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ABSTRACT

This paper addresses the distributed formation
control of N Unmanned Aerial Vehicles (UAVs)
cooperatively carrying a cable-suspended pay-
load. This is achieved using only local infor-
mation, without explicit inter-agent communica-
tion, an assignment of UAVs to predefined posi-
tions in the formation, or knowledge of the load’s
position. The key observation is that, when hov-
ering at the same altitude, the horizontal com-
ponent of the cable tension pulls each UAV to-
wards the position of the load’s planar projec-
tion, acting as a built-in cohesion term and leav-
ing the controller to supply only separation. We
realise this separation using a bounded Voronoi
tessellation-based method and derive the gain
that places the team at any desired formation ra-
dius in closed form. An equilibrium analysis
predicts the radius from the balance between the
separation force and the cable tension. This ap-
proach has been validated through simulations
and real-world flights involving four mini-UAVs.

1 INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are increasingly de-
ployed for aerial transportation, from package and medi-
cal supplies delivery to the handling of construction materi-
als [1]. A single UAV, however, is limited by its own payload
capacity; deploying several UAVs to carry a common load
overcomes this limitation and yields a modular transportation
system [2].

Cooperative aerial transport has been approached along
a spectrum of coordination paradigms. Centralised schemes
compute the team’s commands from full knowledge of the
system state, achieving precise load control at the cost of a
single point of failure and limited scalability [3, 4]. Decen-
tralised schemes distribute the computation across the team,
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Figure 1: Experimental setup: four Parrot MAMBO
mini-UAVs cooperatively carrying a cable-suspended
load. A video of the experiments is available at

youtu.be/fomDca20PEA.

typically relying on inter-agent communication to maintain a
predefined geometric formation [5, 6, 7]. Fully decentralised,
communication-free approaches remove this dependency, but
it typically relies on tension-based control, which is sensitive
to tension estimation errors [8, 9].

A recurring requirement across these methods is that the
formation geometry is fixed in advance, either through a ref-
erence assigned to each agent or through prescribed inter-
agent distances over a rigid graph [10]. Such a predefined
assignment couples each UAV to specific partners and must
be designed and certified before deployment. This motivates
a complementary question: can a regular formation emerge
from local interactions alone, without assigning UAVs to for-
mation slots and without communicating absolute or relative
references?

This question is naturally framed in terms of flocking.
The control of a UAV swarm from local sensing is classically
posed as the combination of three behaviours [11]: cohe-
sion, separation, and alignment, of which cohesion and sepa-
ration are the two that shape the formation geometry. Cohe-
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sion draws the agents together, while separation spreads them
apart; their balance sets the spacing of the team. The key ob-
servation of this work is that, in a formation of UAVs with a
cable-suspended load, cohesion need not be generated by the
controller at all. The horizontal component of the cable ten-
sion pulls every UAV toward the common load point, acting
as a built-in cohesion term that requires neither measurement
nor communication. The controller is then left to supply only
separation behavior.

For the separation behaviour, we draw on the coverage
literature, where teams of agents are distributed over a re-
gion by spreading out to maximise sensing area while avoid-
ing overlaps and blind spots. This is frequently addressed
with spatial partitioning methods such as Voronoi tessella-
tions [12], in which each agent is responsible for the region
around its own position, and which operates under restricted
sensing ranges to ensure decentralised, collision-free coordi-
nation [13, 14, 15]. We adopt a Bounded Voronoi Tessella-
tion (BVT) introduced in [15] as the separation mechanism:
it enforces inter-agent avoidance using only local relative po-
sitions, without online optimisation and without a predefined
configuration. Combined with the tension-supplied cohesion,
it yields an evenly spaced circular formation that emerges
from local sensing, without communication, without prede-
fined formation position assignments, and without knowledge
of the load position.

The contributions of this paper are threefold. First, we
identify and formalise, through an equilibrium analysis of
the coupled UAV-load system, the horizontal cable tension
as a built-in cohesion term. Second, we design a bounded-
Voronoi separation law with a closed-form gain that places
the formation at any desired radius, and we analyse the ra-
dial stability of the resulting equilibrium. Third, we validate
the approach in simulation and in real flights with a team of
Parrot MAMBO mini-UAVs.

