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Abstract. This paper addresses the problem underlying the control and coordi-
nation of multiple autonomous airships that must travel maintaining a desired ge-
ometric formation and simultaneously avoid collisions with moving or stationary
obstacles. The control architecture is based on the attractor dynamics approach to
behaviour generation. The airship physical model is presented and the mathemat-
ical background for the control architecture is explained. Simulations (with per-
turbations) with formations of two and three autonomous airships are presented
in order to validate the architecture.

1 Introduction

In this paper we address the problem underlying the control and coordination of multi-
ple autonomous airships that must drive maintaining a desired geometric formation and
simultaneously avoid collisions with obstacles(e.g. another airship, a building, etc... )
see Fig.1. The problem of formation control on land mobile robots has received much
attention from researchers working on cooperative robotics (see e.g. [1], [2], [3],
[13], [5], [6] and [7] for some interesting works). Research on UAV formation control
as also been a subject of growing research(e.g. [8], [9], [10]). In respect to airships,
some work is being done on loose formations of stratospheric airships that will serve
as telecommunications relays and airborne radar stations(e.g. Lockheed Martin High
Altitude Airship).

This project is the next step after the group work on semi-autonomous airships
control [11] [12], where we presented a control architecure based odyttaenical
systems approach to behavior generation(see c.f [18][20][19]). In [4], [13] and [14]
the control of formations of land mobile robots was adressed and studied.

Here we show how a set of decentralized and distributed basic control architectures
for line, column and "oblique” formations can be used for teams of two airships. These
dynamic control architectures can then be easily combined to generate more complex
geometric formations for larger teams of airships. As examples we show teams of 3 air-
ships flying in line, column and V formation. We demonstrate the flexibility of our dy-
namic control architectures, presenting the ability to avoid sensed obstacles integrated
with movement in formation. Although we present examples for formations for teams
of 3 airships, more complex general configurations (larger number of airships) can be
solved by our approach.
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We assume that the airships have no prior knowledge of thieoemeent and we
follow a master-referenced strategy for each airship iné¢@aen. The control architec-
ture of each airship is structured in terms of elementarabieins (i.e. obstacle avoid-
ance and “keep formation” behavior). The individual bebaviand their integration
are modelled by non-linear dynamical systems and bifurnatare used to make de-
sign decisions around points at which a system must switch éme type of solution to
another. The advantage is that the mathematical propedsxiated with the concepts
(c.f. section 3) enable system integration including ditsf the overall behavior of
the autonomous systems. The dynamical systems that gdwebehavior of each air-
ship are tuned so that the movement of each airship in timensigted as a time series
of attractor (i.e. asymptotically stable) states. The liersethat asymptotical stability
can be maintained and thus the systems are robust agaifrstrenental perturbations.

The rest of the paper is structered as follows; section 2rileescthe background,
airship model and the system disturbances. In section 3,xgkia how the forma-
tions are achieved and maintaned during flight. the basifigimations in line, column
and oblique are explained and how they can be combined ierlamgd more complex
formations. Section 4 reports on the simulation results anous scenarios with the
airship formations avoiding obstacles and changing faionat The last section reports
on the conclusions and some facts pertinent to the finalteesul

2 Aiship Model and Perturbations

The goal is to enable a team of lighter-than-air vehiclesumm@omously navigate in
formation toward a target destination, avoiding obstaated coping with environmen-
tal perturbations. We briefly discuss the organization eftdam of mobile airships and
we outline the basic assumptions behind this work.

A team of N airships has one designatkdad airship labelled 4; (the notion of
alead airship is in analogy with the work of Desai, Ostrowsky and Kumar[d]his
airship navigates from an initial position to a final goaltitestion. Within the forma-
tion, each airship (except thead airship) depends on one of the others. Thus there are
manyleaders and manyfollowers but a uniquelLead airship. We decompose the team
of N airships intoN — 1 sub-teams of 2-airships each (Fig. 1). The control of each
sub-team follows &eader-follower decentralized motion control strategy (c.f. example
in Fig. 5).

