed without these signals. The
leader-following is achieved by a RISE feedback controller, where the effects of the leader
dynamics and unknown disturbances in the tracking error of each agent are ameliorated by a

robustifying term.

We determined the number of neurons in each layer and derived the tuning laws for the NN
weights matrices. Although the controls literature mostly considered one- or two-layer NNs
[15,28,31,35,60,87,91], we developed the results for a three-layer NN. This work differs in
that it sets the number of neurons in NN layers using a priori knowledge, such as the number

of system states.

The semi-global, asymptotic, leader-following performance is achieved, which distinguishes

our work from [14, 15,28, 53].

Problem Formulation

A multi-agent system with N agents is considered, with the dynamics of each agent given by

pi = V4,

i = fi(pi, vi) + 9i(pi vi)ui(t) +wi(t), i=1,..,N,

6.1

where the variables p; € R™ and v; € R” denote the position and velocity states of each agent,

respectively. The functions fi(p;,v;) € R™ and g;(p;,v;) € R™™ are unknown nonlinear C?

functions. The control input is u; € R™, while a disturbance affecting the agent is denoted by
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w; € R™.

The dynamics of the multi-agent system can be written in a compact form as follows:

kl = X9,
(6.2)
Xy = f(x1,%2) + g(x1, x2)u + w,

where x; and xg are stacked vectors of positions and velocities of all agents, respectively. The

stacked vector x; = [pf,pl, .. pL]T € R™ and xo = [v,v],...,0v}]T € R™™. The over-
all states of the multi-agent system are represented by x = [x?,x2]T. The function f(x) =

[ (p1,01), fT (D2, v2), ooy FE (DN, vn)]T € R™Y is the stacked nonlinearities of all agents. The
control input gain matrix is g(x) = diag(g1(p1,v1), g2(p2,v2), ..., gn (PN, vN)) € RMVXPN the
stacked control input vector is u = [ulT, uzT, ey u%]T e R™V, and the stacked disturbance vector is
w = [wl vl .. wi]T e RV,

The leader’s dynamics is given by

pL= vy,
(6.3)

U = filpr,vr),

where p;, v; € R™ denote the position and velocity states of the leader, respectively. Here we use

some standard assumptions [31,32,35,90,93-95].

Assumption 6.1. The trajectory of the leader and its first three time derivatives are bounded, i.e.,

P11, fis fi € Loo. The bounds of p1, vy, fi, f; are considered to be unknown.
Assumption 6.2. The gain matrix g;(p;, v;) is a symmetric, positive definite matrix, and its inverse
satisfies the following inequality

gllz|® < a"g; w < gl|2|?, (6.4)

where x € R™ and unknown constants g, g are positive.

Remark 6.1. Assumption 6.2 states the condition for the controllability of the system (6.1). These

bounds are considered for analytical purposes, and their exact values are considered to be unknown
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Jfor control design. We removed an a priori knowledge about g in our control design. Its exact value
is not required, and this consideration distinguishes our work from [28, 35, 60, 96]. There are
many nonlinear systems that meet this assumption, including those described by Euler-Lagrange

formulations [27,32].

Assumption 6.3. The disturbance w; and its first two time derivatives 1, , W; are considered to be

bounded with unknown bounds.

Let us define the error vector for ¢-th agent as [80]

ei =Y ay(pi —pj — di + dj) + bi(pi — pr — di), (6.5)

JEN;
where the constant vectors d; € R™,7 = 1,..., N represent the desired relative position between
agent ¢ and the leader. Note that we define the desired relative position between agents ¢ and j as

d;j = d; — d;. For the agent 7, define ¢; as ¢; £ ¢,

8 =Y aij(vi — vj) + bi(vi — v). (6.6)
JEN;
The control objective is to design a robust, distributed controller for each agent using local

information that ensures all agents achieve the desired formation and maintain the leader’s velocity:

limyoo||ps — p1 — dil| =0
6.7)

limy_, o0 ||v; — || = 0.

Recall the three-layer NN covered in Section 2.4.2. Then the following results can be derived
using the problem formulation stated above.
Considering 2.20, let us define § = y — §, 64 = 0% — 63, V. =V =V, Z = Z — Z, and
W = W — W. Let us define o1 2 01(Z%03), with oy 2 09(VTX) and 61 £ 01(Z764) with
d

A A %> A~
69 £ 09(VT X). Moreover, we express 6}

é da’1 (S) é 0'2(8) ’

A~ A/ ~
ds |s:ZT&2 and 09 ds ls=VTx:
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Lemma 6.1. The estimation error satisfies the following

y— 9 =WT(61- 612760 — 61Z765VTX) + WEG1ZT (69 — 65VTX) + W (6127 64V X)

+ €,

(6.8)

with
e=WT61270:(.) + WT6| ZT 6, VT X WY (612  00) + W&l ZT6 VT X + WT0,(.) + €],
(6.9)

where O1(.) and Ox(.) are higher-order terms of Taylor series expansion of o1(Z%o2(VI X)) at

ZToy(VTX) and oo(VT X) at VT X, respectively.
Proof. Following the procedure in [27,82], from (2.17) and (2.19), one can write
y—35=Wro(ZTaa(VTX)) = WTa1(ZToo(VT X)) + €. (6.10)
By adding and subtracting W76 + W75, and rearranging (6.10), one has
y— =W+ W61+ W5 +e ©6.11)
Taylor series expansions of oy (Z7 oo(VT X)) at ZToo(VTX) and oo(VT X)) at VT X is

c1(ZT oy (VT X)) =01 (ZT oo(VT X)) 4+ 6427 0o (VT X)) — ZToy(VTX)] + 041(.) 612)
=61+ 61[ZT 00 — ZT 6] + 01(.),

aa(VIX) =62+ 64V X + 05(.). (6.13)

Note that O1 (.) and Oy(.) are shortened notations for Oy (Z7 ao(VTX)—ZT oo (VT X)) and O5(VT X),
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respectively. From (6.12) and (6.13), it is evident that

51 =061[2T 0y — ZT 6] + 01(.),

(6.14)
Gy = hVITX + 09()).
Substituting (6.14) in (6.11), one has
y—y= WT(ﬁl + &&[ZTO'Q — ZT&Q] + 01(.)) + WT51 + €. (6.15)

Rearranging (6.15), yields

y—1 :WT(é'l — &iZTOA'Q + &iZATON'Q) + WTél + [WT(é'll [ZTO'Q + ZT&Q] + 01(.)) + 6].

(6.16)

From (6.14), (6.16) can be written as

y— 9 =WT(61— 612760 — 61 2765VTX) + WPy + WP (61 [Z 00 + 2760 + ZT 64V X

+ ZT05()] + 01(.)) + €.
6.17)

Following the same procedure for W75, and from (6.14), one has

y— 9 =WT (61— 612760 — 61 Z76VTX) + WT61 (2760 + Z%69) + WT51[27 5]

+WT0,()+ WT(64[Z 00 + ZT 69 + ZT6VTX + ZT05()] + 01(.)) + €.
(6.18)

Substituting (6.14) in (6.18) leads to

y—§ =W (61— 6" 2T6, — 512764 VTX) + W&, ZT (60 — 64VTX) + W51 27 05(.)
+ W ZT6,vTx + WP, ZT6, VT x + WT6,2705() + WP 0, ()

+ W64 Z o0+ 2760+ ZT5VTX + ZT05(.)]) + €.
(6.19)

From (6.13) and (6.19), one can derive € as (6.9). ]
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The following Lemma provides a bound for €.

Lemma 6.2. The term € (6.9) satisfies the following inequality

el < Tw, (6.20)

where I is an unknown positive constant, and p is defined as follows:

w=lWie + WX+ WIEIVI I+ W IEIZFX] 2]V 621)
+IWIEZIFIVI| el X + 11 2]1F + 1.

Proof. Following the procedure in [27, Lemma 4.3.1], [82], as well as using the fact that o (.) and

its derivative are bounded, and from (6.14), one can show that

102011 < co + er||X]| + c2l V]| p1X]],
6.22)

101 ()| < 3 + edl | Z]|

where ¢;, i € {0,..,4} are positive constants. Using Assumption 2.3, and by substituting (6.22) in

(6.9), one has

[el| <|WTe1 27| ||02()]] + |[WTe ZT 64V X || + (W61 27 oo + ||Woi ZT 64V X
+[IWT01() + €|
<do||[W||p(co + || X|| + ol [VI|E[|X]]) + di[|W]|£ [| X + do|[W]| ]| Z]|F||X]]

+ds|[Wlle + da|Z|| PV e[| XN + ds|[WI|e | 2| e[V | X + de(cs + cal| Z]]F) + dr,
(6.23)

where d;, ¢ = 1, .., 7 are positive constants. Rearranging (6.23) yields

€]l <(doco + ds)[|W 1|5 + (cr + dO)[WI| | X]| + col VIl [V | X]] + del W] #2211

+da|Z|[F| VIRl X]] + ds WLl 21| V][ 21X + docs + dr + eal | Z]| ).
(6.24)
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From (6.24), one has

el <TUW e + WX+ (W EX W2 X+ 2]V

HIWIRNZIEIVIENX] + 1 Z1lF + 1),

(6.25)

with
r mal‘{doCo 4+ d3,c1 +di,co,ds,dy, ds, dges + d7 + 04}. (6.26)
From (6.26), it is straightforward to verify that selecting p as (6.21) implies (6.20). ]

Remark 6.2. Lemma 6.2 provides an upper bound for € using a three-layer NN. Note that this error
is bounded by ||€|| < T'u, where I is considered to be an unknown constant. Therefore, one can
write it as ||€|| < €ns, where €\ is considered unknown and is not necessarily a constant. Note that
we consider this bound for analytical purposes, and its exact value is not necessary for the control

design.

