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Wind-Tolerant Event-Based Adaptive Sliding-Mode
Control for VTOL Rotorcrafts Multi-Agent Systems

J. U. Alvarez-Muiioz!*, J. Escareno?, J. Chevalier!, S. Daix?, O. Lalbanni—Igbida2

Abstract—The present paper investigates the consensus control
of a Multi-Agent System (MAS) composed by Vertical Take-
off and Landing (VTOL) rotorcrafts subject to aerodynamic
disturbances. Initially, the attitude’s VTOLs model based on
quaternion formalism is detailed to subsequently derive the
corresponding control law. Likewise, the MAS translational
dynamics is extended to entail the airframe’s aerodynamics. In
order to achieve the consensus objective, a robust adaptive event-
triggered sliding-mode control (SMC) is synthesized considering
a leader-follower scheme guaranteeing Lyapunov’s closed-loop
stability and avoiding the Zeno behavior. Results from an extensive
simulation stage witness the effectiveness of the proposed control
scheme. The latter allows to fulfill the collective consensus and
leader’s trajectory tracking objectives in presence of unknown
disturbances while keeping a reduced computational cost.

I. INTRODUCTION

Recently, achievable missions of Unmanned Aerial Vehicles
(UAV) multi-agent systems (MAS) within the civilian and
industrial sectors have motivated the scientific community to
increase its research efforts. Current MAS-based applications
like precision agriculture, environmental monitoring or cargo
transportation, just to mention a few, require energy efficient
onboard control modules to enhance flight endurance while
exhibiting robustness against adverse atmospheric conditions.

Compared to continuous-time control techniques, which can
be deteriorated due to limited communication bandwidth, the
event-based control methodologies manage and reduce the
usage of the network bandwidth and computing resources.
Essentially, the event-based control computes and updates
the control signals when specific conditions are met, i.e. an
event occurs. Thus, for multi-agent systems based on such
control scheme, the information exchange among agents is
no longer periodical and it occurs only when necessary. On
this subject, the study of single and double integrator agents
show the relevance of event-based controllers when featuring
communication delays, packet drops or noise [1], [2], [3], [4].

Other important issues of multi-agent systems include the
presence of disturbances or model uncertainties. In this regard,
different works have considered adaptive and robust control
techniques combined with event-triggered mechanisms, as in
[5], [6] and [7]. Among the robust control techniques, the
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sliding mode control strategy is well known for its robustness
face to time-varying disturbances, as it is shown in [8]. For
example, in [9], an integral sliding mode controller is combined
with an event-triggered mechanism for the consensus problem
of second order multi-agent systems. [10] deals with the leader-
following consensus problem of a heterogeneous first-order
multi-agent system by means of an event-based SMC. This
approach is extended to a heterogeneous second-order multi-
agent systems in [11], where a novel event-triggered SMC for
consensus and formation objectives is implemented.

Knowing the advantages offered by the event-based control
techniques, these ones are being applied to multi-robot systems,
as in [12], which reports the design of an event-based formation
controller applied to terrestrial nonholonomic robots. The works
presented in [13] and [14] propose and validate respectively,
through simulations and experimental stages, different event-
based control strategies for the formation of multiple quadrotors
modeled as a second-order multi-agent system. In addition,
[15] proves, through simulations the effectiveness of an event-
based distributed model predictive control for the formation
of multiple UAVs. As it can be noticed, these works address
the problem of limited bandwith with different event-based
control techniques. However, none of them consider disturbance
or model uncertainties, which can lead to instability or
deterioration in the performance of the system.

It is then noteworthy that the benefits resulting from the
combination of robust control techniques with event-triggered
is threefold, i.e. the robustness against disturbances, reduced
energy consumption and enhanced inter-vehicles communi-
cation. Furthermore, to the best of the authors’ knowledge,
priorly mentioned works have not presented results regarding
collective maneuvering of multiple VTOL rotorcrafts within
atmospheric conditions based on similar robust triggered-based
control laws.

This paper is an extension of our previous work [16] and
it aims at investigating the efficient coordination control of a
VTOL rotorcrafts MAS based on a robust event-based control
scheme evolving within fluctuating atmospheric conditions.
Then, the contributions of this work are summarized next:

o Considering the inner-outer control loop scheme, the pre-
sentation of a robust nonlinear quaternion-based controller
for attitude stabilization of each VTOL rotorcraft.

o Taking into account the extended translational dynamics
entailing unknown disturbances, the synthesis of a robust
event-based control scheme for the leader-following con-
sensus of the MAS. The latter is composed of a SMC,
featuring an adaptive component and a trigger-mechanism.
The novelty of the proposed control law is that it exhibits



FOR REVIEW AT IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS 2

robustness against wind-born disturbances, reduced control
solicitation and stable inter-vehicles communication. This
represents the main contribution of this work.

o The stability of the proposed event-triggered control law
is demonstrated via the Lyapunov theory. Furthermore,
the used event triggering rule renders the system Zeno
free, i.e. sampling is admissible.

o Regarding performance assessment purposes, a detailed
3D simulation scenario including five VTOL rotorcrafts
subject to 3D wind-born disturbances intended to reach
spatial consensus and formation is carried out.

