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Abstract— This paper proposes a 3-layer architecture for the coordinated flight control system of multiple
airships, focusing on environmental monitoring and surveillance, an application where airships present advantages
over conventional unmanned aerial vehicles (UAVs). For the guidance layer, regarding the formation flight, we use
a leader-follower approach, and for the low-level layer we use a state-feedback kinematic controller. We developed
an adapted kinematic model to emulate a real airship behaviour, which was used as the basis of a simulation
environment to test the approach. The simulations show good tracking performances for both waypoint navigation
and target tracking missions.

Keywords— Unmanned Aerial Vehicle, Cooperative flight formation, Environmental monitoring.

Resumo— Este artigo propoe um sistema de controle de voo coordenado para multiplos dirigiveis, baseado
em uma arquitetura de trés niveis. A aplicagdo alvo é o monitoramento e vigilancia de dreas ambientais, onde
os dirigiveis apresentam vantagens sobre outros tipos de veiculos aéreos nao tripulados (VANTSs). No nivel de
guiamento, relativo a formagao de voo, utiliza-se uma técnica do tipo lider-seguidor, e no baixo nivel utiliza-se um
controlador cinemadtico por realimentacao de estados. Foi também desenvolvido um modelo cinemético adaptado
para emular o comportamento real de um dirigivel, o qual foi usado como base de um ambiente de simulagao
para se testar a abordagem proposta. As simulagdes mostraram bons resultados de desempenho tanto para o

rastreamento de um alvo mével como para a navegagao por pontos de passagem pré-definidos.

Palavras-chave— Veiculo Aéreo Nao Tripulado, Voo cooperativo, Monitoramento ambiental.

1 Introduction

Unmanned aerial vehicles (UAVs), or aerial robotic
vehicles, acting alone or in collaborative groups,
constitute a growing field of research with a wide
and relevant range of applications, such as agri-
cultural and environmental monitoring, inspection,
surveillance, exploration of difficult access areas,
amongst others (Bueno et al., 2002), (Tsourdos
et al., 2010). Inside the environmental applica-
tions context, the theme of UAVs has received
special attention from researchers in recent years,
both from an economic and environmental point
of view highlighting its potential (Mahony and
Kumar, 2012). The main focus of the present re-
search is on applications in large preservation areas
such as Amazonia (Pinagé et al., 2013), (Carvalho
et al., 2014).

The UAV platform considered in this
work is the airship of the DRONI Project —
“Robotic Airship with Innovative Design”, funded
by MCTI/CNPq/CT-Aeronsdutico/ CT-Espacial
(2014-2017) and coordinated by CTI in partner-
ship with FEM-UNICAMP. The 10 m long aircraft,
shown in Figure[] is an improved design version of
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the airship of the seminal Project AURORA - Au-
tonomous Unmanned Remote Monitoring Robotic
Airship (de Paiva et al., 2006). The new con-
figuration has four electrical vectored propellers
plus a set of sensors and embedded processors
(Martinez Arias et al., 2014). This airship was
created in particular for environmental monitor-
ing and surveillance applications in the Amazon
region. Airships present many advantages for this
type of application when compared to other kinds
of UAVs. They provide at least greater autonomy,
less energy consumption and less intrusion (like
disturbance and noise) (Bueno et al., 2002).

Figure 1: Airship platforms: AURORA (left) and
DRONI (right).

The coordinated UAV team flight constitutes
an important research field due to the advantages
of simultaneously covering large areas, improved
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robustness, better performance in the case of in-
dividual failures, and the increased efficiency due
to cooperation to achieve a common goal, like dis-
tributed task allocation (Tsourdos et al., 2010).
Tasks like monitoring, surveillance (area coverage)
and subsequent tracking of moving targets such
as animals, people or land vehicles, have become
one of the most active themes of recent research in
cooperative aerial vehicles (Oh, 2013), and is the
theme of this paper.