6.3 Controller Design

This section details the control design of RISE feedback and adaptive NN weights matrices
tuning laws.

Let us define 6 = [67,...,65])7 € R"™W and e = [ef,...,ek]T € R™™. Then, one can write
(6.5) and (6.5) as

(6.27)

6 =[(L+ B) ® I)(x2 — vy),

where p; = 1xy ® p, d = [d},...,d5]T and v; = 1y ® v;. Let us define an auxiliary variable
of (; = &; + kie; as in [14], where k; is a positive constant gain. Then the stacked vector { =

(¢t ...kt e R"™N is defined as

¢ =8+ ke, (6.28)
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One can derive the time derivative of (6.28) as

( =L+ B)&L)(f(x)+gx)u+w—f) + k6,

where f; = 1y ® f].

6.3.1 Robust Integral of the Sign of the Error (RISE) Feedback

The filtered error is given by

r=(+ ko,

where ko is a positive constant. The time derivative of (6.30) is given by

= { + kal.

(6.29)

(6.30)

(6.31)

From Assumption 6.2, Remark 6.1, Lemma 2.2, and (6.31), one can express the following equation

similar to [87] as

G(x)Qi = G(x)Q(C + k2(),

(6.32)

where G(x) = ¢~ '(x) and Q £ [(L + B) ® I,]~!. By adding and subtracting %Q(X)QT‘ + ko,

and from (6.27)-(6.29), (6.32) can be rewritten as

G(x)Qr =G(x) <(k2 + k1) f(x) + (k2 + k1) g(x)u + (k2 + k1)w — (kg + k1)f; + k1ka(x2 — v1)

700+ §0u -+ g(x)i+ i — ) + I+ k¢ — GIQr — b

=— %Q(X)Qr — kol +u+ N+ No,

where
Gx) = proxe + 5 (Fx) + g()u + ).
§00 = 25 + 2L (760 + g00u + ),
B dfi ofi
fi=1y® (87911)1 + aflfl)

(6.33)

(6.34)



Using the fact that G(x)g(x) = I,,n, and from Assumption 6.2, A’; and N5 are given as follows:

0 0
N =(ky + ) () f (%) + u) + g<x>a>fl><2 + Q(X)a)i(f(X)
+ g(x)u) + koxo + kok (Xl — d) + ;(g}iXQ gi(f(x) (6.35)

+ g(X)U)) (f(x) — g(x)u+ (k1 + k2)x2 + kika(x1 — d)) + k1k2G (x)x2,

and

No =(k1 + k2)(G(x)w — G(x)f) + G(x) (w0 — f;) — kykap; + g(x)aa—fw — ki1koG(x)vi—

X2
g 1,06 oG :
8—)(2wg(x)u — kov; + 3 (8—)(1}{2 + 8Tcg(f(x) + g(x)u)) (w —vp).

(6.36)

Note that functions N7 = [N, .., NL " € R™ and Ny = [NF, ... NV{ |7 € R™ consist
of unknown terms. The difference between A} , and Ngi is that, for each agent, we use NN to
approximate the variable \1,, while we use a time-varying robustifying term to compensate for N, .
The variable A7, is a function of available states and the agent’s control input. Note that feeding
the agent’s control input into the input layer of the NN causes the circular design problem. To avoid

this problem, similar to [31, 82], we created the NN input from the NN weights matrices, states of

the system dynamics, the robustifying term, and ¢;. This distinguishes our results from [87].

Remark 6.3. It is common to consider that the leader’s information (6.3) is known and use it in the
NN input layer [31, 32,87, 89, 91]. To relax this requirement, we consider that the leader dynamics
is unknown, and the NN is not designed using the leader’s information, thus offering more flexibility

in the controller design.
Considering (6.33), the NN-based control law is derived as
i = —(ks + k1)¢ — ka(ks + ka)¢ — N1 — k(t)sgn((t)), (6.37)

where ks, k4 are positive constants, A7 is the output of NN, and k(t) = [diag(k1, ..., kN)] ® I, €

R?VXnN g the time-varying gain. The last term in (6.37) is responsible for compensating the
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unknown term of A5 in (6.33) and the NN approximation error. For the agent i, let us define
N 5, = k;sgn(¢;). The block diagram of proposed control law is illustrated in Figure 6.1.

We choose the following NN input vector for each agent:

X =i of G WVille | Zil e Wil ma ()] € RO, (6.38)

and &; = [1, X1]T € R3"F5. Let Ny, £ y(X;), then the NN output for i-th agent is described as
(2.19),ie., N1, £ §(X;). Let V = diag(V;) € ROODINxmN_ 7 — diqg(Z;) € RUm+DNxmoN,
W = diag(W;) € RUmAONN v — diqg(V;), Z = diag(Z;), W = diag(W;), 65 =
67, ...6T)"  and ¢/, = 6T, ..., 67F]7, s € {1,2}. Let us define X = [X7,..., X7

Define N1 = WTo1(ZTo(VTX)) and Ny = [NE, ., N ]T, with N7, = N, — Aq, as

17

N, = WE (61— 612862 — &4 ZT 6L ViE X)) + WG ZT (62 — 65V X))
(6.39)
+ Wl (a1ZT 6,V x).
For the sake of the notation simplicity, the indices of ¢ and arguments of ¢; and oo are dropped.

From (6.30), (6.33), (6.37), Lemma 6.1, and Remark 6.2, one has

G(x)Qr = — %Q(X)Qr k¢ — (kg + ka)r — k(t)sen(C) + Ny + No + ¢, (6.40)

where € = [e], ..., ek ]T € R,

Remark 6.4. Let x € (), where set Q) is a compact set. Following the same procedure as in [87]
and considering the Assumptions 6.2 and 6.3, if the control input signal is bounded, i.e., u € Ly,
the variable X is bounded. As the p;, v; and f; are bounded (Assumption 6.1), signals e, , and (
remain bounded, as well as ( ie., C e Qé (see (6.29)). Moreover, considering k € €, ¢ € QC,
Y € Qy withY = [||W]|p, || Z]|F, ||V]|£])T, and with the help of (6.37), variable 1 is bounded, i.e.,
U € Loo. Then, take the time derivative of (6.38), consider Assumptions 6.1, 6.3, (6.29) and (6.30).
Then it follows that X remains bounded in the compact set of Qx with Qx 2 Qy x Qy x Q. X Ay,

where )y is the compact set in which u is bounded.
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Let us define an agent’s NN weights matrices tuning laws as

t
Wi(t) =ai (k2 / (61— 31 2 (5)32 — 6127 ()04 ViT () X,(9)) T ()ds, ~ |Gl W3 )
0
t
24(6) =i (ka | (6~ 40T (5)6) T ()W (5)9% s — G 12
0
t
U(t) =ulle | 2T W (9612 (5)0hds = GV,
with «;, 8;, v; being positive constants. Let us define «, 3, and -y as follows:
o= diag(l%ﬁlal, s 1%2“041\/) € R(m2 )N x(ma )N

8= diag(lﬁl_i_lﬁl, . 1%1+1BN) c R(m1+1)N><(m1+1)N’

¥ = diag(lgn+5V1, e 1§n+57N) c RBnAB)NX(Bn+5)N

Let the time-varying gain ;(t) be defined as [87,97]

Ri(t) = r{ sgn(G)-
From (6.30) and by taking the integral from (6.43), one has

alt) = /0 (¢7 (s)sgn(Gi(5)) + kacT (s)sgn(Gi(s)) ) ds

Y " G, (5) . (8))ds t i(s s
S [ S o + [ kelGha

j=

—1GOI = 1GO) 1 + ko /0 1G:(5) 1 1ds.

(6.41)

(6.42)

(6.43)

(6.44)

Remark 6.5. The unknown term N5 includes disturbance, its time derivative, the leader’s velocity,

and its time derivative. Following the similar procedure as in [87, 88], considering the smooth

functions for f and g in system dynamics as well as Assumptions 6.1 and 6.3, one has ||Na|| < dpy

and || Na|| < dgar, where dyp and dgyy are considered to be unknown.

Take the time derivative of (6.9), recall Remark 6.4, and consider Assumption 2.4, the bounded-

ness of the activation function and its derivative, x, X, Y, and X over the compact set of 2y, then

the boundedness of ||é(X, X)|| follows — namely, ||€(X, X)|| < €. We consider &y and &4,/ to
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Figure 6.1: The block diagram of proposed control law (6.37) for agent ¢. Note that if b; # 0, then the agent
¢ has the information of the leader.

be unknown while authors in [32, 89, 90] considered these bounds to be known.

For the agent i, one has ||&]|| < énr., ||&(Xi, Xi)|| < €ans, || Na, || < dar,, and [N, || < daa,.
Let us define /\721. = Na, + €. Note that values of €yy,, €dM;> dng;, and dgpr, are considered to be
unknown, and they only are used for analytical purposes.

For the agent i, consider (6.39) and recall the fact that the activation function and its derivative
are bounded. Using the Assumption 2.3, for an arbitrary set of (), the inputs of the NN (&;) are
bounded and their derivatives (Xz) are bounded. Therefore, we can conclude that there exists upper
bounds for Nj; and ./\Lfli, namely ||N;|| < N and H/\thH < Ny, which are considered to be
unknown. This fact also can be found in [32, 87, 88,97].