2 PROBLEM FORMULATION

Consider a group of IV identical UAVs of mass m coop-
eratively carrying a point-mass payload of mass mp. UAV
i is located at p; € R® and connected to the payload at
pr, € R? by a taut, massless cable of fixed length [ > 0.
Let &; ﬁ be the unit vector pointing from UAV
i toward the payload for each ¢ € {1,..., N}. The taut ca-
ble exerts on UAV i a tension force T; = 7; &; of magnitude
T: = || T;|| > 0, pulling it toward the load; by reaction, the
cable pulls the load toward UAV <. Each UAV carries a lo-
cal sensor that estimates the relative position of neighbours
within a sensing radius R (see Figure 2).
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Figure 2: Overview of the cooperative load carrying system.
Left: N UAVs cooperatively hover while suspending a point-
mass load via taut cables of length [, where unit vectors &;
and tensions 7T; are shown in the world frame Fy. Right:
each UAYV senses the relative positions of neighbours within
its sensing radius R.

2.1 System Dynamics

The simplified translational dynamics of UAV i and the
payload are [9]:

mv; = F; —mgzw +T;, (H
N

mr Pr = Tres — MLg 2w, Ties == Z -Ti £ia 2)
i=1

where v; = p;, F; € R3? is the combined motor thrust ex-
pressed in the world frame Fy = [zw,yw, zw|, where
zw = [0,0,1] " is the world vertical axis (opposing gravity),
and g is gravitational acceleration. The load is driven by the
resultant cable force T}..g, since each cable pulls it toward the
corresponding UAV (along the direction —§;). We assume a
low-level attitude control loop such that the thrust direction
tracks its reference sufficiently fast.

2.2 Interaction Graph

The interaction of the team is described by a graph G :=
U,€), where U = {1,..., N} is the set of vertices repre-
senting the robots (UAVs) and £ C {(i,j) €U x U : i # j}
the set of edges (sensing links). G is connected if a path joins
any two vertices. The neighbour set of robot ¢ within a sens-
ing radius R is defined by N := {j € U : (i,j) € E}. We
assume the sensing radius R is large enough that G remains
connected throughout the mission .

2.3 Control Objective

With a view to equally distribute the load among the N
UAVs, our objective is to stabilise the group of UAVs to an
evenly spaced planar circular formation at a desired altitude
z4¢s in a distributed manner, using only limited-range local
sensing: without a predefined position assignment, and with-
out knowledge of the load position py,. This objective con-
cerns only the geometry of the formation and involves no
global reference: the absolute positions of the group and of
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the load are left unconstrained, so the team may drift as a
whole while the formation converges. Steering the load along
a desired trajectory under the same sensing constraints is be-
yond the scope of this paper.

The analysis and the control design rely on the following
assumptions: (Al) the cables are massless, inextensible, of
identical known length [, attached to the load at a common
point, and remain taut throughout the flight; (A2) all UAVs
regulate the same altitude 2498 50 the formation evolves in a
horizontal plane above the load; (A3) the UAVs are identical,
and m, my, [, N and g are known to each of them; (A4) each
UAV measures the relative positions of its neighbours within
the sensing radius R, together with its own position, velocity
and altitude, with no inter-agent communication and no mea-
surement of py, or of the tensions T;; (AS) R is large enough
for the sensing graph G to remain connected throughout the
mission; (A6) a low-level attitude controller tracks the com-
manded thrust direction sufficiently fast, so the thrust vector
F; is treated as the control input.

3 CONTROL STRATEGY

As introduced in Section 1, cohesion and separation are
the two flocking behaviours that shape the formation geome-
try. The key observation of this work is that, in cooperative
hovering with a cable-suspended load, cohesion is supplied
by physics rather than by control. For a team hovering at a
desired altitude 29°%, the X-Y projection of the tension act-
ing on UAV i is

v py —p;’
T'i [ 7: L i) , 3)
Iz — pill
i.e., a force directed from p;¥ toward the X — Y load posi-
tion p7”, where the (-)*¥ superscript represents the X and
Y components of the vector. Since all cables meet at the
common load point and remain taut under the load’s weight
(hence ||pr, — pi|]| = 1), every UAV is pulled toward a sin-
gle shared point: the formation centre. Structurally, (3) is a
consensus term on the horizontal positions, realised for free
by the physical coupling rather than by inter-agent communi-
cation. Cohesion is thus inherent to the system, and the con-
troller needs only supply separation, for which we propose
the Bounded Voronoi Tessellation (BVT) method.