The sequel of the paper is organised as follows. In Section
II, the notation and some mathematical preliminaries used
in the manuscript are presented. Section III is devoted to
the mathematical modeling of the VTOL-UAV system. Then,
section IV explains the attitude control law for each robot,
the robust control strategy for position consensus and the
formulation of the event-triggered mechanism for the set of
aerial vehicles. The simulation scenario and numerical results
are presented in Section V. Finally, the conclusions and future
works are presented in Section VI.

II. THEORETICAL PREREQUISITES

The current section presents the notations and the mathemat-
ical background of graph theory and quaternions for attitude
representation, which are used in this the paper.

A. Notation

In the following, let R™ and || - || be the n—dimensional
Euclidean space and the Euclidean norm, respectively. [y
stands for the identity matrix of dimension N. Denote by 1y
a column vector with all entries equal to one. A ® B denotes
the Kronecker product of matrices A and B. Let O/« n be a
zero matrix of dimension M x N.

B. Graph Theory

A MAS can be modeled as a set of dynamic systems
(or agents) in which an information exchange occurs. Such
information flow is mathematically represented by means of
graph theory. In this regard, [17], [18] establish that a directed
graph can be represented as G = {V,&, A}, where V is a
nonempty set containing finite number of vertices or nodes
such that V =1,2,..., N and £ is an edge set represented as
¢ = (i,j)Vi,5 € V with (¢,7) implies that the node j can
obtain information from the node i. A is the adjacency matrix
A = a(i,j) € RY*N where the element a(i,j) is positive
if (4,7) € £ and it is zero otherwise. deg,,, (i) = ZN:1 a;j is
called the in-degree of node 4, and deg, (i) = >_;_, aj; is
called the out-degree of the node . The set of neighbors of
agent i is denoted by NV; = {j : (i,7) € V}

The Laplacian matrix £ of G is defined as £L = D — A,
where D is a diagonal matrix D = diag(ds,ds, ...d,,) with
elements Z?Zl a(i, j), see [19], [20]. A directed graph is said
to have a spanning tree if a node in V contains directed path
to every other distinct node in V. Moreover, if a node set
YV U0 exists in the directed graph G, describing the interaction

between a leader agent 0 and N followers, then B is a diagonal
matrix with entries 1, if there exists an edge between the leader
and any other agent in the group, and O otherwise.

Lemma IL.1. G = {V, £, A} is said to be balanced if the in-
degree of each node is equal to its out-degree, i.e., deg,, (i) =
deg,.:(1), i =1,2,...,N. It is easy to prove that G is balanced
if and only if 1%L = 0.

Lemma I1.2. The matrix L + B has full rank when G has
a spanning tree with leader as the root, which implies non
singularity of L+ B

Remark IL3. From here, we shall refer to the matrix L+ B
as H, in order to avoid any confusion.

C. Unit Quaternion and Attitude Kinematics

Consider a body fixed, main coordinate frame with the
orthonormal right handed basis B(xy, y», 2,), and an inertial
frame North-East-Down (NED) with basis N (2, Y, zn). Rigid
body rotations in the three dimensional space can be represented
without singularity by unit quaternions ¢ € S?, defined as:

B
q:—< 005.5,8 >_( do )683
€, SN 5 q,

where g, = (1 ¢2 ¢3)7 € R® and ¢y € R are known as the
vector and scalar parts of the quaternion respectively.

Let w = (w; ws w3)T be the angular velocity vector of
the body coordinate frame B, relative to the inertial coordinate
frame N, the kinematics equation is given by

()3 )= 10

Isq0 + [y ]
The rotation matrix R is related to the unit quaternion g
through the Rodrigues’ formula as:

(D

2

R= (2 —q q,) I3+ 2q0(q)] + 2[q)]? 3)

where [*] maps the vector to a skew-symmetric matrix.
For two given unit quaternions g; and g,, the quaternion
multiplication can be expressed by:

(I1*‘I2:(

with (x) being the quaternion product. Then, the quaternion
error q, is given as the quaternion multiplication of the
conjugate of the quaternion g and the desired quaternion g,

&)

qo14q02 — qu1 d,2 ) 4)

40192 + 902401 + [4,5]01

q.=q;" *q="(qe q.))"

III. MATHEMATICAL MODELING

This section aims to present the overall dynamics of the ‘"
aerial vehicle in the group. Considering that the flight of the
multi-UAV system evolves within a real windy environment,
aerodynamic forces are produced, which are initially detailed.
This forces are taken into account to subsequently present the
kinematic and dynamic equations of motion.
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Figure 1: a)Aerodynamic situation. b)Free-body scheme: VTOL
rotorcraft

A. Aerodynamics

In order to have a real-world flight envelope, the aerial
multi-agent system is exposed to windy conditions. For the
aerodynamic analysis, we suppose that every vehicle in the
formation is fully submerged within the wind gusts streams.