As continuous differentiability is a sufficient condition for being locally Lipschitz [98, Corollary

4.1.1], [71, Theorem 8.4] can be written as follows:

Lemma 6.3 ([88]). Consider the closed-loop system x = f(x,t), where f : D x [0, 00), with D €
R™ being a set containing x = 0. Let a continuously differentiable scalar function V : D X [0, 00)
satisfy the following inequalities

Wi(x) <V(x.t) < Wa(x) (6.45)

V(X7t) <- W3(X)7 vt > 07 VX € D7
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where W1, Wy are continuous positive definite functions and W3 is a uniformly continuous pos-
itive semi-definite function. Select a closed ball B(0, R) with the radius of R > 0, and let
p < miny=rWi(x). Then, solutions of X = f(x,t) with x(to) € {x € D| Wa(x) < p}
are bounded and

Ws(x) =0, ast— oc. (6.46)

6.3.2 Stability Analysis

We prove in this section that the proposed control law (6.37) ensures stability in the leader-
following formation control for a group of heterogeneous, second-order, uncertain, nonlinear multi-
agents (6.1). Before presenting the main result of the chapter, a Lemma is presented that is utilized

in the proof.

Lemma 6.4. Let an auxiliary function L;(t) € R be defined as follows:

Li(t) £ (No, — kasgn(G)) + CEN, + (W3 + Vi + Z0)¢sgn(G). (647

Set kg, = dr, + €nr, + 75 max{dans, + €anr; + Navi, + (Wi, + Vi + Z3,), kaNag, }. Then, the

following inequality holds

My GO = € O)N, (0)+ N, 0) — [ Lisyds 20 (648)

Proof. For a discontinuous function L(t), using differential inclusion [72,73], there exists an abso-
lutely continuous Filipov’s solution with an upper semi-continuous, compact, and convex set-valued

map K[L]. From (6.30) and by integrating (6.47) [97], one has
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/ §)ds e/g ) (N ( >+N1<>ds—nd/@ $)Sen(C;(s))ds

2 2 2
[ 16 (%)~ masen(a (o) + Ut Zudsen( ) as
<CT ()N, () + R (5))] + o / ¢ (5)( = Nay(5) = N, (5) — i Sen(Gi(5))+
(We +Va+22)

e san(G(s) - k;fvzxs) - Eﬂfms)ds) — ke, [Gi(5)n

(6.49)
where we used the notation Sgn(¢;) = [Sgn(¢i1), ..., Sgn(Cin)]T. The definition of the set-valued

map Sgn(z;), for x; € R is given as [73,99]:

-1 if x; <0,
Sgn(z;) = { [-1,1] ifz; =0, (6.50)
1 if 2; > 0.

\

Using Cauchy—Schwarz inequality and the definition of kg4,, one has

/0 Li(s) <G (#)(Na, (1) + N1, (1) — ¢ (0) (N2, (0) + N1, (0)) = ka 16 (8) |1 + ka, 16:(0) 11

<k, |16 (0)[[1 = ¢ (0) (N2, (0) + N1, (0)).-
(6.51)

Therefore, (6.48) is valid and this completes the proof. O

Remark 6.6. We propose to set the number of neurons for the first and second hidden-layers to
my = 3n+ 4 and my = 2(3n + 4) + 2, for each agent. From [100, Theorem 2.4], one can see that
a three-layer NN with 3n + 4 inputs, 3n + 4 neurons in the first hidden-layer, 2(3n + 4) + 2 neurons
in the second hidden-layer, and the sigmoid activation function, can approximate function Ny, with

arbitrary accuracy.

Remark 6.7. Although a high number of neurons and three layers implies a higher computational

burden, we should note that the proposed method reduces the time allotted to tune one-layer NN,
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e.g., RBFNN centroids, the width of activation functions, and the number of neurons. In the NN
control literature, it is commonly assumed the existence of a large enough positive integer for ideal
neuron numbers for a one-layer NN [15, 16]. There is a trade-off between the setting of neuron and
layer numbers and the computation complexity. In this chapter, we specify the number of neurons

in each layer. The NN approximation error is then compensated with the robustifying term.

Note that an a priori information required to determine the number of neurons in each layer is

the number of position/velocity states n.

Theorem 6.1. Let a strongly connected directed graph model the multi-agent system (6.1). For each
agent, select the number of the hidden-layer neurons in (2.19) asmy = 3n+4, mo = 2(3n+4)+2,

and the NN input as (6.38). Under Assumptions 2.3, 2.4, and 6.1-6.3, choose k1 > % and

1+a(P(L+B))
ko > o(P(L+ B)) (6.52)
Set the control input as
t A A A~
wlt) = = (ka + kG + (ha + k)C0) = [ (W (901 (27 (5)raVT (5)6(5))
0 (6.53)
+ ka(ks + k)G(s) + ils)sgn(Gi(s)) ) ds,
where ks and k4 satisfy the following conditions
ko a(P(L+ B))

Set the time-varying gain k;(t) as (6.44), and the neural networks weights matrices tuning laws as

§>.
I

a; (kz (61— 612 60 — 6121 6LV 2) ¢F - ”Ci”lWi),
2= i (ha(62 = 4V X)CTWI S = G 2:). 659
Vi = 3 (ko X CTWE 64 2T 6% — (|Gl Vi)

Then, all the closed-loop signals are bounded, (; — 0 as t — oo, and agents achieve the desired

formation and maintain the leader’s velocity.
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Proof. Let us define the Lyapunov function candidate

1 1 1
V =-eTe+ ZgTHC + 5rTgQr + M+ kTR + 7, (6.56)

1
2 2
with the semi-positive term M = Zf\i 1 M;. The variable M; is defined using Lemma 6.4, and ¥ is
given by
1= ~ 1, - ~ 1, - ~
g 2gtr(Wha™ W) + Str(Z18712) + Str(VIA7HV)
1 “1s -1 1 “1 o7 R | “lep -1
:§Vec(a z W) vec(a= W) + §Vec(6 z Z) vec(f2 Z) + ivec(’y 2 V) vec(y2 V).
(6.57)

Let us define & = [k1,...,in]T € RN, kg = [Kay, - Rdy)? € RY and & = [R1, ..., iN] €

RY, where #; = Kk; — kq,. Moreover, let y = [eT,CT,TT,\/M,Vec(a%W)T,Vec(B%lZ)T,

7

Vec('y%1 V)T, kT)T. 1t can be shown that the following inequalities are valid for (6.56)
Ly(x) <V < Up(x), (6.58)

with

Ly(x) = nlIx|1%, Us(x) = allx|% (6.59)

where n £ min{3g0(Q), 3, 1o(I)}, 7 £ max{3g5(Q), 1, 15(I1)}. To use Lemma 6.3, we should
study the existence of Filippov’s solution for x = f(x,t), as M and f; are differential equations with
discontinuous right-hand side [8]. Using differential inclusion [72, 73], an absolutely continuous
Filipov’s solution exists for x € K[F](x,t) where an upper semi-continuous, compact and convex

set-valued map K'[F](x,t) is defined as follows:

K[F](x.t) = N ef(B(x, R\H, 1), (6.60)

N
R>0 u(H)=

where B(x, R) is the closed ball with center y and the radius R. Using (6.60) and from [101,
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Theorem 2.2], the time derivative of the Lyapunov function candidate exists almost everywhere:

V€ n ATETFI)

6.61)

As the Lyapunov function candidate (6.56) is continuously smooth, (6.61) can be written as follows:

T T

. a.e. . . . I I . T
V(x) € vV K[eT, (T 6T, M,vec(a 3 W) ,vec(B722) ,vec(y 2 V) ,&T]7,

where VV £ [e! %CTH, rTGQ, la(TTgQT), 1, VCC(CK_%W)T, vec(ﬂ_%Z)T, VCC(’)/_%V)T,

2 oG
ing (6.57) and (6.62), the time derivative of (6.56) is given by
. a.e. 1 .01 . . .
vV Eele+ 3¢ T+ 57 GQr + 1T GQF 4+ M + R
+ tr(WTa_lﬁ/) + tr(ZTB_lé) + tr(f/T’y_l‘;/).

Substituting (6.28), (6.30), (6.40), and (6.48) in (6.63) yields

V =eT(¢ ~ kre) + 3¢ — ko) + 77— kaC — (ks + Ka)r — s(0)Sen(C)

+ WL (61— 61262 — &1 276, VT X) + WT61 27 (60 — 65VT X)
N

+ W& ZT5VTX) + N + EM) +ETR-Y (r?(/\&i — Ka,Sgn(G))
i=1

+ TN, + (W2 4+ V2 + Zi)nggn(gi)) + tr(VT/Ta—lﬁ/) + tr(ZTﬁ—lé)

+tr(VTy7V).
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&1 Us-

(6.63)

(6.64)



Reorganizing (6.64), from (6.30) and (6.39), one has

V <eT(¢ - kie) + %ng(r — koQ) + 17 (= kol — (ks + ka)r) + BT &

N
+ > (kg — Ri(D)r] Sgn(G) — (Wi, + Vi + Z2,)¢] Sen(:)
=1

N .
+) (tr(WiT(oz;lWi +ko(61 — 6121 690 — 61 2] 65V 2) () (6.65)
i=1
10 (ZD (B Zi + ka6 — G4V X) CTWT5)))
+tr (VT (47 Vi + k2XiCiTW¢T&'12iT&’2)>-
By substituting (6.43) and (6.55) in (6.65), one can get
: 1
V <e’ (¢ = ke) + ¢TI — kaC) + 1" (—haC — (ks + ka)r)
N ~ A ~ A ~ A
#3 (Ielh (V1) 4002 20+ 07 0) (6.66)

i=1

4Wﬁ%+%wwmﬂ

. s . TR, ST w2 Will% ~
Applying Young’s inequality for ¢tr(W;" W;), one has tr(W; W;) < =3 5. Following the