Eachfollower airship takes itdeader as a reference point and its motion must be
controlled in order to fulfill the following task requiremisr{see Fig. 2)i) To maintain a
desired relative angle between lleader and thefollower, A; 4; ii) maintain a desired
distance to théeader, [; 4; iii) maintain a desired altitude to the leadér; 4; andiv)
simultaneously avoid collisions with obstacles that mayesp.

2.1 Airship Kinematics

Each airship is a balloon in which the lift is independent gt speed, what is called
aerostatic lift. Its kinematics description is based onrtiference frames presented in
figure 3.
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Fig. 1. Example of a team with N(=3) airships in formatiof; is the Lead AirshipA, and A3
follows A, in a oblique formation.
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Fig. 2. a) A, 4 is the desired relative angle between the follower airship and its Idadés the
desired distance of the follower to the leadgris the angle at which the follower sees the leader.
b) Ah;.q is the desired altitude relative to the leader airship.

We use the following notation: The generalized coordin&dethe airship are

7]: ('T?y? Z? (rb? 97w)T 6 %6 (1)
where (¢, y andz) denote the position of the centre of mass, relative to tindixed
reference frame, an@ (6, v) are the three Euler angles (i.e. roll, pitch and yaw angle)
and represent the orientation of the airship (see [15],$1§12]). Therefore, the model
partitions naturally into translational and rotationabmtinates

m o= (z,y,2) € R g =(6,0,0)" e R (2)
The linear and angular velocity vector with coordinatesadysfixed reference frame-
{w'} (see Fig.3) is
U= (Umyvyvvzawmwyawz),r 6%6 (3)
which can be decomposed into:

’U? = (vx,vy,vz)T e R U2T = (wm,wy,wZ)T eR3 (4)
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Fig. 3. a) Desired task for the lead airship is movement toward the target locatiibe avoiding
obstacles. Constraints for the yaw control (i/¢.are the directions at which obstacles and target
lie as seen from the current position of the airship, #.&,s and.... Obstacle challenges the
movement toward the target locatian,s ande:. are given by the vision system. b) We define
three coordinate frames: i) Earth-fixed reference frdmg(X.,, Y., Z.,); ii) moving coordinate
frameb (X5,Ys,Z) fixed to the airship and origin coincident with the centre of gravity (CG) (i.e
body-fixed) and iiijw (X., Y., Z.,) is simply a translation of the earth-fixed reference frame
to the airships centre of the gravity.

The airships flight path relative to the earth-fixed coortérgystem is given by a
velocity matrix transformation:

1 = Ji(n2)v1 ()

The body-fixed angular velocity vectos and the Euler rate vectop = (¢, 0,v)
are related through a transformation matrix according to:

12 = Ja(n2)v2 (6)
For further details on the JacobeaRg$r-) and.J2(n2) please refer to [16].

2.2 Airship Dynamics

The airship dynamics can be expressed by the following neatidynamic equation of
motion:

Mo+ Cw)v+D@v+gn) =71 (7)

where variables are described in the reference frame dfipifs/’ } andr is the vector
with the control inputs, i.e. forcg§x, Fy, F2) and torquegNx , Ny, N2):

T=(r,73) ®)
Tf:[vaFvaz}T ()]
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78 =[Ny, Ny, N,|" (10)

The matrix M is the mass matrix (including added mass terras)s the Coriolis
and centrifugal forces matrix) is the aerodynamic damping matrixjs the restoring
force (gravity and buoyancy)

In order to get a more realistic behaviour we use the noratined model of the
airship making the airship model time dependent. This mézt€ is:

0 ) 0 margws —m (gwy — vz) m(zgwz + vy)
0 0 0 —muy m(zqgwz + zgwz mug
c= 0 0 0 —m (zgwz —vy) —m(zgwy + vz) mrgwe
—mzgws mu, m (zgwe — vy) 0 Tasws —Iyywy
m(zgwy —vz) —m(zgwz + zgwz) m(zgwy + va) —Iyzwy 0 Ipgwg
m(zgwz + vy) —mug —mzgwy Iyywy —Iggzwy 0
(11)