3.1 Separation Mechanism based on Voronoi Tessellation

In the BVT, each Voronoi region is enclosed within a
‘bubble’ (Figure 3). First, the method establishes the set of
detected neighbours N7, within a sensing radius R centered
at robot 7. A Voronoi tessellation is then computed from the
relative positions of the detected neighbours, partitioning the
plane according to proximity. The Voronoi region of robot %
is defined as follows:

Vi={qeR?: |lq—pill < la—pjll, Vi e N}, &)

e., it represents the set of points closer to p; than to any
other detected neighbour. We define a bubble centered on the
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Figure 3: Bubble-based Voronoi tessellation.
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Figure 4: Control architecture. For each UAV 4, the separa-
tion controller computes the horizontal force F,"Y from the
relative neighbour positions within the sensing radius R, and
a PID altitude controller regulates the altitude via F;?. The
resultant thrust F; is then mapped to the UAV control inputs
(tilt angles and thrust magnitude).

position of robot 7, such that

Bi={qeR*:|q—pi| <r} 5)

where r,, > 0 is the bubble radius, which serves as the bound-
ary for the Voronoi cell. Consequently, the safe bounded
Voronoi region of each robot is the intersection of its Voronoi
region with its bubble, such that

VBVT = v, N B, (6)

and the centroid of each cell V.BV7 is defined as

fViBVT qp(q)dq

Ay 7
ijBVT P(Q) dq M

where p(-) is a density function, set to a uniform p = 1 in this
study [16, 14].

Since the centroid represents the most isolated point
within V;2VT with respect to its neighboring cells, driving
UAV toward its cell centroid, pfy — c¢;, naturally promotes
separation among agents. The corresponding control law
used to achieved this behavior is presented in the following
section.

3.2 Control Input Design

As stated in Section 2.1, we assume direct control over the
thrust vector in Fy,. The overall control architecture is shown
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in Figure 4. First, we regulate the altitude of each UAV with
a standard PID controller acting on the altitude error, which
sets the Z component of the thrust ;7. Then, we compute the
horizontal thrust F;"¥ with a PD-like law that draws the UAV
toward its Voronoi centroid ¢;, using the BVT approach as
follows:

where c; is the centroid of the UAV’s Voronoi cell computed
in (7), and K, K4 are the separation and velocity-damping
control gains, respectively.

Since the separation force and the horizontal tension op-
pose each other, the UAV does not converge to the centroid
c; but at an equilibrium where the two forces balance, i.e.,
| F"Y|| = | T;"Y||. We analyse this equilibrium and design K
to achieve a desired formation radius in the following section.

4 EQUILIBRIUM FORCE ANALYSIS AND FORMATION
SHAPING

The equilibrium formation arises from the radial balance,
in the X-Y plane, between the projection of the thrust and the
projection of the cable tension (see Figure 5). Since the cables
of identical length [ are assumed to stay taut, every UAV is
equidistant from the load, fixing a common formation radius
7. about the origin O = pj”. Assuming that the team is
initialised close to a symmetric circular configuration around
the load, the separation mechanism in turn spreads the UAVs
evenly, yielding a uniform circular formation. The tension is
fixed by the physical cable parameters, the load mass, and the
number of agents; hence, for a desired formation radius r},
the design goal is to choose a separation gain K that yields
Te =Th.

4.1 Cable Tension in Uniform Circular Formation

At an equilibrium uniform circular formation, each UAV
carries a share mpg/N of the payload weight, and the hori-
zontal component of the cable tension is [9]

mrg Te

Y —_
Tl = TR ©)

which pulls the UAV towards O and diverges as r. — [, en-
forcing the cable-length constraint.

4.2 Equilibrium Separation Force

For a stationary symmetric circular formation with p;¥ =

0, the damping term in (8) drops out and the separation force
reduces to

F/Y =mK(c; — p;Y), (10)

directed radially outward. By symmetry, the centroid c; lies
on the radial axis through p;¥; let ¢;(r.) := |/c; — O|| denote
its distance from the load centre O. The separation force then
has magnitude m K o(r.), where

o(re) = ci(re) —re > 0 (11)
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Figure 5: Decomposition of the Voronoi cells at equilibrium.

is the radial offset between UAV i and the centroid of its
bounded Voronoi cell.