(2
same procedure for tr(Z! Z;) and tr(V;' V;), one can write

N
. 1 T -
V <el (¢ — kie) + 5(TH(r — kaC) + T (—koC — (ks + ka)r) + Y (] R — &) r] Sgn(Gi)).
—
l (6.67)
From (2.7) and applying Cauchy—Schwarz inequality and Young’s inequality, the following result

can be obtained

72

k
kT <2 a(P(L+ B + " P(L + B))

(6.68)
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Substituting (6.68) in (5.27) and from (2.7) one can write

: 1 ko 1+a6(P(L+B
V< (- Dlell? — (2P + By - I PEEEDy ey,
2 20(P(L + B)) ’
From the given conditions for gains k1, ko, k3, k4 in the Theorem 6.1, one has
V< = llel® = alICI? — Asllrl[, (6.70)
where A1, A2, and A3 are positive constants. Consequently, (6.70) can be rewritten as
V<- U0, 67D

where U(x) = —\||[eT,¢T,rT]T||?, with A = min(\1, A2, A3). Note that in (6.71), U(x) is a
positive semi-definite function over €2y. From (6.56) and (6.71), one has V € L., over Qy;
hence, e, (, 7, W,Z,V and & are bounded on set Q. Consequently, from (6.28) 6 € L. From
Assumption 6.1 and (6.27), one can conclude that x € L.,. From (6.30), asr € Lo, and { € Lo,
one can obtain ( € L. Using Lemma 2.2, Assumptions 6.1-6.3, and (6.29), it can be deduced that
u € L. Based on Assumption 2.3, (6.37) and (6.40) are also bounded. From the boundedness
of e, d,(,r and the closed-loop terms, U(x) is uniformly continuous, where Lemma 6.3 can be
applied. Let Qx = {x| ||x|| € B(0,R)}, and the initial conditions belong to the compact set
S CQy as

S £ {x € Qux|Us(x) < nR*}, (6.72)

where the origin is within the set of S. Then, the Lemma 6.3 is used to conclude ||e||? — 0, [|¢]|? —
0,[|7]|> = 0,as t — oo, Vx(0) € S. From (6.27) and (6.28), one can conclude that as ||e|| — 0,
and |[0]| — 0, (6.7) holds. Consequently, by increasing R, the semi-global asymptotic stability is

obtained [88]. This completes the proof. O
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6.4 Simulation Results

In order to demonstrate the performance of the proposed method, we consider a multi-agent
system with five two-link robot arms. The directed graph that models the system is shown in Figure

6.2. The dynamics of each agent is given by [28§]

Pi1 = DPi2,

M;(pi1)pi2 + Vi(pi1, pi2)pie + Gi(pi1) + w; = 7,

(6.73)

fori = 1,...,5, where p;1 = [pi11,pi12]7 € R? and pi2 = [pi21, pina]’ € R? are the joint position
and velocity states of i-th robot arm, respectively. In (6.73), the control input is 7; £ u;. Expressions
for the inertia matrix M;(p;1), the Coriolis matrix V;(p;1, pi2), and the gravitational vector G;(p;1)
in (6.73) can be found in [28,96]. In (6.73), w; represents a bounded disturbance in the dynamics
of each two-link robot arm. The parameters of the each robot arm are ¢ = 9.8m/ s2, rip = 1m,
ri1 = 1m, my = 0.8kg, and my = 1.7kg, w; = [—0.12cos(t),0.1sin(t)]’, i = 1,...,5. The

leader dynamics is given by

L=,
o —pi, +0.2(1 — pi)vll (6.74)
030 |

where p; = [pi,, pZQ]T € R? and v; = [vll,vb}T € R? are the position and velocity states of the
leader. The initial conditions for the five robots are given as: p11(0) = [2.1,0]7, po1(0) = [0,2.5]7,
p31(0) = [~1.1,2]7, ps1(0) = [-1.8,0.7]7, p51(0) = [~1,—1.7]T, pso(0) = [0,0]T, for i =
1,...,5. The desired displacement with respect to the leader for each agent is given as: d; = [0, d]”,
do = [—dsin(%r),dcos(%r)]T, ds = [—dsin(%),—dcos(%)]T, dy = [dsin(%),—dcos(%)]T and

ds = [dsin(%E), dcos(%)]T with d = 1. The leader initial states are p;(0) = [1, —1]7 and v;(0) =

[0,0]7, respectively. All weights of edges in Figure 6.2 are equal to one, as well as the leader’s edge
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weight (b; = 1). Therefore, the adjacency matrix and graph Laplacian are given by

00001 1 0 0 0 -1
10000 -1 1 0 0 0
A=1f11 00 0|;L=|-1 -1 2 0 0]- (6.75)
00101 0 0 -1 2 -1
0 0 1 0 0 0 0 -1 0 1

We selected 10 neurons for the input layer, 10 neurons for the first hidden layer, 22 neurons for
the second hidden layer, and 2 neurons for the output layer for each agent. The activation function
for these layers is a sigmoid function. The activation function for the output layer is linear. The
constants «;, 3;, V;, Vi, are chosen as a; = %, B; = 2—10, Vi = 2—10. The gains were selected as:
k1 =4, ko = 37.5, k3 = 380, and ky = 2.

Figures 6.3-6.9 show the simulation results for the multi-agent system (6.73). In Figure 6.3,
the performance of the multi-agent system is shown where dash-dotted lines indicate the multi-
agent system achieving its desired formation. Figure 6.4 illustrates the trajectories of agents and the
leader. The velocities of agents, as well as the leader, are shown in Figure 6.5, where the velocities
of agents become identical to the leader velocity. The Frobenius norm of the NN weights matrices
of V;, Z; and W; are displayed as Figure 6.6. Figure 6.7 demonstrates the time-varying gains x;. To
avoid that ;(t) reaching high values, a dead-zone with a size of b = 0.005, has been implemented,
similar to [87,97]. The error signals e;(t), their time derivatives d;(¢), and the filtered errors (;(t)
are shown in Figure 6.8. The control input of each agent is shown in Figure 6.9.

These results verify the performance of the proposed method based on RISE feedback and the
NN-based controller. To compare our proposed method with other existing works, we considered
results on leader-following consensus control of the nonlinear system with unknown nonlinearities
[14,28]. The selected parameters for the controller in [14] are: number of neurons is 9, ¢,,, = 1,
k = 0.3 and ¢ = 102.45. Moreover, the selected parameters for the controller in [28] are: number
of neurons is 25, k; = 250.5, kK = 0.5 and o; = 0.2.

. We included the desired displacements and applied these methods similar to [20, p. 127]. We

define the average of the control inputs cost function (ACI), v(¢) and the average of the formation
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Leader

4 5

Figure 6.2: The directed graph of five agents with the leader as the root of the spanning tree.

errors cost function (AFE), 9(t), as follows:

1 N
v(t) =5 D ul (Dui(o)
=1
(6.76)

1 N
00) =55 Y lles®)l .
=1

These two functions are used as performance indices to evaluate the effectiveness of the pro-
posed methods in comparison with [14,28]. Figure 6.10(a) shows the semi-logarithmic graph of the
ACI function.

However, the proposed method (solid-line) energy consumption is almost the same as the other
two methods. Figure 6.10(b) indicates that our proposed method settled faster and converged to

zeros in contrast with two other methods where the error remains bounded.

6.5 Conclusion

In this chapter, we developed the leader-following formation control of the heterogeneous,
second-order, uncertain, input-affine, nonlinear multi-agent systems modeled by a directed graph.
The unknown nonlinearity in the dynamics of a multi-agent system was approximated by a tunable,
three-layer NN consisting of an input layer, two hidden layers, and an output layer. The proposed
method can a priori set the number of neurons in each layer of the NN. The NN weights tuning laws

were derived using the Lyapunov theory. A robust integral of the sign of the error feedback control
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Figure 6.3: Performance of the multi-agent system (6.73).

with an NN was developed that guarantees semi-global asymptotic leader tracking. The bound-
edness of the closed-loop signals and asymptotic leader tracking formation were proven using the
Lyapunov stability theory. The results were compared with two previous results, which showed the

effectiveness of the proposed method.
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Figure 6.4: Evolution of agents and the leader (solid line) position states.
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Figure 6.5: Evolution of agents and the leader (solid line) velocity states.
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Figure 6.8: Error signals of e, §, and ¢ for each agent.
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Figure 6.10: (a) ACI function comparison between proposed method, Method 1 [28], and Method 2 [14]
(y-axis is in logarithmic scale); (b) AFE function comparison between proposed method, Method 1 [28], and
Method 2 [14].
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Chapter 7

Neuro-Adaptive Undirected Formation
Control of Nonlinear Multi-Agent

Systems With Communication Delays

7.1 Introduction

The chapter focuses on formation control with constant communication delays for second-order,
uncertain, nonlinear multi-agents with nonsymmetric control gain matrix and unknown control di-
rection. The multi-agent system is modeled by an undirected graph. A three-layer neural network
(NN) is used to approximate an unknown nonlinearity. Unlike a conventional one- or two-layer
NN, the three-layer NN allows the user apriori to set up the number of neurons in each layer. In
this case, only the weights norms of the two consecutive outer layers are tunable, alleviating the
computational complexity. The tuning law is derived using the Lyapunov stability theory. The
leader-following formation control problem with communication delay is addressed by a delayed
integral of error variables, an NN-based control, and a robustifying term. The semi-globally uni-
formly ultimately bounded (SGUUB) solution of the closed-loop system is rigorously proven using
a barrier Lyapunov function. In order to evaluate the efficiency and performance of the proposed

method, simulation results are provided.
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Formation control problems of nonlinear multi-agent systems have been studied over the last
two decades. One of the challenging problems in this domain is to consider the time delay. The
time delay can either exist in the dynamics of multi-agent systems, e.g., [60,63,93,94,102], or as a
communication delay among the neighboring agents. The multi-agent systems with communication
time-invariant delays and time-varying delays are studied in the literature [103—-111]. Most of the
proposed techniques use linear matrix inequality (LMI) to establish the stability of the closed-loop

system in the presence of a communication delay.