The wind vector V. = (vwm,va,vwz)T € R3 used in this
work is obtained from the Dryden spectral model [21], [22]. It
consists of a static dominant component and a turbulent wind
component. Thus, the vertical and horizontal wind components
correspond to a summation of sinusoidal functions with random
parameters (magnitude, frequency and phase)

n
Vg, (B) = U

i +Z \/ D, ®jsin(wy, t + €;) with k= {z,y, 2}

j=1
(6)
where Uf}k is the static wind, W, is a natural frequency, ij
is frequency samples and ®; is a power spectral density.
Considering the vehicles’ speeds v; and the ground wind
speed V({J, both expressed in the inertial frame, the airspeed
for each system, expressed in body frame, is given as:

u=RT(v-V]) (7)

Now, the airspeed magnitude V, the angle of attack (AoA)
« and the sideslip angle [, see Fig. 1, are given as:

V= /ul+ul+u? a=tan"' (uz> ; B=sin"" (ﬁ)
Uy \%
®)

Finally, the resulting aerodynamic force W = (w, wy, w,)”
in its scalar form is:

w, = Lsinacos B — D cos acos 3
wy = Lsinasin 8 — D cosasin 8 )
w, = Lcosa+ Dsina

where L = 1pV2SCy, and D = L1pV25Cp, with S the
reference area and C and C'p are lift and drag coefficients.

B. Dynamics

In a group of N-VTOL vehicles, each aerial system can be
modeled as a rigid body, see Fig. 1. Then, according to [23],
the six degrees of freedom model (position and orientation) of
the system can be separated into translational and rotational
motions, respectively defined by

. P, = v;
Xt { m;v; = —m;ges, + Up, R;es, + W; (10)
L 1e
4= 5E(g)wi
YR, { Jiwi = —w  Jiw; +T; +d; (11)

where i = 1,..., N. p, and v; € R? are linear positions and
velocities vectors, m; is the mass of each aerial system, g is the
mass acceleration, es is a unitary vector along the z axis, R is
the rotation matrix given in (3), Uy, is the total thrust generated
by the four rotors and W; € R? corresponds to the disturbance
wind vector given in (9). Note that, since the disturbance is
produced by static and non-static components of wind, their
effects are translated into static Wy; = (Wsai, Weyi, wsz;) T and
non-static Ay, = (Aw.,., Aw, ., Aw,,)T forces:

i) yi?

Wi =W, + Ay, 12)

Moreover, it is assumed that the non-static force is bounded
in the manner ||Aw, (t)]] < Awmaz;-

J; € R3%3 is the inertia matrix and I'; € R? is the vector
of applied torques, control couples generated by the actuators.
Finally, d; € R® stands for time-varying external disturbances,
bounded as ||d;|| < 4;.

IV. ATTITUDE AND POSITION CONTROL FOR THE VTOL
MAS

The current section is divided in two parts. First, we
introduce the attitude control law to stabilize the i*" agent’s
attitude. Thus, the position control strategy to achieve consensus
to the leader and multi-agent formation is presented.

A. Attitude Control Scheme: Super-Twisting SMC

The aim of the attitude control is to drive the aerial vehicles
to attitude stabilization, i.e. to the asymptotic conditions
g, — [£1 0 0 0]7, w; — 0 as t — oo. For this, let
44, = (Qdio 9as,)" and wg; = (w1; w2 ws;)’ be the desired
quaternion and angular velocity. For each aerial vehicle, the
quaternion error is given according to (5) and the angular
velocity error in terms of quaternions is expressed as

Wei = wi — Riwg; (13)

where w; corresponds to the actual orientation of the system
and R; is the rotation matrix given by (3). Then, by calculating
the time derivative of the quaternion error and the angular
velocity error, the attitude error dynamics can be given by
T
7qeiv

(jeio 1
. = = Wei
( dei, ) 2 ( I3qei, + (a5 ] ) ‘

Wei = w;Riwdi — Rwg; — Ji_lw;(]iwei + Ji_ll_‘l' + Ji_ldz'

15)

The design of the attitude control law consists of a robust

Super Twisting sliding mode control, where the sliding surface
and its time derivative are computed as follows

(14)

(16)
a7

8i = Jiwei + NiQe;, + Ki€i

8; = Jiwei + NiQe;, + KiQe;,
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where s; € R3 and €; € R3 corresponds to the integral of the
error in terms of quaternions. Besides, \; > 0, x; > 0 € R3%3
are diagonal matrices standing as control tuning parameters.
Then, by substituting equation (15) into (17), allows to stabilize
the attitude dynamics via a Super Twisting SMC scheme, i.e.