The autonomous control and operation of co-
operative aerial vehicles is a challenging task. The
waypoint navigation is a relatively easier task, but
tracking a grounded moving target, with close
range manoeuvring is still a much more complex
problem. Moreover, these tasks become even more
difficult when we consider the underactuation of
the aircraft (for lateral and backward movement)
and the complexity of the perturbations in an out-
door environment, like wind and turbulence.

One of the most common approaches for the
guidance control of multiple UAVs is formation,
that is the action of controlling relative position
and orientation of autonomous robots in a team.
Formation control has been investigated in differ-
ent approaches in the literature, and one of the
most known is the “leader-follower” technique. In
this case, one agent, designed as a leader, moves
along a predefined trajectory, and the other should
maintain a desired distance and orientation to the
leader. The leader-follower airship is the guidance
technique used here to keep three autonomous air-
ships flying in a “V” configuration, while executing
the tasks of area coverage and target tracking.

To the best of the authors’ knowledge, there is
only one paper on flying formation of “outdoor” air-
ships (Bicho et al., 2006). Nonetheless, their work
is restricted to waypoint path-following. Other
cooperative flight results for airships focus on “in-
door” environment, where there is no wind distur-
bance and turbulence (Olsen et al., 1999), (King
et al., 2004).

This paper presents the simulation of a flight
control system developed for the formation of mul-
tiple airships on two kinds of missions: waypoint
path-following and ground moving target trackingﬂ
We propose a decentralised three layer hierarchical
approach (mission, guidance and control layers),
where the guidance is an extension of Bicho et al.
(2006) leader-follower strategy, and the low level
control is a state feedback kinematic controller
acting on position/orientation and velocity of the
airships compensating for distance and angular
errors to a “virtual target”. For this initial stage of
the project, an adapted kinematic model, with em-

IThis work on cooperative airships is carried out as
part of the SAS-ROGE project, an ongoing collaboration
between University of Campinas (Brazil) and Heriot-Watt
University (United Kingdom) which aims to further develop
the field of autonomous and intelligent swarms of airships.
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ulation of a real airship behaviour (saturation and
dynamics of actuators and underactuation) was
developed as the basis of a simulation environment
used to test the control and guidance techniques
developed.

This paper is organised as follows. Section
shows the problem formulation. Section [3| presents
the different airship models and the adapted kine-
matic algorithm. Section [4] details the guidance
(leader-follower) and the low level (state-feedback)
controller approaches. Section [5] shows the simu-
lations results for the different mission tasks and
Section [0] finalises with the concluding remarks.

2 Problem Formulation

Within the environmental surveillance applications
there are two main streams of study in cooperative
robotics: area coverage and target tracking, which
are often performed simultaneously (Pimenta et al.,
2009). A typical hierarchy of communication and
coordination of mission planning that is able to
perform both tasks of covering and tracking is
shown in Figure [2] (Tsourdos et al., 2010). The
top layer defines the mission task allocation, the
middle layer is the guidance block that defines
the trajectories/references to be followed by each
UAV, and the lower layer corresponds the local
controllers that ensure that the UAVs will execute
the commanded trajectories/velocities.

Co-operative

Layert Mission Planning
Mission J‘
vy Tasks | States
Layer?2 Co-operative Trajectories
(Co-ordinated Guidance)
[
X A g
| @ @ | 3
o o =
Q o S
'3 S °
O ()
Laver3 Controller [~ - = = L - controller
4 VAV #1 | — e UAV #n

Figure 2: Mission Architecture. Adapted from
Tsourdos et al. (2010).

The mission tasks considered in this work are
two (Figure [3)):

e Waypoint/Hovering - The airship receives
a target coordinate with an entry angle and
the controller takes the airship there, flying
at a given altitude and speed. Upon arrival,
the airship may proceed to the next point, or
it may stay in place (hovering), within a 5 m
radius from the targeted point, enabling the
airship to face the wind, minimising the drag.
The waypoints (black) and hovering circles
(red) are illustrated in Figure

Target tracking - Another kind of mission is
the tracking of a moving target on the ground,
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when the airship should follow the interest
object keeping a given distance from it.