We evaluate ¢;(r.) in the operating regime r, > r, i.e.,
the bubble radius exceeds the formation radius. As described
in Fig. 5, at the symmetric equilibrium, each pair of adjacent
neighbours is equidistant from O, so their bisectors meet ex-
actly at O. Each Voronoi cell is then bounded by two straight
edges originating at O, with angle a; = 27/N and by the
disk arc of radius 7,,. Let Ei be the points where the bisec-
tors exit the disk. The equilibrium Voronoi cell V.ZVT* ad-
mits an exact decomposition into two triangles AO p}Y E;r
and AOp;Y E;, plus a circular sector S(p;Y, ry, 2/3;) of
radius 7, centred at p; ¥ and spanning the angle 2.3

VBVTx = ANOpIYE} U AODPIYE; U S(pYY, 1y, 26;).

(12)
To obtain the area of the cell, we compute the angle ~
(see Figure 5) by applying the law of sines in the triangle
Op}YE;", with the angle «;/2 at O opposite the side 7, and
angle ~y; opposite the side r.. The sector half-angle (; and the
triangle side Q; = |OE"| are then

¢ Si N
Y = arcsin(rsm(w/)> , (13)
Ty
T
Bi = N + Vi, (14)
i:TcCOSE—F T4 —rssin T
Q 2 —rZsin? (15)

N N’

The two triangles and the circular sector have the following
area and centroid distance from O:

piece area centroid from O
c i N
triangle  7.Q; sin(w/N) re & Qi cos(r/N) (16)
2r, sin f5;
t 2 : .+ v
sector rs B T 35,

The area-weighted centroid distance from O is therefore

TCQi sin % . et Qi C;’S(”/N) + 7“12,,3(7'.: + 271)35Binﬁi>

reQisin § +r2B;

i

ci(re) =

a7
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which, together with (11), fixes the equilibrium offset o ()
entering the control law.
4.3 Equilibrium Condition and Gain Design

The steady-state radial balance equates the outward sepa-
ration force to the inward tension at v; = 0:

IE N = 1T (re)|
_ mrg Te
mKso(r.) = N p= — (18)

To achieve a desired circular formation of radius 7, we solve
(18) for the separation gain,

mrg rX 1
mN W o(ry)’

The balance (18) admits a single equilibrium radius. As r,
grows, the tension term (9) increases monotonically and di-
verges at 7. = [, while the separation offset o (r.) decreases
as the cell spreads wider, and its centroid is drawn inward.
The two curves therefore cross exactly once, and the crossing
is stable: an outward perturbation raises the tension and low-
ers the separation, restoring the UAV inward, and vice versa,
so the formation self-regulates to a single radius without ex-
plicit radius feedback.

K, = 19)

4.4 Stability of the Equilibrium Formation

The equilibrium has two independent modes: the forma-
tion radius and the angular spacing of the UAVs. This work
focuses on the radial mode, which the gain design (19) di-
rectly shapes; the angular spacing is a consequence of the
separation mechanism, as discussed below.

At fixed angular positions, each UAV moves radially
under the balance between the outward separation force
mK, o(r.) and the inward horizontal tension || T, (r.)||. As
r. increases, the tension (9) grows steadily and diverges at
r. = I, while the separation offset o(r.) decreases as the
Voronoi cell spreads wider and its centroid is drawn inward.
The two terms therefore intersect at a single radius, the de-
signed % of (19), and this intersection is stable: an out-
ward perturbation raises the tension and lowers the separa-
tion, pulling the UAV back inward, while an inward perturba-
tion does the reverse. The velocity damping term —m K p;”
in (8) damps the resulting radial motion, so the formation self-
regulates to ; without explicit radius feedback.

The angular spacing is handled by the same separation
mechanism: when «; # 27/N, the Voronoi cell centroid c;
has a tangential component that drives the UAV toward the
wider gap, so equal angular spacing «; = 27/N is the con-
figuration in which this component vanishes. The formation
orientation about zy, remains free, as no UAV measures an
absolute angle. Accordingly, the experimental analysis that
follows evaluates the radial behaviour through the formation
radius 7., and does not separately characterise the angular
spacing.
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5 SIMULATION AND EXPERIMENTAL RESULTS

This section presents both the simulation and the experi-
mental results of our Bounded Voronoi-based formation con-
trol approach.