I =—Ji(wiRiwag —
- )\Z‘QQi,U

t
— ko; / sign(s;)dT — a;sign(s;)
0

Riwg;) + w)Jiwe;

1,
— RiGe;, — k‘li\si| 2 mgn(si) (18)

where k; > 0 € R3*3 are diagonal matrices being the super
twisting gains. asign(s;) is a reaching law with a > 0 € R3*3
a diagonal matrix, used similarly to [16]. With this, the closed
loop error dynamics $; is given by

t
8, = —k1i|si|%sign(si) — kzi/ sign(s;)dr — a;sign(s;) + d;
0

(19)

Now, let us introduce the state vector x = (x1; Xx2:)" . Then,
computing its time derivative and writing it the scalar form
we can obtain:

X1: = —kiilxa] Zsign(x1;) + Xoi

. . (20)
Xo2; = —kaisign(xy;) + di(t, x)

Proof. Consider the next Lyapunov function given in [24], [25]

as:

Vix)=¢"P¢ Q1)
1

where ¢ = (|x|Zsign(x;) x2)T. P = PT is a positive

definite matrix, and its construction is based on the next matrix

inequality (MI):

ATP+ PA+eP+6%CTC PB
( BTp _1> <0 (22)
where
1 1
—zk1 = 0
— 2 2 . — . _ .
A(_k2 0), B(1>, c=(10); 3

with € > 0. Then, the time derivative of the Lyapunov function
is:

V(x) = N {c (ATP+PAYC+d BTP¢C+¢TPBd) (24)
Einally, after some manipulations, it can be concluded that
V(x) satisfies:

Vix) < ——¢TP¢ <
Gl

Then, it can be shown that the state converges to zero in finite
time, as it is detailed in [24], [25].

—e/\2

mzn

V3 (x) (25)

O

B. Position Control Scheme: Event-based Adaptive SMC

The MAS control strategy proposed herein is intended
to fulfill the consensus objective while rejecting wind-born
disturbances. Generally speaking, considering a virtual leader,
the MAS must achieve a leader-following consensus, i.e.

lim ||p; — 1n @ pyl| — 0 (26)
t—o0

where p; € R™" and p, € R™ (m = 3 for our case) are
the position vectors of the ¢th follower and the virtual leader,
respectively. Let the ith rotorcraft translational dynamics (10)
be rewritten as:

P, Vg,
pi = py; = Uy, ) 27
Pz rUz,
{)xi m (sz S‘9 C¢z + SQ/% 89 ) + Wg;
'l')i = ’Uyl = (S¢ZSQ C¢L — szs(ﬁ ) —+ Wy
Ve m; (C¢L Cez) g+ Wi
(28)

where S, and C, stand for sin(*) and cos(x), respectively.
For control purposes, let the virtual control inputs be defined
as follows

sz‘ = ZzT: (CwiSGicdh‘ + Swz‘sez‘)
Vye = 254(84,80,Co, — CisSo,) 29)
V= [7];} (C¢i Co,) —

Hence, the desired Euler angles (64;, ¢4;) and the total thrust
Ur, can be obtained as

i =m\JV2+ V2 + (Vi + )
.S Cy,
fai = arctan(Cy,, (VI b ) (30)
Oa; = arctan(—tlcﬂ d;++V;7Sﬂ 4)

where 14; is the desired yaw angle.
Now, let us introduce the lumped tracking errors for the ith
aerial robot, which in terms of graph theory are given as

ey, (t) = (L + B) @ I;p(t) = H @ I3p,(t) € R*Y
€y, (t) = ([, + B) ® Ig’l_)i(t) =H® Igf)(t) € R3N

where matrix B = diag(by, ..., by) indicates the MAS mem-
bers receiving the navigation protocol (leader). Additionally:

3D

.« e (t) = (e (1), e;N(t))T’
* €y, (t) = (ele(t)v 7eq)N(t))T’
o Pi(t) = pi(t) — 1n @ py(2),
. I_)i(t) = ’Ui(t) —1n ®p0(t s
« pi(t) = (p{ (), . PN ()",
« vi(t) = (v (1), ., v} (D)7,
o ui(t) = (uf (1), .o up ()7,
o Wilt) = (Wi (1), Wi ()"

Then, the time derivative of (31) can be expressed by

T ] (32)
= ~(wi(t) = 1y @ Po(t) + Wi(t))
To mitigate the wind-born disturbances degrading the MAS
leader-based consensus, a wind-tolerant control law is synthe-
sized.
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o The static wind component engenders a slow time-
varying force W, (t), considered unknown but assumed
boundefl. Then, the latter is compensated with its estimated
value Wy, (t) = (wmsi(t),ﬁ)ysi(t),wzsi(t))T, defining the
estimation error and its derivative as

Wai(t) £ Wai(t) — Wai(t)

B p (33)
W,i(t) = Wg(t)

assuming small magnitude fluctuations of W, (t), it is
thus assumed that W ;(t) ~ 0.

e The SMC technique is known for its inherent robustness,
it provides the framework to deal with time-varying
disturbances. Regarding our scenario, it corresponds to
disturbances arising from the non-static wind Ay, (t)

From the latter, a sliding surface is then proposed to meet the
MAS consensus performance criteria,

Silt) = €4, (1) + Aey, (1)

where A = diag(diag(Az,, Ay,s Az ), -
A € R3VX3N " denotes the control gain matrix. Similarly to
[26], the control input proposed for the system is expressed
by:

(34)

7‘[71@[3'(*
+B® 13- 1y @ Py(t)

K tanh*(S;(t)) — \ey, (t)
~H® I3 W, (1))

(35)
with K, = diag(Ks,,...,Ksy) @ I3, Kg € R3VX3N g a
positive-definite diagonal matrix. Let the adaptation law be
expressed as:

W, (1)
where K, = diag(K,,,...,

Remark IV.1. To alleviate inherent SMC-due chattering, the
hyperbolic function tanh(S(t)) is used. Moreover, the stability
analysis is done accordingly.