The coordinated guidance approach (2nd layer)
used here is the leader/follower technique, very
common on UAVs coordinated flight, like the “V”
formation. In the leader/follower mode, the fol-
lower airship should maintain a desired distance
and orientation angle from the leader, which allows
for a flying formation to be achieved, be it in line
flight, column or diagonal. Finally, the low level
controllers for each UAV is a state feedback kine-
matic control approach (SFKC) commonly used
in mobile robotics for terrestrial vehicles (Siegwart
et al., 2011). Both the middle (leader/follower)
and the low level (SFKC) controllers will be de-
tailed later in Section 4.

Figure 3: Mission Tasks: waypoint path follow-
ing with or without hovering flight (above) and
tracking of moving target (below).

3 Airship Equations of Motion

This section presents the airship modelling used in
a simulation environment for control design and
validation, where multiple airships fly in a same
environment under independent wind/turbulence
conditions. The airship model is adapted from the
previous works of AURORA and DRONTI projects.

Figure 4: Airship’s axis frames and variables.
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3.1 Airship Dynamics and actuators

We start with a brief review of the airship dynamic
simulation. The most fundamentally important as-
pect is the mathematical description of the airship
motion, given by Newton’s first law, representing
the relations between the control inputs and the
state variables, that is:

x =f(x,u,d) (1)

where:

e The state x = [v,w]” includes the linear v =
T T . .
[u,v,w]” and angular w = [p,q,r]" inertial
velocities of the airship expressed in body-
fixed B frame (Figure [4]).

The input vector u includes the 4 engine
thrust inputs, the engines vectoring angle and
the tail aerodynamic surface deflections (Fig-
ure 9)).

The disturbance vector d € RS includes the
wind input (wind velocity) expressed in the
J frame with a constant term (V, € R3)
and a six component vector modelling the
atmospheric turbulence (non-constant wind)
in Dryden model (Moutinho et al., 2016).

Also, the f function, indicating the local accel-
eration vector, corresponds to the inverse of the
6x6 mass matrix multiplied by the sum of the forces
- kinetics, wind induced, gravitational/buoyancy
and propulsion — that are functions of the state
(x), control input (u) and perturbation (d). For
further details on the airship dynamic model, the
reader is referred to (Moutinho et al., 2016). Fig-
ure [5] summarises the open loop dynamic model of
the airship.

F—@o e

ijer View
ky F;
u. u
actuators o Y
airship ——

dynamic model
d
x X

Figure 5: Airship actuators (above) and open-loop
dynamic model blocks (below).

Side view

wind / turbulence
generator

3.2 Airship Kinematic model

We introduce here the airship kinematic model
that is particularly useful to describe the airship’s
behaviour at low airspeed velocities, and also com-
putationally much faster than the dynamic model,
and is the one used in this first phase of the project.
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The kinematic equations are based on the trans-
formation matrices relating linear/angular veloc-
ities represented in local and inertial frames. To
represent the airship orientation, we adopt here
the quaternions approach, instead of the Euler
angles. Let us define the pose vector of the air-
ship n = [pT, qT}T € R7 as being composed by
Cartesian coordinates p € R? in the inertial (NED
- North, East, Down) frame, and the orientation
described by the quaternions q € R* (Stevens
et al., 2015). Therefore, the derivatives of the po-
sition (NED) and the quaternions vector can be
written as (Moutinho et al., 2016):

p=STvy
.1 0
q= §Q L"}
where S € R3*3 is the transformation matrix
converting linear velocities from inertial to local
frames, whose elements are functions of the quater-
nions, as well as the unitary matrix Q € R*** that

relates the quaternions derivatives to the airship
angular velocities (Azinheira et al., 2006):

(2)

g —q1 —q2 —g3
q1 qgo —4g3 q2
= 3
Q q2 q3 9 —q1 ( )
q3 —q2 q1 qo
Therefore, recalling that x = [v,w]l =

[u, v, w,p,q, r]T, the derivative of the airship pose
vector 1 can be written as:

. p sT o ] {v}
=15 = C
i= [ =% salell
ST o (4)
= Cx =DCx =Tx
o i
where
I3 03
C = 01)3 0173 €R7X6
0; I3
5)
SEN( } X7 (
D= { cR™
0 1Q
T =DC e R7*6,

It is important to recall also the relation be-
tween relative airspeed (x,), groundspeed (x) and
wind speed (x,,) represented in the local frame:

(6)

Xy =X — Xy

X

T
. [uayvaawaapav(hvra] "
[u,v,w,p,q,r] y Xw = [uw,vw,ww,0,0,0] .

where:  x,

3.8 Adapted Kinematics for control simulation

For simulation purposes, the airship kinematic
model needs to be adapted in order to reflect a
more realistic behaviour including emulation of
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saturation/dynamics of actuators and the under-
actuation in lateral movement. The block diagram
of Figure [f] and the algorithm below summarises
this adapted kinematics.

Xa_ref ]K Xac
B LN
Vi

Saturation q

ﬁp

q
X

-

n=Tx

Wind / turb
generator

Figure 6: Adapted airship open-loop kinematic
model for simulation.

Algorithm: kinSimulation(Xac, Vw, 4, X)

[S, T] « transformationMatrices(q, w)
X  [SXVy 00 0]

Xa & X — Xy

Xa ¢ @Xac + (1 — @) X,

X ¢ Xa + Xw

<+ Tx

n<« [0

return (x,q,n)

Recall that the input command to the airship
Xac = [Uac, Vac, Waces Pacs Jacs Tac) 1S the saturated
vector of linear (u,v,w) and angular (p,q,r) de-
sired airspeed velocities, coming from the airship
guidance controller, detailed in the next section.
The algorithm can be summarized as follows: As-
suming that the wind speed in global coordinates
is known (Vy, = [Ny, Ey, Dy]) from the perturba-
tion input, then the current airspeed vector in local
frame (Xa = [Va,wq]?) is calculated. A weight-
ing parameter («) is utilised to recalculate Xa,
combining the commanded airspeed (x,c) and the
previously calculated airspeed (x,). This intro-
duces a first order dynamics on the commanded
airspeed, emulating the airship actuators dynamic.
Moreover, as the weighting factor « is small, it
imposes a priority to the current airspeed vector.
This allows, for example, for abrupt changes in the
airspeed due to a sudden wind incidence. With the
airspeed vector defined in this way, it is possible to
calculate a realistic groundspeed vector, as well as
the airship position and quaternions in the global
frame.

4 Guidance and Control Approaches

In this section we present the middle and low
level layers of the mission architecture of Fig-
ure 2l For the middle layer (guidance), we use
here the “leader-follower” coordinated flight ap-
proach. Although extensively investigated for dif-
ferent kinds of aircrafts, to our knowledge, there
is only one work in the literature focused on co-
ordinated flight of airships, and using the “leader-
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follower” approach, that is the one presented in the
“Airship Formation Control” (Bicho et al., 2006)
paper. However, this work is only applied to the
waypoint path following case and, besides, the au-
thors do not show the resulting control actuators
signals for better analysis and comparison. The
idea of the “leader-follower” technique is to impose
speed and orientation references for two airships at
a time, which may fly in 3 different modes that are:
in column, in line or in “oblique” formation (Figure
7). The distance and orientation between the two
airships are controlled by keeping the heading and
relative speed between both, which is guaranteed
by the low level controllers. This structure is then
combined to generate more complex formations
with an arbitrary number of airships, such as the
known “V” formation. Nevertheless, in this prelim-
inary work, we consider only three airships flying
together in “V” though we extend the idea of Bicho
et al. (2006) to cover more complex flight mission
cases like hovering and moving target tracking.

leader
3

leader

i,d

2
\/ follower

leader

follower

follower
S

Figure 7: Basic airship configurations in a
leader/follower formation. From (Bicho et al.,
2006)