It is not in the scope of this paper to go into further detaitsthis (and also be-
cause space is limited) , but if you wish to further exploresthitems please check
[15][16][17]. The comprehensive non-linearized airshipdeal is:

. ~ Mz (Day + Cuy) =My, guy Mg} By
Fn [ Ju O | 5| [0l | P

. 7M;21 (Dzz + sz) 7M;zlgzz:| l:Mm_leacz]
Lrr = Tz + Uz z
[ Jzz [O}SXS [O}gxg

The general mass matrix is simplified for thg andzz system, the same is true for the
entire matrix presented in the above systems.

The perturbed state variables for the heading directighhatrix arez,, = (v, (t),
wz (1), w, (1), y(t),¥(t), ¢(t))” and the system input is,, = Fy; while for thezz
matrix they arer,., = (v, (t), v, (t), w. (t), 2(t), 2(t), 0(t))T andu,, = (Fz, Fz)T.

(13)

2.3 Environmental Disturbances

In order to test the robustness of the controller design mellsite the behaviour of the
airship with perturbations acting along the flight path, pegturbations are added to
the corresponding simulink models taking into account #embean matrixes used (see
[12] for further details). Two types of environmental pehbations are simultaneously
considered and simulated: turbulence and wind. Both dmrttdns were limited to a
maximum of one quarter of the airship thrusters maximumuerq

Turbulence. By definition turbulence is a state of fluid flow in which thetarstaneous

velocities exhibit irregular and apparently random flutitwes so that in practice only
statistical properties can be recognized and subjectedatysis. With this in mind a

perturbation model with stochastic white noise propenvas used. This perturbation
affects the airship along the longitudinal and translati@xis (see Fig. 4, panel A).

Wind. The second perturbation used is a gust wind. The wind modeivile used
can be found in the Matlab Simulink aerospace block set. Thtnematical form is as
follows:
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Uy = Wg%, 1 < 2z<300m (14)
whereu,, is the mean wind speedl’s is the measured wind speed at an altitude of
6m, z is the airship altitude, ang is a constant equal to 0.0045 for Category C flight
phases and 0.18m for all other flight phases. We consideraskep@ (terminal flight)
due to the fact that this is the one that we feel is more adedqaoat slow moving airship
(see Fig. 4, panel B). The effect of the wind on the airshipnfeds obtained through
the use of the corresponding Jacobean matriXe$or the heading system ang for

the translation control system (see [11]).
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Fig.4. In panel A we can see a stochastic perturbation acting. In panel B wseeathe wind.
These are the plots of the perturbations that acted on the airships dursigntiiation in Fig. 8.

3 Building Airship Formations

Our approach is based on the so called Dynamic Approach texBmir Generation
([18][19][20]). To model the airships flight behaviour weeuiés heading direction)
(i.e. yaw), forward velocityp,, ;, and altitude z. Behaviour is generated by continu-
ously providing values to these variables, which contrehtthe airships motors. The
time course of each of these variables is obtained from (fpadt) solutions of dy-
namical systems. The attractor solutions (asymptoticsitiple states) dominate these
solutions by design. In the present design the controllar governs the behavioural
dynamics ofi(t), v, »(¢) and altitudez(t) is defined as a set of differential equations:

Yi = f (i, parameters)
Vb0 = 9(Vapi, parameters) i = followerl, follower2, ... (15)
zi = h(z;, parameters)

Task constraints define contributions to the vectors figldg and h. The complete
control architecture for the trajectory generation of ted airship is described in [12]
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in detail and we will not enter into any particular detailghis paper. Next we build the
vector fields which erects an attractorzgt, g, + Ah; ¢ with relaxation

z.i = _)\z (Z’L — Zieader T+ Ahi,d) with )\z >0 (16)

where zi.qq¢ IS the targets altitude and defines the desired valuefor itships
altitude and)\,, is the relaxation rate.