=Ko - H®I3-8;(t)
KaN) ® I3, K, € R3NX3N

(36)

Event-based scheme suits to collective and cooperative tasks
that relies on effective MAS communication while featuring
limited resources (bandwidth and processing). Hence, the
sampled control input is updated only when an event occurs.
In consequence, data traffic network and power consumption
are diminished. Then, the control law u(¢) given in (35) is
modified in such a way that V t € [th tF+1)

ui(t)= H'®I;-(— K,tanh*(S;(t")) — e, (t*)
+B® I3 1y @ Po(th) — H @ I3 - Wy, (tF))
(37)
where tanh*(S;(t*)) verifies the following

tanh(S;(t%)) if ||tanh(S )|l < \/\ 1K }|

tanh*() = { if |[tanh(S;(t"))[| >

5
)\'m,{KS}

(38)
where \,,{ K} represents a matrix’s minimal eigenvalue and
Am{Ks} > k. Sampling errors arise due to the discretization
process of the controller, these are expressed as

€, (1) =p;(t) —pi(t")
€, (1) =wvi(t) —vi(tF) (39)
€uo(t) = Bo(t) — Bo(t*)

- diag(Az s Ayns Azy )

such that at t*, €(t) = 0. Note that t¥ corresponds to the
triggering instant of the ith agent. Hence, €;(t) and €g(t)
denotes the discretization error between the agents and leader,
respectively. Likewise, it is possible to rewrite the lumped
errors as

é;ﬂi (t) = €p,; (t) — €p,; (tk)
€y, (t) = €y, (t) — €y, (tk)
Theorem IV.2. Considering the system described by (27-28),

with error variables (31) and (39-40), sliding manifold S(t)
in the notions of sliding mode and the control law (37)

(40)

o The convergence to the sliding manifold is confirmed for
some reachability constant k > (0

o The event-based sliding mode control law (37) provides
stability in the sense of Lyapunov if the gain K¢ accom-
plishes

K Z sup{(?—[ ® Is) . (AWma:v(t) - ||1N ® (€u0(t))||)

+ llew, ()11}
(41)
Proof. Let a candidate Lyapunov function be given by:
1 _r l-1 1
V= SST0Si(0) + ;WL (OK Wo () @)

where the adaptation gain K, is defined in (36). From (42),

the time derivative of V' is obtained as follows:
V =ST(t){H ® I - (wi(t) — 1x @ by(t) + Wi(t)) @)
+ Aew, (1)} + W (KW, (1)

Introducing the control law (37) yields
v=si{nel [H‘1®13~( K. tanh*(S;(t"))
— ey, () + BRI - 1n @ P(t*) —H D I3 - Wsl(tk))

— In @ Bo(t) + Wilt)] + Aew, ()} + W (KL W, ()

{)\ev — Xew, (t*) — K tanh*(S;(t*))
+H®13~( o (0)F A (6) = Ly © (o (1) — By ("))
W, ( )}+w (K7W, ()

{)\ — ey, (t*)) — K.tanh*(S;(t"))

+HS I ( () + Aw (1) = W, () ~ 1y @ ey (1)) |
+W. () He T ST (")

where we have used (12) and (36). Now, using ??), (39).c and
the prior mentioned Wy, (t) ~ 0, implying Wy, (t*) ~ W, (¢),
also, considering (41) lead us to

V < IST@ (% = Am{K}tanh* (S;(£4)) )
= STO(IH @ I - (W (6) = W, (1))

Thus, the state trajectories are in the neighboring of the sliding
manifold, it yields

V < |IST Ol (x — An{K.}|tanh* (S.(1)]])

(44)
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Now, it is possible to verify that the Lyapunov function is
semi-definite negative (see 38). Actually, it implies that there
is an attractive manifold in the origin’s neighborhood

Q =
{S(t) € RN .V =0 for [[tanh(S(8):)]| = | 5%

j

(45)
such as the state vector remains bounded. Thus, the sliding
manifold contained in 2 is an attractor and the vector state
trajectories remains arbitrarily close to it ¥ € [tF tF+1).

O

Remark IV.3. Note that during the interval [tF t5*1) the
states trajectories move away the sliding manifold S(t) till
the next triggering occurs. However, it remains bounded in the
vicinity of the manifold, where the band size is independent of
sampling interval and disturbance bound. Thus, the system is
said to be in practical sliding mode.