7.1.1 Related Works on Formation Control of Nonlinear Multi-Agent Systems With

Communication Delays Using Neural Networks

In a study [112], considering that an undirected graph represents the interaction among agents,
authors addressed the time-invariant communication delay when a single-integrator dynamics mod-
els each agent. This work was extended in [113], where an average consensus problem has been
studied for multi-agent systems modeled by an undirected graph with fixed, switching typologies
and time-varying communication delays. The consensus control problem of multi-agent systems
with double-integrator dynamics, when a weighted digraph represents the communication topology
in the presence of time-varying communication delays, has been studied in [114].

Constant communication delay for formation control problem of nonlinear multi-agent systems
was studied in [103-105, 107]. For a class of second-order, Brunovsky form, nonlinear multi-agent
systems, a weighted average consensus problem has been addressed in [103], where the system’s
stability has been proven using the Lyapunov stability theory and frequency-domain input-output
analysis. The leader-following and collision avoidance problems for a second-order, Brunovsky
form, nonlinear multi-agent with heterogeneous communication delays, when an undirected graph
describes the interaction topology, have been studied in [115]. The target tracking problem of first-
order, nonlinear multi-agent systems with constant communication delays, when a directed graph
describes the interaction topology, has been studied in [107]. An upper bound of the communication
delay and sufficient stability conditions were acquired in terms of LMIs.

For high-order, nonlinear multi-agent systems modeled by an undirected graph, an average con-

sensus problem has been addressed in the presence of a constant communication delay in [104].
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This work has been extended in [105], where authors considered that a directed graph had described
the interaction topology. For a linear, high-order multi-agent system in the presence of the constant
communication time delay and undirected graph, authors in [106], investigated a leader-following,
fault-tolerant control problem. In [106], the authors used the LMI technique to establish the stability
of the closed-loop systems.

Time-varying communication delay for formation control problem of nonlinear multi-agent sys-
tems has been studied in [108-111]. In [108], authors addressed sampled-data leader-following
consensus for first-order, nonlinear multi-agent systems with a Markovian switching network and
communication delay. In this study, the controller gains are obtained upon solving a set of LMIs.
For a directed graph, the Leader-following consensus problem for first-order, nonlinear multi-agent
systems with a Lipschitz continuous nonlinear function has been studied in [109], where sufficient
stability conditions were derived in terms of LMIs using Lyapunov stability theory.

Although some literature assumes that the sign of control direction is known [60, 93, 94], this
may not be the case. It is possible to resolve the problem of unknown control directions for nonlinear
systems using Nussbaum functions [33-35, 104, 116—-122]. Authors in [33-35,104,116,121], used
Nussbaum functions to tackle a scalar, unknown control direction in system dynamics. However,
authors in [117-121] considered the control gain matrix has an unknown direction. Formation con-
trol of nonlinear multi-agent systems with unknown control directions can be found in [123-125].
Authors in [123], using a constructed Nussbaum function, have addressed the adaptive consensus of
multi-agent systems for first-order and second-order linearly parameterized dynamics representing
agent dynamics when an undirected graph has represented the interactions among agents. For a
directed graph, consensus protocols (leaderless and leader-following cases) for second-order non-
linear multi-agent systems have been studied in [125].

Most of the literature on formation control of nonlinear multi-agent uses one-layer radial basis
function neural networks (RBFNN) [57, 60, 104] or two-layer NN [54], to compensate for the un-
known nonlinearities in system dynamics. In [89], authors use two-layer NN (input, hidden, and
output layers), where only the weights between two outer layers can be tuned. The tuning laws

in [89] were derived using the Lyapunov stability theory. In this study, a three-layer NN comprised
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of an input layer, two hidden layers, and an output layer is employed to compensate for a nonlinear-

ity, and the number of neurons in each layer is given.

In this work, we consider a second-order, nonlinear multi-agent system with unknown nonlinear-

ity in the system dynamics in the presence of a bounded disturbance. The undirected graph models

the interaction topology. We consider the transmission time delay between the agents and from the

leader to the agents. We consider that the control direction is unknown, and we use the Nusbbaum

function to resolve this issue. Unknown nonlinearity in the closed-loop systems is compensated

using a three-layer NN when only the norm of the weights between the two last consecutive layers

is dynamic. We use a hyperbolic function to estimate the upper bound for the NN approximation

error and bounded disturbance to avoid right-hand side discontinuity.

The main contributions of this chapter are:

D

2

3)

Compared with the literature on the formation control problems of multi-agent systems [106—
109, 113], our method does not require the existence or solvability of LMIs. Moreover, we
address the unknown control direction in the presence of the time-invariant communication
delay. In comparison with [103, 112-114], we addressed leader-following formation control
of second-order, nonlinear multi-agent systems with time-invariant communication delay. We
also consider a three-layer NN to approximate the nonlinearity in closed-loop systems with a

predetermined number of neurons in each layer.

While authors in [104, 105] considered the average consensus problem, here we considered
the leader-following formation control problem where we used the barrier Lyapunov function
to prove the stability of the closed-loop system. Moreover, we considered a nonsymmetric

control gain matrix in each agent’s dynamics that distinguishes our work from [104, 105].

The leader-following formation control of second-order, nonlinear multi-agent systems with

communication delay is shown to be semi-globally uniformly ultimately bounded (SGUUB).

7.1.2 Related Works on Upper Bound of Time Delay

This section uses previously established results for an upper bound on a time delay when the

interaction topology among the agents is modeled with an undirected graph. The following lemma

109



is used later in the proof.

Lemma 7.1 ([112]). Consider a network of agents with an equal communication time delay T in all
links. For a given Laplace transform of a function f(t) in the form of F(s) = sIy +e~ 75 M, where
M is the Laplacian matrix of an undirected, and connected graph, if the nonzero, real constant T

satisfies \(M)T < /2, then all non-trivial zeros of F(s) are placed in the open left-half-plane.

These results have been extended in [105] and consider a directed graph topology.

7.2 Problem Formulation

We consider the multi-agent system composed of [NV agents, each with a dynamics that is given

by

pi(t) = vi(?), 1)

0i(t) = fi(pi, vi) + gi(pi, vi)ui(t) + wi(t),
fori = 1,..., N, where each agent’s position and velocity are p; € R™ and v; € R", respectively.
The function f;(p;, v;) € R™ is considered to be an unknown, Lipschitz continuous function, and the
matrix g;(p;,v;) € R™ "™ is an unknown function. The control input is u; € R, and a disturbance

on each agent is w; € R™. We define the stacked vector of states as z; = [p;fr, UiT ]T.

Assumption 7.1. The gain matrix g;(p;,v;) is either a symmetric or regular, non-singular matrix
and satisfies the following

gllz()* < 2" gix < gl|=[|?, (7.2)
where x € R™ and g, and g are nonzero constants.

Remark 7.1. Assumption 7.1 states a condition for the controllability of the system (7.1). Since
these bounds are only considered for analytic purposes, knowing their exact values for control
design is not necessary. As a result, we did not incorporate g or its sign into our control design.

Based on these considerations, our work differs from [14, 28, 60, 96], where bounds are used for

110



control design. This assumption is a standard assumption in an unknown control direction problem

which can be found in [117-120, 122].

Lemma 7.2 ([118, 122]). Let g; be a symmetric matrix and x be a nonzero vector with an appro-

T R . . .
priate vector length. If I'; = ‘Txﬂ;r, then there exists at least one eigenvalue of g; in the interval

(—o0,T;] and at least one in [T';, +00).

The control gain matrix g;(.) is not necessarily a symmetric matrix. However, if we consider its

T,.
symmetric part as g;,, for a nonzero vector x, from Assumption 7.1 one has I';(t) = ngf;x # 0.

Then, using the fact that the spectral radius of a matrix p(A) < ||A| [118], and Lemma 5.1, the

following is valid

9 < Mg (1) <Ti(t) < Mg (1) < g, (7.3)
where g~ and g are some constants. Note that for all z, the following is valid

ol gi o =T(t) ||z (7.4)

Assumption 4.2 is valid for w; such that ||w;|| < way, Vi.

The leader dynamics is defined as follows:

pi(t) = vi(t),

v(t) = filpi(t), vi(t)),

(7.5)

where p; € R" and v; € R™ denote the position and velocity states of the leader. In addition, we
consider f; to be an unknown, continuously differentiable function. The stacked vector of leader

states is defined by z, = [p],v]]T.

Assumption 7.2. The leader’s trajectory, velocity, and acceleration are assumed to be bounded, i.e.,
1,1, fi € Loo. Moreover, the leader is connected to at least one of the agents and can broadcast

its position and velocity to all agents.

The formation control of multi-agent systems with communication time delay where the leader

is connected to all agents was studied in [110, 111]. In a similar approach, authors in [8, 96, 107]
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considered that the target’s information is available for all agents. In [126], authors considered that
all agents were able to receive the leader’s information directly or indirectly. However, we assume
that the leader is not directly connected to all agents, i.e., no star topology exists. We consider that
the undirected graph G = (V, E) is connected, and the leader is connected to at least one of the
agents. The leader’s information is transferred to that agent and propagated to other agents with a
delay.

Between any two neighboring agents, we consider that there exists a communication time delay.
For an arbitrary pair of agents (vj,v;) € E, we denote the communication time delay by 7;; (%),
7;5(t) > 0. We also denote the time delay corresponding to the received information of the leader

by the i-th agent with 7;(¢) > 0.