As mentioned in Section 4, to start the controller near
equilibrium and avoid a local minimum where one UAV ends
up at the centre of the formation [15] (which slackens its ca-
ble), the UAVs first take off and hover on a predefined circular
formation of radius 0.6 m above the load using a standard PID
position controller. The position controller is then switched
off and replaced by the proposed Voronoi-based separation
controller (8), whose gain K is computed from (19) for the
desired radius r;. No position reference is given after the
switch: the formation expands or contracts purely under the
balance between the separation force and the cable tension,
and it is stabilised at the desired equilibrium radius.

5.1 Control Input Mapping

The designed control input throughout the paper has been
the thrust vector F;. For our mini-UAVs, however, the actual
control inputs to each UAV are the tilt angles (roll ¢;, pitch
0;, and yaw 1);) together with the thrust magnitude f;. Since
yaw can be managed separately, we assume without loss of
generality that ¢); = 0 for all UAVs. The control input U; =
[#i, 0,1, fi] T is then retrieved by decomposing F; into a
thrust magnitude and tilt angles. Adopting the Z—Y —X Euler
convention, in which UAV i executes the rotations ;, 0;, ¢;
in turn, gives

¢; = atan2 (Fy VP + Ff2> (20)

0; = atan2(F", F7) 21
fi=|IFi, (22)

where atan2 is the two-argument arc-tangent function.

5.2  Formation Radius Estimation

In real experiments, the UAVs may converge to uneven
angular spacing around the circle; we therefore estimate the
formation radius as the mean radial distance to the load cen-
tre, which is insensitive to how the UAVs are distributed
around it. As established in Section 4, the relevant radius
is the offset from the load centre O = p7j”, so we use the
load position provided by the motion-capture system (only
for evaluation, not in the control loop) and compute the indi-
vidual radii r;(t) for each UAV

ri(t) = [p;* () — P’ @), (23)
and the estimated circular formation radius

) 1o e .
Fe(t) = 5 D 1P (1) — P (1) (24)
=1

The steady-state accuracy is then quantified by the root-
mean-square (RMS) error between the estimated and the de-
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sired radius,

1
€RMS = |77

Yoo (elte) =) @25)

tpE€lt1, ta]

where [t1, to] is a steady-state window and M is the number
of motion-capture samples it contains.

5.3 Simulation results

To test the proposed control approach in simulation, we
use a Matlab/Simulink simulator that includes a realistic
model of the Parrot MAMBO mini-UAVs, with the full non-
linear dynamics and the experimentally identified closed-loop
angle and thrust dynamics from [9]. The cables are modelled
as rigid, massless bars that transmit force between each UAV
and the load.

To validate the closed-form gain design (19), we
simulate the system for several desired radii 7} €
{0.5, 0.6, 0.7, 0.8, 0.9, 1.0} m; from (19), the corre-
sponding separation gain for each case is recomputed as
K, € {0.4835, 0.6261, 0.7961, 1.0037, 1.2639, 1.6018}.
The simulated team consists of N = 5 UAVs of mass
m = 78.5 g cooperatively carrying a point-mass load of
my = 50 g through identical cables of length [ = 1.5 m.
The bubble radius is set to r, = 1.8 m and the sensing radius
to R =2.8m.

Figure 6 shows the time evolution of the estimated for-
mation radius 7. (24) for each desired radius. During the
first phase (t = 0-10 s) the PID position controller holds
the team on the 0.6 m hovering circle; at the switch the for-
mation expands or contracts purely under the imbalance be-
tween the separation force and the cable tension, and settles
at the designed radius. The realised steady-state radius ex-
actly matches the design value across all tests, confirming
that the equilibrium analysis of Section 4 correctly predicts
the closed-loop geometry.

5.4 Real-World Experiments

For the real-world experiments, we use a set of Par-
rot MAMBO mini-UAVs in a flight arena equipped with a
motion-capture (MoCap) system. The decentralised control
strategy is emulated within a centralised Matlab/Simulink
framework. While the MoCap system provides global posi-
tion measurements for all UAVs, local sensing is reproduced
by constructing an individual neighbor set for each agent.
Specifically, for UAV i, only agents whose distance to UAV
7 is less than or equal to the sensing radius R are included
in its neighborhood and used in the control-law evaluation.
Each UAV also has access to its own position and velocity
estimates. The computed control inputs are then transmitted
to each UAV over a Bluetooth link.