The time ¢* at which an event is triggered is described by
a trigger mechanism. In other words, as long as a criterion
(established by the trigger mechanism) is respected, the next
event is not triggered and the control signal keeps its prior
value constant. Let the trigger mechanism be expressed as
§ = |lv1,epi + 12, €0 — 6; (46)
with 11 > 0, v > 0 diagonal matrices and §; € R, . Both,
errors in position and velocity are taken into consideration by
the triggering rule to ensure a stable closed-loop performance.
Additionally, (d;) corresponds to a state independent threshold,
which ensures a finite positive lower bound between any

two consecutive triggering instants, thereby excluding Zeno
behavior, i.e. no two consecutive events occur at the same time.

Theorem IV.4. Consider the group of mini aerial vehicles
described by (27-28), with the control law (37) and the
discretization error given in (39). Let the triggering sequences
(tf),@“;o for the aerial vehicles satisfy the triggering rule given
by (46). Then, the inter-event execution Tik = tf'H — tf is
lower bounded by a positive value ¥, and Zeno behavior is
avoided.

Assumption IV.5. A function f(-) satisfies the Lipschitz
condition over a domain RY, if for every R > 0 there exists a
constant L > 0 such that

1f (1) = fz2)|| < L2y — 2] (47)

Yoy, 2o € RY such that ||z1]), ||z2|| < R. L is denoted as the
Lipschitz constant for f(-)

Proof. Recall the control protocol given in (37) for each
vehicle, which can be rewritten as

ui(t) =H '@ I3 (BRI3- 1y @ Ppy(t") — M (Xi(tF))
+ Ao (t*) — K tanh*(S;(t%)))
(48)

with
N 'Ui(tk) 6N
FEN = (g 00 ey ) €R
(M I3)  Osxs Osxe
3= Osxe (A2 I3) : c R3NXEN
: ' Osxs
OSXG OSxG ()\N 13)

Now, let us define a state vector X; = (p;,v;)T € RV,
Then, the collective behavior of the group of UAV’s from
system (27-28) can be expressed as

Xi(t) = FXilt) + In @ B (uit) + Aws (1) (49)
where f(X;(t)) = (vi(t),W,, )T € RN, B =
(O3x3,I3)T € R3*5. Even more, considering (40), let us define
an error state vector as

&i(t) = (&, (), &, ()" RN

Taking now the inter-event execution time as 7% = t;
as the time it takes for ||€;(¢)|| to rise from O to ||€;(¢)||co
for the (k + 1)*" execution of the control signal (37). Then,
between k*" and (k+1)*" the sampling instant in the execution

of control, the discretization error is non zero. Now V ¢t €
GNGEE

(50
— htl_ th,

Gl < | Gao) < | 4 x| .
‘%émﬂ) <) + In @ B (ui() + Aw, ()] "

Substituting the control law (48) in the inequality, we obtain
<AXit)+In®@B- (H '@ (BRIs- 1y @ Po(t")

— M (X(t")) + Mo (t") — K tanh*(Si(t%))) + Aw, (1)) |
<IAX@) |+ IMB @ I3 - 1n © By ()|

+ [T (X3 (8%)) 1] + [ITTAwo () || + |[TIK stanh” (S; (")) |

+liv® B Aw, ()]
(52)

where 1T = (IxH 1) ® (BI3). Further simplifications lead
us to

<L| X
<L| X
<L|l&(t
<L|&f(t
with
@ = |[IB@I3- 1y @ Po(t")]| + [MAwo(t7) |
+ ITIK stanh* (S, (%)) + [ In © B - Aw (t)||

© = L(In + [IIA| | X (¢*)]]

One way to understand the solution of the differential
inequality (53) for [t*,t**1), is by invoking the Comparison
Lemma [27] and setting the initial condition ||&;(¢)|| = 0. It
can be easily verified that © is non zero for || X;(t*)|| # 0 as
the system is asymptotically stable. Furthermore, the quantities

in @ are also positives. Hence, it is possible to verify that T}*
is always bounded below by a positive value ¢ so that

& (D) <9 (54
which allows to end the proof. O

6) + [T L) X3 (%) | + @

t5) + & (t)|| + TN LI X, (£%) | + @
|+ L(In + [T X ()] + @
|+®+0©

(53)
)
)
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C. Formation Control

The control law (37) allows the convergence to zero between
followers and leader. However, if the objective is to obtain
geometrical patterns completed by the group of vehicles, then,
the consensus can be extended to formation control. Since the
followers move towards the virtual leader, a desired distance

must be considered to achieve and maintain the formation.

Then, let us define A as a feasible formation such that

where p;; = p;; = ||x; — x| describe the inter-agent and
leader-follower distances. To attain the desired formation, let
the desired points in the space be defined by a set as

Q={x1,-Xn} X; €R? (56)

With this, the tracking errors (31) can be extended in the
following manner:

ep,(t) =H @ Is - (p;(t) — 1y @ py(t) — p;) € R*Y
e, (t) =H® I3 o(t) € R3N
where p;(t) = (pf (), ..., iy (8))"

Remark IV.6. Once the tracking errors given by (57) are
considered, the control design methodology follows the same
steps as the ones presented in subsection IV-B.