Now, consider two airships that navigate in a world, keepirggdistance between
them constant. Then, we state that they are eithecahisnn formation, if one is exactly
behind the other (see figure 5.a)), or itige formation, if they navigate side-by-side
(see figure 5.¢)), or in aoblique formation, otherwise (see figure 5.b)).

From this set of basic two airship formations, more comple&socan be derived,
as we will see later in section 3.4. Next, in sections 3.1 B present the control
architecture for each of these two airship formations.

Fig. 5. Possible formation for teams with only two airships. Note thaifll refer to the leader
andj to the follower(s). The airships can either be in a) column formation; liywd formation;

c) line formation. The heading direction of the leader and the followerraspectivelyy; and

;. v; is the direction at which the follower sees the leadey.is the desired distance between
both airshipsA~; 4 is the desired difference between the followers heading and the direttion a
which sees the leader.

3.1 Two Airshipsin Column
A dynamical system that causes a follower airship to nagigatcolumn formation,
maintaining a constant distance, with its leader is:

Wi = feoli = —Acol i (15 — %) (17)

This dynamical system ensures that the airship steers teieed heading direc-
tion, ¢; (the direction at which the follower sees its leader), by mgkt an assimptot-
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ically stable state of the system. Parametgy (> 0) is the strength of attraction to the
attractor and corresponds to the relaxation rate.

Path velocity is controlled to ensure that the follower ad#qgs its velocity to the
leader’s one, while trying to maintain the desired distataci. This is accomplished
by making the value of the desired velocity equal to

o Jvi—ia—U)/Tee if li>lia
YVid = { —Uj — (li,d — ll)/TQC else (18)

T,C is a parameter that smoothes the airship movement, by diimgrids accelerations
and decelerations.

3.2  Two Airshipsin Oblique

A dynamical system that causes a follower airship to nagigatin oblique formation,
maintaining a constant distance and relative orientatidth, its leader is:

d}i = foblique (wl)
- fattract (wz) + fT'epel (¢z) (19)

where each term defines an attractive force @ttract, repel)

fk (wz) = _)\oblique>\k (lz)szn(wz - 'yk) (20)
where the first contributionf,;;.-..:, €rects an attractor at a direction

Yattract = Vi T A’yi,d - ’/T/4 (21)

The strength of this attractoR fpigue Aattract (li) With Aopiique fixed), increases with
distance/;, between the two airships:

Aattract(li) & 1/(1 i €xXp (_(li - lzd)/u)) (22)

The second contributiorf;.pe1, Sets an attractor at a direction pointing away from
theleader,
Yrepel = Vi + A’yi,d + 7T/4 (23)

with a strength Xopiique Areper (1:)) that decreases with distanég between the airships,

)\repel(li) =1- )\attract(li)~ (24)

The attractor location of the resultant vector field, is tdlapendent on the distance
between the two airships. When the distance between the tabi@as is larger than
the desired distance the attractive force erected at diregt;;,...; is stronger than the
attractive set at direction,.,.;. Their superposition leads to an attractor at a direction
still pointing towards the movement direction of the leadeship. Conversely, when
the distance between the two airships is smaller than theededistance, the reverse
holds, i.e. the attractive force set at directign;..: iS how stronger than the attractive
force at directiony,.,e;. The resulting oblique formation dynamics exhibits areatior
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at a direction pointing away from the leader’s direction avament. When the airships
are at the desired distance the two attractive forces havedime strength which leads
to a resultant attractor at the directiony = ; + Ay, 4. Path velocity is controlled
exactly in the same way as for column formation.

3.3 TwoAirshipsinLine

A dynamical system that causes a follower airship to nagigaa line formation, main-
taining a constant distance, with its leader is similar #® dme of oblique formation.
The only difference lies imAy; 4, which is fixed and equatn/2 depending on the
follower driving on the right or left of the leader.