Suppose that W; is the angle orientation for
the follower airship and ¢; the angle between the
leader and follower positions, it is desired that
the follower airship maintains a certain distance,
pi.a, from the leader, as well as a certain relative
angle, Ad; 4. The solution for this kind of problem
of position/orientation control is delegated to the
low level controller (3rd layer of Figure [2) that is
based on a simple kinematic model (equation
and Figure , indeed a state feedback kinematic
control (SFKC) approach commonly used in mobile
robotics for terrestrial vehicles (Siegwart et al.,
2011).

j) —cosd O

: sin § u
1[0
€ 77 0
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Figure 8: Polar coordinate system with the “goal”
at the origin of inertial frame, used in the low level
controller (SKFC) (Siegwart et al., 2011).

Be aware that equation[7land Figure[§assumed
the goal was at the origin of the inertial frame,
which does not incur any loss of generality. The
complete relations utilised in the simulator were
as follows:

p=1\/APg® + APN? — p; 4

APy
APy

e=—-V -5+ \Illeader

(8)

6 = —V + atan

—Ad;q (9)

(10)

which takes into consideration that the goal frame
is a mobile one. To derive the state feedback gain,
first we linearise equation assuming small-angle
errors such that cos(d) ~ 1 and sin(§) ~ §. Then,
if we define the feedback control laws as:

(11)
(12)

These velocities compose the airspeed reference
command sent to the adapted airship kinematic
model, that is:

u=kyp
r=ksd + ke

Xaref = [ 0000 7]; (13)
The substitution of these control laws in the lin-
earised model of equation (7)) leads to the following
closed-loop state space model:

p: —k, 0 0 p
=10 —(ks—k,) —ke| [0 (14)
€ 0 -k, 0 €

whose dynamic matrix should have stable eigenval-
ues by the proper choosing of the gains ks, k,, ke.
One of the most interesting properties of this low
level state feedback controller (SFKC) is that with
a single set of tuning control parameters ks, ke, k,



Sepisin Bt ds Aufonaro el

it is possible to implement, with just some small
changes, the different operational modes of way-
point flight, hovering flight and ground tracking
flight used to execute the two main missions of way-
point path following and target tracking. Addition-
ally a limit to the angular error was added, where
the airship reduces the linear speed x, and in-
creases the angular speed wg, both to a fixed value.
For the “follower” airship in the “leader/follower”
guidance approach, the “goal” point in Figure [g]
will always be the position of its corresponding
“leader” airship. And for the main leader airship
in the “V” coordinated flight, the goal may be the
next waypoint (in the waypoint flight), the hover-
ing waypoint (in the hovering flight) and the target
current position in North x East coordinates (in
the target tracking). In this last case, the idea is to
generate a kind of “walk-stop-walk” behaviour to
follow the target using both the constant airspeed
and the hovering control modes. The airship will
follow the target at a constant airspeed and when-
ever its projected distance to the object reaches
the limit of 5 m, it switches to the hovering control,
and so on.

5 Simulations Results

In this section we present the simulation results
for the coordinated flight under waypoint path-
following and target tracking. The parameters
used in the simulations were as follows. The SFKC
controller gains were ks = 5, k, = 0.5, ke = —2.75.
The controller saturation limits were u = [0,9] m/s
and r = [—20, 20] degrees/s. The limit for angular
error is set to 90° and reported errors are p = 6,
6 = 50 and € = 0. The value of « used in the
adapted kinematic algorithm was o = 0.05. The
wind condition was turbulence of 1 m/s of variance
plus a constant wind of 3 m/s coming from 30
degrees North. The airship reference altitudes for
the three airships (Droni 1, Droni 2, Droni 3) were
defined as h = 50, 60, 70 m, respectively. The
reference distance between follower and leader is
set to p; ¢ = 10 m. For the waypoint case, the ref-
erence longitudinal airspeed of the airship v is set
to 5 m/s. Finally, to emulate the target movement,
whose average speed is 6 m/s, we used a simple
differential robot kinematic model whose inputs
are the linear and angular velocities with random
values coming from an uniform distribution.
Figure [9] shows a simple example of waypoint
navigation, with initially no wind/turbulence. At
20 seconds of simulation, a sudden wind is cast
at Droni 2 only, at 3 m/s from 30 degrees North.
It is possible to see that it shifts to the left and
adapts his heading, in order to still fly straight
ahead under lateral wind incidence.
Figure[I0]shows the simulation of the waypoint
navigation including eventual hovering points (red
circles). It is possible to see that Droni 2 tried to
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Figure 9: Airships in Waypoint navigation.