Assumption 7.3. There exists a communication time delay T such that the delayed stacked vectors
2 (t — 7) are available for i-th agent k € N;, i = 1,...,N. We also consider that the leader’s

delayed stacked vector of states z(t — T) is available for agents.

Remark 7.2. Note that there exists positive constant T in Assumption 7.3 such that T > maxgcs (Tik (t))
Each agent receives the leader’s information after an admissible propagation delay. This consider-

ation justifies Assumption 7.3, which can be seen in [104—106, 127].

Definition 7.1 ([102]). A vector V(t) € R™ is said to be SGUUB, if for any compact Q2 € R",
and all initial conditions V(to) € €, there exists an ¢ > 0, and a time Ty((e,V(to)) such that

V()| < eforallt > to+ Ty.

From (7.1) and (7.5), let us define the variable e,, and e,, as follows:

ex; (t) = pi(t) — mi(t) — i,
(7.6)

ev; (t) = vi(t) — ui(?),
where d; is a bounded, relative time-independent displacement between the agent ¢-th and the leader,
The control objective is to develop a distributed controller using the local time-delayed infor-

mation of the neighboring agents such that all closed-loop signals remain SGUUB and to ensure
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that all agents achieve the desired relative position and maintain relative velocity to the leader

7.7)
. e <
Jim [Jo;(8) — v (®)]] < eo,
where ¢, and €, are positive constants.
7.3 Controller Design
Let us define the following error signals
Xi = Z Qij (ewi (t) — Cx; (t)) + €, (1),
TN (7.8)
vi= Y aij(es,(t) — ey, (£)) + v, (t).
JEN;
Using (7.8), Assumptions 7.2 and 7.3, let us define r;, 7; as
t—r
rail®) = i(0) ~ e =) — di+ ksl =) [l
0 (7.9)

roi() = vi(t) — it — 7) + krug(t — 7) /0 )i,

where u4(t — 7) denotes a delayed unit step function and the constant k4 is positive, k1 > 0. The
control signal ;(t) is a function of 7, and r,, in which only the delayed information of neighboring
agents is required. As each agent receives the information of the leader with a time delay, we define

B = diag(1y).

Remark 7.3. Note that r, and 1, are time-varying functions, which include local, time-delayed

information of the neighbors, the leader, as well as the information of the agent i at time instance t.

Theorem 7.1. Let the multi-agent system (7.1) be modeled by a connected, undirected graph. For
a positive constant k, let the communication time delay be bounded by T < w/(2k1\(L + B)). If

for all agents, terms r; and r,; are bounded such that lim;_, oo ||74;(2)]] < 6, Himy—yo0 ||70i(8)|| <6,
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then the following inequalities hold
1 < ¢ 1 < ¢
thnl 1€ < &6, thnl 1€ ()] < &I, (7.10)

where constants &, &, are given later in the proof.

Proof. From (7.6), for the agent i, one can define the auxiliary variables &,;, and &,;

Exi(t) = /t ez, (L)de, t>0,
0

) (7.11)
&vi(t) :/ ey, (L)de, t>0.
0
Let us define the stacked vectors d = [df,...,d}]7,ex = [el,,...;el |7, ev = [el,....el 1T,
Ex = [E1s s EN]T, & = | 17;1, ...,§$N]T, Ty = [rgl, ...,rgN]T, Ty = [rg;, ...,rgN]T e R"VN . Note

that £,;(t) = 0, &,i(t) = 0 for t € [—7,0). From (7.8) and (7.9), and by taking the time derivative

of (7.11) for t > 0, one has

fr(t) = kl((L + B) ® In)gx(t - T) + Tz(t) +1y® (pl(t - T) _pl(t))7

(7.12)
&(t) = — k:l((L +B)® In)fv(t — 1)+ 7(t) + 1y @ (vt — 1) — v()).
Considering (7.11), and by taking the Laplace transform of (7.12), one has
&als) =(sIav + k1 (L +B) @ L)e ™) (Rals) + (7 = D1 @ A(s)),
(7.13)

&u(s) :(SInN +ki((L+B)® In)e_”> (Rv(s) +(eT =11y ® V}(s))

One can conclude that the matrix L + B is a full rank. Therefore, one can write the Jordan de-

composition of the matrix as L + B = MJQT, where MQT = Iy and J € RY*YN_ One has

c RNXN

M = [mq,....,my] and Q = [q1, ..., qN] , where m;, g; are column vectors. Thus, one

can write

1 N 1

(stav + (L +B)@L)e ™) = ; s+ ke T

(migl) ® I, (7.14)
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where A\; > 0 is the ¢-th eigenvalue of the matrix L + B. Similar to [104], one can define
s+kiX;e—sT

0;(t) 271 {1} . (7.15)

From (7.14), (7.15), and by taking the inverse Laplace transform of (7.13), one has

N t
&)=Y </0 0i(t = )(mia] ) @ L (ra(s) + 1n @ (pi(s = 7) = pl(s))>ds> ,
(7.16)

i;l t
&)=Y (/0 0i(t = )(mia]) @ I (rofs) + 1y @ (ui(s = 7) - vl(s))>d5> .
=1

For some positive constants «;, 3;, if all poles of O;(s) are placed in the open left-half-plane,

from [104, 128], one has

lloi(t)]| <aje Pt (7.17)

In Lemma 7.1, let M 2 ki (L + B), k17 < 7/(2X\(L + B)), then all poles of O;(s) are placed in
the open left-half-plane. Recall that for two arbitrary matrices A, B, |A ® B|| = ||Al|||B||. Then,
for (7.16) one has

[ ( /0 i) (| (5)]| + VN pi(s — 7) —pz<s>>u)ds),

(7.18)
1€0 (2

N
M= ([ e
l;l t
B> ( [ e )+ VR s = 7) - vz(S))Il)d5>-
i=1

Consider (7.5), and recall the fact that continuous differentiability is a sufficient condition for being

locally Lipschitz [98, Corollary 4.1.1], then there exist positive scalars p,; and vys such that

lp2(t) = pult = )| < P,
(7.19)

vi(t) — vt —7)|| < vmr
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Then, one has

(7.20)

Jim [l&(0)] <66,

with &, = VN (1 + ppy7/90) vazl o;/Bi and &, = VN(1 + vp7/0) Zfil a;/3;. This completes

the proof. O

From (7.11), and (7.12), one can write

lea ()l =[lra(t) — k1 (L + B) @ In)&(t — 7) + 1n @ (pi(t — 7) — pu(1));
(7.21)

leo )| =llro(t) = k1 ((L + B) @ In)&u(t = 7) + 1n @ (it — 7) — vi())])-

From (7.20), Assumption 7.2, we conclude that

lim |leq(t)|| <(k16(L + B)éx + VN (pu7/0 +1))8 £ 4,
o (1.22)

Jim leo(t)]| <(k1(L + B)gy + VN(unr/6 +1))5 £ &,

Let us define r;(t) = 7y;(t) + r4i(t). Considering (7.1) and (7.9), the dynamics of 7;(¢) can be

given by

7i(t) =(vi(t) — vt —7) + krus(t — 7)xi(t — 7)) + fi(pi, vi) + gi(pi, vi)ui(t) + wi(t)

(7.23)
— film(t = 7),0(t — 7)) + krus(t — 7)vi(t — 7).
From (7.23), define an auxiliary variable as
h; :’Ui<t) — Ul(t — 7') + ]ﬁus(t — ’7’) (Xz'(t — 7’) + Vi(t — 7')) (7.24)

Remark 7.4. For each agent, we consider the neural network with three layers (2.17), and set the
first and second hidden layers’ neurons to my = 4n and mg = 2(4n)+2, respectively. A three-layer
neural network with 4n input neurons (see (7.35)), 4n neurons in the first hidden layer, 2(4n) + 2

neurons in the second hidden layer, and sigmoid activation functions is able to approximate y(X)
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with arbitrary accuracy [100].

For agent 4, from (2.17), define the w; £ ||W;||%. The estimation of cv; is denoted by <;. The

estimated error is @; = w,; — ©;. We propose the NN-based, adaptive control law as

ul(t) :N<CZ)79Z7“Z, (725)
where
G =0:0;,
¥ :’lgfi + lgui,
Oy, =(@illor, (2] o2, (Vi X))IIP + a1, (7.26)

_ . 0,
Uy, =(ke;, + b, tanh —),
S

1
s lrill?,

O =5
(ki —rlr)

where ISmi is an adaptive, robustifying term that is used to estimate the unknown b,,,, and the
estimation error is l;mi £ by, — Bml The term by, is defined by b, = |le; + w;l|?. From
Assumptions 2.2, and 4.2, it is clear that b,,, is bounded by b,,,, < e)s + wps £} M -

Let the tuning laws for <o; and Bmi be given by

@i =Ii(0;]lo1,(Z] o2, (Vi ) |? = mico),

R 0; R (7.27)
by, =7i(0; tanh o Wibm,),

where I1;, k;, y;, and p; are positive constants. The block diagram of proposed control law is illus-

trated in Figure 7.1.

7.3.1 Stability Analysis

In this section, we prove that the proposed control law (7.25) guarantees the stability of the
leader-following formation control problem for nonlinear multi-agent systems (7.1). The following

Lemmas are stated, which are used later in the proof of the main theorem.

Lemma 7.3 ([129]). For any positive scalar ky, and any z € R satisfying |z| < ky, the following
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Figure 7.1: The block diagram of proposed control law.

inequality holds
k? 22

7.28
k2—22<k‘g—22’ ( )

log
where log denotes the natural logarithm.