(57)

An overview of the entire closed-loop system is depicted in
Fig. 2

Wind disturbance]

Figure 2: Block diagram of the system.

V. NUMERICAL SIMULATIONS

The current section presents the numerical simulation results
to validate the proposed control strategy of a group of five

VTOL aerial vehicles within realistic aerodynamic conditions.

A. Aerodynamic Simulations

In order to compute the aerodynamic parameters of the
aerial vehicles, which correspond to AR drone 2.0 models
from PARROT®, the Ansys Fluent® software was used.

The scenario considered for the simulation aims to present
the flight of the aerial vehicle in hover. Then, a wind profile
coming from different directions and at different speeds is
exerted on the drone’s airframe. The simulation study allows
to determine such forces in function of velocity, the AoA «
and the sideslip angle S, see Fig. 3.

Figure 3: Layout quadcopter wind tunnel simulation considering
horizontal wind vector.

B. Simulation Scenario

The set of simulations to assess the proposed control strategy
were performed using the Matlab/Simulink™~ environment.

The simulation model features the parameters depicted in
Table I for each VTOL vehicle. Besides, for the case of study

System Description Value Units
Mass (m) 650 g
Distance (d) 20 cm
Quadcopter  Inertial moment = (J;)  0.0075 Kg- m?2
Inertial moment y (Jg)  0.0075 Kg-m?
Inertial moment z (Jy)  0.013 Kg-m?

Table I: Physical parameters for the VTOL vehicle

presented in this work, five aerial vehicles are considered
(N = 5). A virtual leader, (N = 0), shares to the neighbors its
information related to position or trajectory. The communication
topology that is used for information exchange between the
agents is shown in Fig. 4, and has a directed configuration.

Figure 4: Multi-VTOL system and communication flow.

The corresponding matrices associated with the communica-
tion flow between vehicles are given as:

00000 1 00 00
00000 0100 0
A=[1 0 0 0 ofl,B=|0 0 0 0 0 (58)
0100 0 0000 0
0101 0 00000
0000 0 0 0 0 0 0
00000 0 0 0 0 0
p=|0 0 10 o0|l,c=(-1 0 1 0 of 59
000 10 0 -1 0 1 0
0000 2 0 -1 0 -1 2
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1 0 0 0 0
0 1 0 0 0

H=|-1 0 1 0 0 (60)
0 -1 0 1 0
0 -1 0 -1 2

The eigenvalues of the matrix ‘H are 1, 1, 1, 1, 2. Since
none of the eigenvalues is 0, then the matrix H has full rank
and there exists at least one spanning tree in the topology.

The control law and trigger mechanism parameters used
for the simulation can be found in Table II . Finally, for the

Description Parameter ~ Value
Position controller Aiz,iy 2.5
Aiz 1.6
Ksiw,s'iy 1
Ksiz 3
Piz,iy 0.8
Piz 0.1
Trigger mechanism v1i 1
Vo 1
Ozi,yi 0.01
Ozi 0.05

Table II: Numerical values for control laws and event function

simulations, two scenarios were considered and are detailed as
follows:

1) First Scenario: The consensus of a group of multi-
rotor aerial vehicles under unknown disturbances coming from
windy conditions. First, the multi-robot system is initialized
with the conditions given in the Table III. Then, the vehicles

VTOL MAS  Orientation ° (¢;,0;,%;) Position m (pz,,py,,Pz;)
1 (1, -2, 5) (-1.2, 0.15, 0.01)
2 2,31 (0.1, 1, 0.01)
3 2,2, -4 (1, 0.05, 0.01)
4 (2, 1, -6) (0.5, -1, 0.01)
5 (-2, 1, 3) (-1, 0.8, 0.01)

Table III: Initial conditions for the vehicles

performs consensus with the virtual leader to a position
given by p, = (0,0,2)"m. Once the system is stabilized
(t = 15s), the virtual leader performs a trajectory described
as p, = (2sin(27t/25),2cos(27t/25),3)Tm. At t = 20s a
wind profile, described by Fig. 5a is induced to analyse the
performance of the system. The simulation runs for 90s.

2) Second Scenario: The formation control of the multi-
agent system under unknown disturbances produced by windy
conditions. The initial conditions are the same as in the
first scenario, however the multi-robot system performs
formation control, where the positions of the agents are
intended to form a trapeze over the x — y plane, with
the following desired inter-agent distances with respect to
the leader: p; = (=1,0,0)7, py = (0,0,0)T, py, =
(1,0,007, p, = (0.5,09,007, py = (-0.5,-0.9,0)T.
The set of VITOL’s take off and perform formation con-
trol to a position given by p, = (0,0,2)"m. Then, at
t = 15s a trajectory-tracking is executed and described by

7 7 sin(3%) . 2 T
Do = (ms(z%) COS(%), ms(%é) 225 ,Sln(%ot) + 4) m.
At t = 20s, a wind profile is generated in order to analyze the
performance of the proposed control law. The simulation runs

for 250s. A video of this scenario is accessible through the

following link: https://www.dropbox.com/s/paahosbuoaOhcu6/

event_sliding_2022.mp4?d1=0
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0 16 2‘0 36 46 56 6‘0 76 86 920
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Figure 5: Wind profile and Evolution of the events vs.
continuous-time.