In line formation, the path velocity does not depend only loa distance and ve-
locity of the leader, but we also have to take into accountieding direction of the
leader and the direction at which it is seen by the followesefof heuristic rules have
been written that make the follower accelerate or deceatapending on the leader’s
pose relative to the follower:

Vi,d,line = DE1 . ’Uj(]. — |SiIl(’)/i |) -+
+ DE; - v;(1 — |cos(mi)]) +
+ ACy - v;(1 + K, [sin()]) +

+ ACy - v;(1+ K, Jcos(3,)]) (25)

whereDFE,, DE,, AC; and AC, are mutually exclusive activation variables that em-
bed the relative attitude of the follower airship regardihg leader. They are set and
reset by testing the direction at which the leader is seehéjallower and the heading
direction of the leader (see [13] for details).

3.4 N-airship Formations

Teams of airships with more than two airships are built bycgpmg pairs of leader-
follower teams and stating the particular configuration ¢hiave. A complete team
specification is accomplished by means déramation matrix:

Ly Aviq lig Ahig

Ly Avoq log Ahog

S — (26)

Ly Avyn,alng Ahp g
For a team of N airships, where each airship is identified bpexific identification
number, the formation matrix has N rows and four columns. Ralates to the airship
with identification number. The contents of the columns specify the values that char-
acterize a formatiory; ;(cm) andA~i, d(rad) in columns two and three, respectively,
the identification number of this airships leader and thetfooolumn, Ah; 4 (cm), is
the altitude difference to the leader airship. The leachgiris identified by having its
row with [; ¢ = 0 and Avi, d = 0, while the third column is the distance it should stop

from the target and the fourth column is the desired altifod¢éhe formation(see Fig. 6
for an example).
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Fig.6. Example of a formation. airshigl; is the Lead airship, airship A, follows A; on the
left side and maintaining an oblique formation, airship follows A; on the right side and
maintaining an oblique formation. airshif, follow airship A» in a column formation. airships
As follow airship As maintaining a column formation.

4 Resaults

In figure 7 we can see a simulation run where the possible agatigns are depicted.
The airships change from line formation to column formatfter reaching a waypoint.
At the next waypoint the formation changes to a V formatiod anthe final waypoint
they change to an oblique formation where the airships adéfatent altitudes

Waypoint

"

. “ 0 0 200 0
Waypoint S= 7, 400 0 S=[{1 0 400 0

1 -7 400 0 2 0 400 0

0 0 200 0
/
S=|1 ’56 400 -200

Waypoint 2 7L 400 -200

0
. s=(1 7
Waypoint 1 _,5/ 400 ©

Fig. 7. Simulations of the possible configuration with three airships. In panel Aamese the
airships in a line formation, in B the airships are in a column formation, in C iarvhation and
in D in oblique formation with the airships at different altitudes.

In figure 8 we can observe the airships moving in a clutteredr@mment main-
taning formation (as close as possible) and avoiding olestaDepicted here is a case
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simmilar to the one that is depicted in figure 1. The targetasgd behind an obstacle
and thel_eader airship travels to that position. TH®llowers airships follow the master
in a oblique formation avoiding obstacles and keeping fdiona

Fig. 8. In panels A through D we can see the airship formation traveling to a tangétqm while
avoiding an obstacle in its flight path.

5 Conclusions

We demonstrated that the formation control architectureajsable of controling n-
airship formations using simple behaviours. These simpleabiours are the column,
line and oblique formations of two airships. All N-airshiprinations can be "built”
from these simple behaviours. These behaviours enablethfion to avoid station-
ary obstacles.

The simulation efforts were conducted in the presence dfigsations on the main
axis of motion. Although the model of the airship is inertiale must note that the
formation control is done at a kinematic level, where Ibekaviour based approach to
non-linear dynamical systems generates the next reference point for the airship control
variables. It is expected that the airship actuators araldaepf "following the orders”
given by the dynamical system. The actuator model is alsent@thto account during
the simulation, nevertheless, the dynamical system doegemerate forces or torques
to be applied directly, it generates reference values tol@ifed by the robot. As with
everything this has advantages and disadvantages. Theaghzantage is the fact that,
with some parameters adjustmentes, the control arquitecain be used to control any
kind of airhip - the control architecture is not model depamd On the other hand, it
is expected that the physical platform be able to perforngaatly to the references
provided.
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