Lemma 7.4 ([130]). For any € > 0 and for any x € R, we have 0 < |x| — x tanh (%) < Aeg,

where A is a constant that satisfies A = e~ (A1) (A ~ 0.2785).
Let us define the barrier Lyapunov function (BLF) as

2

—_ 7.29
ki — 'r;fri ( )

1
‘/;1 = 5 IOg
Remark 7.5. The symmetric BLF in (7.29) was proposed in [131], and asymmetric BLFs have been

proposed [132]. It is clear that the function (7.29) is positive over the set Qy,, = {r; | ||ri|| < ks, },

and Vi, — oo, for ||1i|| = kp,.

The time derivative of (7.29) is given by

o7

Viy = ((Uz(t> + krus(t = 7)xi(t = 7)) + fi(pi, vi) + gi(pi, vi)ui(t) + wi(t)
ky, —riri (7.30)

+ krus(t — )yt — 7'))

Remark 7.6. Note that one can define the stack vector of r = [r1 ..., 7|1 € RN™ and write the

2
BLF as %log % similar to [133]. In this case, the stacked control input (u = [u{, ey u%]T €
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RA™) signal may consists of ﬁ Consequently, each agent’s controller requires the stacked
b

vector 1 to generate its control input. To avoid this, we consider the BLF as (7.29).

Theorem 7.2. Let a connected, undirected graph model the multi-agent system (7.1). Under As-
sumptions 2.2, 2.3, 4.2, and 7.1-7.3, select the control input as (7.25), the NN tuning law, and
robustifying term dynamics as (7.27). Then all closed-loop signals remain semi-globally uniformly
ultimately bounded. Moreover, the convergence of tracking errors to an arbitrarily small neighbor-

hood of zero is ensured by appropriately selecting design parameters.

Proof. Let us define the Lyapunov function candidate

1 1 ~
Vi=Vi, + §H;1@z‘2 + 57;1113,”7 (7.31)

where II; and ~; are positive scalars. The time derivative of (7.31) is given by

. T . . . s
Vi =t (hi + fi + wi(t)) + 1T i N (G)0irs + G — & + 11, 03851 + 7, iy (7.32)

kli- — T
From Assumption 7.1, one can write symmetric part of control gain matrix as g;, = (g; + g7 )/2,
and its skew-symmetric part as g;, = (g; — g )/2. Note that Assumption 7.1 guarantees that

9i, 7 Onx . Thus, using the fact that ringri = 0, one has

T

Vi :W(hi + fi Fwi(t)) + L g N (G)Oiri + & — G+ T 380 + 4, Yo, b, (7.33)
b, i 'i

Using Lemma 7.2, (7.4), and (7.26), one has

T’T

V; :W (hi + fi +wi() + (T (ON(G) + )G — & + T e + fy;li)miémi. (7.34)
by — il

Let us consider y;(X;) £ fi(t) — fi(pi(t —7),vi(t — 7)) as (2.17), where X; = [p! (), v} (¢), pi(t —
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7),v(t — 7)]T € R4, Then, the following result over set 2y, C £, can be obtained

. T T .
Vi =t (W01, (ZF 09, (VT 20))) + 5t (i + wi(t)) + (T(ON (&) + 1D
kbi —T;T kbi — T
il + T @i + 77 b, b,

(7.35)

where X; = [1, X" |7, Let us define T(X;) 2 Wl o1,(ZT o2, (VT X;)).
An a priori knowledge (the number of position/velocity states n) is required to determine the
number of neurons in each layer.

Using the fact that ||.||2 < ||.||r and by applying Cauchy—Schwarz and Young’s inequalities,

one has
T’Z-T T T 2 1
kziTTZ(X”) Seiwiugli(zi U2i(Vi Xl))” + 12’
b T Ti a1
T (7.36)
i ) N <Oib.
R A

where a; and ag are positive constants. From Assumptions 2.2 and 4.2, it is clear that the unknown

term by, is bounded. From (7.26), and by substituting (7.36) in (7.35), one has

. 1 k 1
Vi <b;w;l|lor, (ZL oo, (VI X)|)? +— — — Ty + " by,
i XUy z“ 12( i 21( i z)” 4(1% kli — TiTri il (k(i _ 7”Z'T7'i)2 H z“ m;

T+ (TUON(G) + D - i, tan (1.37)

(kj, —riri)
1

+Q

— @illo1, (2] o0, (Vi )16 — 1 ' icos — 35 b, oo -
From Lemma 6.4, and substituting (7.27) in (7.37), one has

. ke, .11
Vi < = ——rlri+ TN (G) + 1)G + —5 + —5 + 0.2785byy,¢
kbi — T 4a7y  4aj (7.38)
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Using Lemma 7.3, and applying Young’s inequality, yields

k? : 1
Vi < — kelog 7bT + (Ci(ON(G) + 1)G + 1@ + 1 +0.2785bys,6 — — ki to?
k2 — T T 4a 4a 2
bi (7.39)
1 1
—i,quQ + 2/<czw + sz

Let us define constants ¢;, = mln(kc,,‘ilﬂ Y ), and c, = é + @ + 0.2785bps,5 +

%m—W]%L_ + % Nib?wi- Then, (7.39) can be written as

Vi < — e, Vi + (TN (G) + 16 + e, (7.40)

Taking the integral over the interval ¢ € [0, %), one can obtain

=+ / t(Fi(T)N (&) + Ve~ dr (7.41)
0

One can see that for V = Zf\il Vi, the boundedness of all closed-loop signals is guaranteed. Con-
sider the augmented closed-loop system with respect to (7.1), (7.23), (7.25), (7.26), and (7.27), then

the system dynamics for each agent can be written as [104]:

Fy (xi(t)), ift €10,7),
Xi(t) = (7.42)
Fi,(xi(t),xi(t — 7)), ift e [r,00).
In (7.1), we considered f;(p;, v;) to be locally Lipschitz continuous and a solution of ¢;(t) exists
for x;(t) = F;,(x;(t)) when t € [0,7). From the control input (7.25) and (7.41), one can see
that 7;(t), €;(t), and by, (t) remain bounded for ¢ € [0, 7). Using Assumption 7.2, Theorem 7.1,
(7.21), and upon proper selection of ky, variables &, (t), &i(t), pi(t), and v;(t) are bounded for
t € [0,7). Therefore, the solution of ;(t) is bounded for ¢ € [0, 7], and the continuation of
this solution can be obtained along x;(t) = F;,(x;(t),x;(t — 7)) with initial condition of ;(t)
[104]. Similarly, since Fj,(x;(t),x;(t — 7)) is locally Lipschitz, a solutions exists for ¢t € [0,%y).
Define ¢y, = V;(0) + ﬁ and recall Lemma 2.5. From (7.41), one can note that V;(t), (;(¢), and

fo N(¢G) + 1)CZdT are bounded over [0,%¢). As the closed-loop system is bounded, we can
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extend the solution to ¢y = +o0 [35]. From Lemma 2.5 and similar to [35, 129], let us consider the

bound |(T;(H)N(&;) + 1)¢1| < Ny, and define 6; 2 (52 4 V;(0)e~ 4! + Np,). From (7.29), and

1,

(7.41), one can write

Ira(t) | b V1 — 2%,

|3 (t)| <773

(7.43)

Since V (t) is bounded, we have r; € L, it is clear that r,,;(t) € Lo, and r4;(t) € L. From
Assumption 7.2, and (7.21), one can conclude that p;(¢) and v;(t) are bounded, namely ||p;(¢)|| <
Pyrand ||vi(t)]| < Vas. From Assumption 7.2, we know that there exist scalars p; and v; such that

lpi(t)]| < py and ||vy(¢)|| < v;. Then, the NN compact set can be defined as follows:

Qx, 2{llpill < Pars [Joill < Vg, |7l < ko V1= =20 Ip(0)]| < pr, (@) < @} (744)

This completes the proof. O

Remark 7.7. In this chapter, we utilized the NN to approximate the nonlinearity y;(X;), which has
an intrinsic approximation error, see (2.17). In the robustifying terms in (7.27), if we use signum
function instead of tanh(.), we would obtain another controller that achieves the asymptotic stabil-
ity of the closed-loop signal, similar to [104, 116, 120, 134, 135]. In these works, authors showed
that as r; € Lo N Lo and 7; € Lo, then from Barbalat’s lemma limy_,o 7;(t) — 0. However,
if we use lA)ml to compensate for disturbance in system dynamics (7.1), as well as the NN intrinsic
approximation error, and design it in the form of lA)mZ = v;0;sgn(r;), we impose the right-hand side
discontinuity on the closed-loop system dynamics. Consequently, by employing differential inclu-
sion [72, 73], the existence of an absolutely continuous Filipov’s solution should be studied. To
avoid these issues, we used tanh(.) in our control design and proved the stability of the continuous

closed-loop system.

Remark 7.8. Note that from the results of Theorem 7.2, the proposed control law r;(t) and the
closed-loop signals are SGUUB. From the results of Theorem 7.1, we have shown that if 7;(t) is

bounded, then the desired control objective is achieved. To reduce the tracking error bounds in
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(7.7), 6 in (7.10) should be kept small, which can be achieved by selecting appropriate design
parameters. From (7.43), one can select larger values of k. and ji;, and smaller values of k1 and

kp,.

(3

7.4 Simulation Results

In order to demonstrate the performance of the proposed method, we simulated a multi-agent
system with five agents and the leader. The undirected graph that models the system is shown in

Figure 7.2. Consider a multi-agent system (7.1) where the dynamics of each agent is given by [118],

T11, =T12;,
T12, =x91, + a1, sin(x11,212,) + a:%Qi + (ag, + cos(x11,))u, + (1 + a:%li + x%Qi)ugi

0.6 sin(%t),
(7.45)

To1;, =T22,;,

T, =x11, + x%Qi + x%% — (cos (x12;) + cos (z22,)) u1, + (1 + z19, + 33%11) ug,

+0.8 cos(%t),

where constants of ay,, and ag, for each agent are given in Table 7.1. Let p; = [1,'11“%21 i]T, v; =
(719, T92,]T, and u; = [ug,, u2i]T. Using the following definitions, (7.45) can be written in the

form (7.1).