C. Simulation Results and Discussion

1) First Scenario: Fig. 5 depicts the wind model profile
acting on the system as well as the evolution of the events
during the consensus. The behavior of the wind allows us
to observe that when its direction and intensity changes, the
triggering of events adapts to ensure convergence to the leader.
In addition to the behavior of the event mechanism, Figure 5b
shows a comparison to a periodic case communication system,
where a sampling rate of 0.01s is considered. Then, for the 90s
simulation, 9,000 events are produced for the periodic system
against the 4,923 of the vehicle that recorded the most events
with the proposed strategy, representing a 54% reduction in
transmissions and control updates. Table V shows the number
of events triggered during the simulation.

Fig. 6 shows the UAVs trajectories and linear velocities
during the consensus for each axe. It is shown that practical
convergence to the leader in terms of position and velocity
is ensured. The good performance of the closed-loop system
using the proposed strategy is confirmed through the Table IV,
which shows the norm of the errors for every vehicle in the
group. It is worth to mention that the norm is computed from
the moment the wind is generated (¢ = 30s), showing that the
effect of the disturbances is reduced.

lel m UAVi UAVa UAVs UAVy UAVs
ezl 0048  0.048 0.053 0.054  0.056
lleyl 008 0082 0073 0077  0.083
llez|  0.047 0048 008 0088  0.091

Table IV: Norm of the errors for every vehicle during the
consensus

The behavior of the sliding manifolds and the control signals
for the different vehicles during the simulation are presented in
Fig. 7. Fig. 7a show that for time instants between [t¥, t5+1)
the state variables show a tendency to deviate from the sliding
manifold, but remain bounded within a band near to it. The
performance of the event-triggered control law is presented


https://www.dropbox.com/s/paahosbuoa0hcu6/event_sliding_2022.mp4?dl=0
https://www.dropbox.com/s/paahosbuoa0hcu6/event_sliding_2022.mp4?dl=0

FOR REVIEW AT IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS 9

in Fig. 7b. The time interval between (10 — 12)s is zoomed
to illustrate when the control law keeps the last value until
the next event is triggered, allowing a reduction in the control
solicitation. We can notice that from time ¢ = 60s, with average
static wind speed vj, = 10m/s, the adaptive term of the
proposed strategy compensates for the unknown static force
and consensus for position and velocity are reached again.

2) Second Scenario: Fig. 8 depicts, as in the previous
scenario, the wind profile causing unknown disturbances to
the system as well as the total of events triggered during
the formation control simulation. A comparison to a periodic
system is equally performed, and by running the simulation for
250s, 25, 000 events are produced for the periodic case, against
the maximum registered with our proposal (12,060 events),
representing a 48% of reduction in control updates. Table V
presents the number of updates when using the event-based
control law studied in this work.

The behavior of the multi-VTOL system during the formation
on the planar space is presented in Fig. 9a. It shows explicitly
the reaction of the system to the changes of the wind directions
and intensities. Finally, the 3D trajectory tracking performed
by the group of aerial vehicles is depicted in Fig. 9b, where
some positions are highlighted to show how the control law
keeps the formation during the trajectory-following under the
external disturbances.

Updates UAV, UAV, UAV3 UAV, UAVs5
Scenario 1 2933 2944 3767 3857 4923
Scenario 2 6525 6533 9155 9350 12060

Table V: Control updates for consensus and formation with
control law (37)

VI. CONCLUSIONS AND PERSPECTIVES

The actual paper addressed the robust event-based consensus
problem and formation control of a group of VTOL-UAVs
subject to close-to-reality wind-born disturbances. The dynamic
model of the MAS is extended to take into account aerodynamic
effects for which a distributed and adaptive event-based
sliding mode-control law is synthesized. Merging the inherent
robustness furnished by the SMC with the benefits of an event-
based scheme, stable closed-loop behavior and low-power
computation are achieved. Due to the underactuated nature
of the quadrotors, the corresponding motion is based on a
two-level (inner-outer loop) control scheme. The performance
of the proposed event-triggered MAS control strategy is
assessed through Lyapunov-based stability analysis as well as
an extensive numerical stage. The simulation results witness the
tolerance to unknown-but-bounded disturbances while fulfilling
the consensus objective considering an event-triggered control
law.

Forthcoming research includes the real-time implementation
of the proposed strategy. In addition, the usage of event-
triggered control techniques within interactive scenarios, as
MAS-based cargo transport or collective manipulation will be
investigated.
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