make a close curve, in order to achieve its goal,
but leading to an increase on the desired reference
distance follower-leader. A manoeuvre condition
is yet to be applied to solve this kind of situation.

Wind

100 — Droni 1

Droni 2

\ Droni 3
| > waypoinis

80 ..
B0
ar -

20f. 7

20 .

50 o
Figure 10: Airships in Waypoint/Hovering mode.

The red circles are the hovering areas. The airships
are drawn at 0, 30, 60 and 150 seconds.

Figure|l1|shows the leader Droni 1’s controller
inputs and outputs signals. We can see that the
commanded airspeeds in u and r are well followed.
We note also that the aerodynamic sideslip angle
B achieves great values in some moments, due to
the manoeuvring situations where it gets sideways
with the wind incidence.

The last simulation, shown on Figure il-
lustrates the case of moving target tracking, and
Figure |14] shows the corresponding leader’s signals.
The leader is told to follow a ground target and it
does that by engaging hovering mode. This way,
whenever the target is within a 5 m radius, the air-
ship will keep still and try to face the wind. With
more than 5 m, the leader will accelerate trying to
close the distance.

The last graph, shown in Figure [15| shows the
leader’s airspeed V; and its distance to the target
in the ground plane. We can see that there is a
moment where the target makes two consecutive
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Figure 12: Airships in target tracking mission. The
airships are drawn every 30 seconds.
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Figure 13: Airships in target tracking mission.

Zoomed area, where the airships lost the target
and manoeuvred to recuperate.

direction changes, exactly when the airship is fly-
ing with a rear wind, reducing its controllability,
and thus increasing the distance error at this point.
However, it is interesting to note that the airship
controller is still able to recover from this situa-
tion, tracking again the target with good closeness,
which can be seen in the close view shown in Fig-

T

Figure 14: Leader’s signals during target tracking.

ure We can note also that the great tracking
errors correspond to an increase and saturation
on the airspeed V;. The small angle error was not
satisfied during simulation, however with a wind
as strong as 60% of its airspeed, the airship was
able to handle itself satisfactorily.
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Figure 15: Leader’s signals during target tracking:
distance error and airspeed. The horizontal line in
the first plot is the 5m radius limit for the hovering
mode.

Both videos, from the last two simula-
tions can be seen on YouTube, on the follow-
ing links: Waypoint/Hovering (https://youtul
be/CASSLQKPOUA) and Moving Target (https://
youtu.be/XK28365N5ts)

6 Conclusions

This paper presented the design of a new kind of
guidance/control system for the formation flight of
multiple outdoor airships that are able to perform
two kinds of missions: waypoint path-following
and ground-moving target tracking. We proposed
here a decentralised, three layer, hierarchical ap-
proach including mission, guidance and control
layers. The guidance layer is based on the leader-
follower proposal of Bicho et al. (2006), that is
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extended here to cope with more complex flight
mission cases like hovering flight and ground mov-
ing tracking. The low level control layer is a
state feedback kinematic controller acting on posi-
tion/orientation and velocity of the airships. For
this initial stage of the project, we developed and
used an adapted kinematic model in simulation to
test the control/guidance techniques. The simu-
lation environment included emulation of a real
airship behaviour and a Dryden wind/turbulence
model.

Although many improvements in the approach
are still to be done, this initial proposal shows good
results and tracking performances for both way-
point navigation and target tracking cases. And
this is still more true if we consider the complexity
of this problem such as the underactuation of the
airship, strong perturbations (wind/turbulence)
and simultaneous tasks like keeping formation and
following a target at the same time.
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