To1, + ai, sin (z11,,%12,) + $%Qi
fi(pi,vi) = )

2 2
T11; + Tig, + T3y,

[ a9, + cos (x11, 1422, + 2,
9i(ps, v3) = . (z11,) 2k 2% , (7.46)
| (cos (z12,) + 08 (z22,)) 1+ 1, + 7B,
0.6sin(5t)
w; = ’
0.8cos(%t)
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Figure 7.2: The communication topology of an undirected graph with five agents and the leader.

Table 7.1: Values of ay,, and as, in the i-th agent.

? 1 2 3 4 5
a;; | -02 -04 -0.6 07 05
az, | 4 3.5 4 3 2

The leader dynamics is given by

L=,
. —0.03py, +0.2(1 — p} )y, , (1.47)
v = )

—0.06p;, +0.3(1 — pl22)vl2.

where p; = [pi,,p,]7 € R? and v; = [vy,,v;,]7 € R? are the position and velocity states of
the leader. The initial conditions for agents are given as: p11(0) = [1.2,0]%, pa1(0) = [-1,2]%,
p31(0) = [1.1,=2]7, ps1(0) = [-1,—0.8]", p51(0) = [~1.3,0.5]7, pia(0) = [0,0]7, for i =

1,...,5. The desired displacement with respect to the leader for each agent is given as: d; = [0, d]7,
dy = [—dsin(ZE),dcos(ZE)]7, ds = [—dsin(Z), —dcos(E)]T, ds = [dsin(Z), —dcos(Z)]T, and
d5 = [dsin(%),dcos(%3")]" with d = 1. The leader initial states are p;(0) = [1,—1]7 and
v;(0) = [0,0]7, respectively. All weights of edges in Figure 7.2 are equal to one. Without a
loss of generality, we consider that the leader is connected the first agent. Moreover, as the graph is
connected, all agents can obtain the leader’s information.

We selected 8 neurons for the input layer, 8 neurons for the first hidden layer, 18 neurons for

the second hidden layer, and 2 neurons for the output layer for each agent. The NN’s initial weights
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Figure 7.3: Trajectories of agents and the leader in zy-plane.

are chosen randomly in the interval of [—0.01,0.01]. The activation function for these layers is
a sigmoid function. The activation function for the output layer is linear. The parameters were
selected as v; = 1,¢ = 0.1, u; = 0.1, k; = 0.1, II; = 10, ky, = 0.5. Also we selected the gains as
k., = 50. Let the time delay be 7 = 0.25, then from Theorem 7.1, one can get k17 < 0.2796, and
we selected k1 = 1.

Figures 7.3-7.9 demonstrate the simulation results where a time delay 7 is considered. The
performance of the multi-agent system (7.45) is illustrated in Figure 7.3 where the evolution of
position states in xy—plane are shown. Trajectories and velocities of each agent are shown in
Figures 7.4-7.5, respectively. It can be seen that the agents have maintained the leader velocity
(see Figure 7.5). The tracking errors e;, and e,, (7.6) are provided in Figure 7.6. Evolution of
Frobenius norm of the NN weights t; (), gain b,,,,, and Nussbaum parameter (;(¢) for each agent.
From Theorems 7.1, 7.2, Figure 7.7, one can note that as r;(¢) is bounded, the errors of e,,, and e,
remain bounded. Thus, the SGUUB of e,,, and e,, can be seen in Figure 7.6. The control inputs of

each agent are given in Figure 7.9.
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Figure 7.5: Velocities of agents and the leader.

7.5 Conclusion

This chapter addressed a leader-following formation control problem for second-order, uncer-
tain, nonlinear multi-agent systems in the presence of communication delays. An undirected graph
modeled a multi-agent system’s communication topology where a leader can broadcast information
to agents. The number of states is an a priori knowledge that specifies the number of neurons in the
three-layer NN. To alleviate the computational burden, only the weights norms of two consecutive

outer layers were tunable. The leader-following formation control problem with communication
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delay was addressed by a delayed integral of error variables, an NN-based control, and a robustify-

ing term. Using a barrier Lyapunov function, the SGUUB of a closed-loop system was rigorously

proven.
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Figure 7.7: Evolution of w;(t), time-variant gain b,,,, and parameters (;(¢) for each agent.
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Figure 7.9: Control inputs of each agent.
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Chapter 8

Conclusion and Future Works

8.1 Summary

In this dissertation, we explored the spectral properties of the normalized rigidity matrix in 2D
and 3D spaces. The necessary and sufficient conditions for reaching the maximum smallest singular
value of the matrix in a rigid framework with three vertices in 2D space were presented and validated
through numerical simulations and a robot experimentation platform.

We then proposed a distance-based formation control and target tracking method for nonlinear
multi-agent systems with unknown dynamics and disturbances. The method used an RBFNN to
compensate for unknown agent dynamics and a stable NN tuning law paired with a target-tracking
backstepping controller to ensure the formation’s stability. The proposed method was shown to
have improved performance compared to two other displacement-based methods through simulation
results and the introduced performance index.

In addition, a distance-based formation control and target tracking scheme using a neuro-adaptive
backstepping and rigid graph theory was developed for second-order nonlinear multi-agent systems
with bounded disturbances and unknown state time delays. The scheme used RBFNN to compen-
sate for disturbances and unknown nonlinearities, and its stability was proven through the Lyapunov
stability theory. Simulation results verified the proposed method’s effectiveness and improvements

compared to recent literature results.
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A leader-following formation control scheme for heterogeneous, second-order, uncertain, input-
affine, nonlinear multi-agent systems using a directed graph was also developed. A three-layer NN
was used to approximate the nonlinearity of multi-agent dynamics, and NN error feedback con-
trol with RISE feedback ensured semi-global asymptotic leader-following formation control. The
stability of the closed-loop signals and asymptotic leader tracking formation was proven through a
Lyapunov stability theory, and the proposed method was shown to be effective through comparisons
with previous studies.

Finally, we investigated the leader-following formation control problem of second-order, uncer-
tain, nonlinear multi-agent systems in the presence of communication delays. A three-layer NN
with tunable weight norms was used, along with a delayed integral of error variables, an NN-based
control, and a robustifying term, to solve the formation control problem. The solution was proven
to be SGUUB through a barrier Lyapunov function, and the performance of the proposed method

was demonstrated through simulation results.

8.2 Limitations

In Chapter 3, we only investigated the maximum smallest singular value of the normalized
rigidity matrix for a rigid graph with three vertices in 2D space. It would be interesting to extend
this analysis to MIR graphs with four or more vertices or in 3D space.

In Chapter 4, we assumed that the first agent could track the trajectory and broadcast information
to the other agents. It would be worth considering scenarios where there is no broadcasting, and
each agent has access to only local information. Additionally, we used RBFNN, which requires
a trial and error process to determine the number of neurons, centers of the activation function,
and widths of the Gaussian function. We partially addressed hyperparameters’ tuning issue with a
three-layer NN for a leader-following formation control problem in Chapter 6. Investigating other
methods for compensating for unknown agent dynamics would be a valuable future direction.

In Chapter 5, in addition to the considerations in Chapter 4, we considered the time delay in the
dynamics of the multi-agent system to be bounded. Still, we did not investigate the bound for the

time delay. Future work could explore how to determine the time delay bound and how to design
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controllers that are robust to time delays.

In Chapter 6, we removed the broadcasting information of the trajectory from one agent to others
and alleviated the assumption regarding the control gain matrix. Thus, the control design did not
require the lower bound of the control gain matrix. However, the sign of the matrix was known. To
resolve the limitation in Chapters 4 and 5, we used a three-layer NN, where the number of neurons
in each layer was given. We established the tuning law for NN weights matrices in the proposed
scheme. The system’s stability has been improved compared to Chapters 4 and 5.

In Chapter 7, we removed the assumption regarding the knowledge of the control gain matrix
in the system dynamics of a multi-agent system. This consideration distinguishes this work from
Chapters 4, 5, and 6. Moreover, we considered that the leader is connected to at least one of the
agents, and that agent can propagate the leader’s information to other agents. We also considered
that there exists a bounded, constant propagation delay among the agents. Unlike Chapter 4 and

Chapter 5, we considered an undirected graph to model the interactions among the agents.

8.3 Future Works

* Study and investigate the properties of the normalized rigidity matrix in 3D. In addition, the
maximum smallest singular value of the normalized rigidity matrix for a MIR graph of four
vertices or more can be established. A possible relation between the number of vertices and

this value can be derived.

* An experimental setup using a set of UGVs or UAVs can be run for the proposed controllers

of this dissertation.

* The dynamics of the multi-agent system in this work is deterministic. Further investigation
is required to address the distance-based and leader-following formation control of stochastic
nonlinear multi-agent systems. In that case, the It6 calculus is required to derive the stability
of the multi-agent systems. An interested reader may start from the following references

[136-138].

* The other direction may include the formation control of nonlinear multi-agent systems with
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actuator hysteresis or a dead zone. An interested reader may start from the following refer-

ences [139, 140].

Cyberattack detection on multi-agent systems’ formation control problems has recently gained
attention. However, attack detection and mitigation of the distance-based formation control
of nonlinear multi-agent with unknown nonlinearity in the system dynamics is an open ques-
tion that requires further studies. An interested reader may start from the following refer-

ence [141].
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