The experimental platform consists of N = 4 Parrot
MAMBO mini-UAVs attached to a common point-mass load
of mr = 33.5 g by cables of identical length [ = 1.4 m (see
Figure 1). The sensing radius is set to R = 3 m, the bubble
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Figure 6: Simulation with N = 5 UAVs: estimated forma-
tion radius 7. (24) for six desired radii v} € {0.5,...,1.0} m
(solid), with the corresponding references (dotted). The
shaded regions mark the PID hovering phase and the pro-
posed Voronoi-based controller.

radius to 7, = 1.5 m, and the separation gain Ky = 1.0423
computed from (19) for the desired radius 7} = 0.7 m.

The experiment is divided into three phases, marked by
the shaded regions in Figure 7. First (07 s), the four UAVs
take off freely from the ground. Second (7-15 s), they lift
the load and hover on a circle of radius 0.6 m at the desired
altitude using a PID position controller; the cables become
taut and the load is airborne by the end of this phase. Once
the load is airborne, the horizontal tension component (3) acts
on each UAV as an inward disturbance that the position con-
troller does not compensate perfectly, so the realised hovering
radius settles below the commanded 0.6 m circle (visible in
Figure 7 before ¢ = 15 s); the same effect appears in the sim-
ulation of Figure 6. This residual offset is a manifestation
of the tension-supplied cohesion exploited by the proposed
approach. Third (from ¢t = 15 s), the position controller is
switched off and replaced by the Voronoi-based separation
controller (8), and the formation is left to self-regulate with
no position reference and no knowledge of the load position.
Since the designed equilibrium radius exceeds the hovering
one, the switch produces a visible expansion of the formation,
driven only by the imbalance between the centroid offset and
the cable tension.

5.5 Analysis of the Results

Figure 7 shows the time evolution of the estimated radius
7. from (24) together with the individual radii r; from (23).
After the switch at ¢ = 15 s, the formation expands from the
hovering configuration and converges to the designed radius
with no position reference, settling at a mean of 7. = 0.690 m
over the window ¢t = 22-32 s, with an RMS error of 2.0 cm
with respect to 7% = 0.7 m, i.e. 2.8% of the desired radius,
reached purely through the balance between the cable tension
and the Voronoi-based separation. The mean radius there-
fore matches the design value closely, while the individual
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Figure 7: Experiment with 4 Parrot MAMBO mini-UAVs for
r* = 0.7 m: estimated formation radius 7. (24) (solid black),
individual radii r; (thin), and desired radius (dashed). The
shaded regions mark the three phases: free take-off, lift-off
with the load under the PID position controller, and the pro-
posed Voronoi-based controller. The square markers indicate
the snapshot instants ¢; and ¢, of Figure 8.

radii differ from one another: under taut cables at a com-
mon altitude, r; = /12 — hf with h; the height of UAV
1 above the load, so the imperfect altitude tracking of each
UAV causes a radial offset. The spread of the individual
radii r; around 7, also reflects the angle biases of the UAVs,
whose realised tilt angles differ from the commanded ones,
greal — geommand 4 gbias tooether with hardware differences
such as battery health and propeller wear.

Figure 8 gives the corresponding top view through two
formation snapshots. At t; = 14 s, just before the switch,
the UAVs maintain the predefined 0.6 m circle under the PID
position controller; at to = 28 s, after convergence of the
Voronoi-based controller, the formation has expanded to the
designed radius 7, = 0.7 m, driven only by the tension—
separation balance. The UAVs do not form a perfectly uni-
form circle due to the differing biases of each UAV.

6 CONCLUSIONS

This paper presents a distributed strategy for cooperative
hovering cable-suspended payload by N UAVs, in which the
team self-organises into an evenly spaced circular formation
using only local sensing. The key finding is that the horizon-
tal component of the cable tension acts as a built-in cohesion
term, meaning that the controller only needs to supply sep-
aration. This was achieved using a bounded Voronoi-based
controller with a closed-form gain that positions the forma-
tion at any desired radius.

This approach was validated through simulations and
real-world flights involving four Parrot MAMBO mini-UAVs.
In these experiments, the team converged to the designed ra-
dius with an RMS error of 2.8%, without any position refer-
ence, predefined assignment or knowledge of the load posi-
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Figure 8: Top view of the experiment with 4 Parrot MAMBO
UAVs at two instants: t; = 14 s, the predefined 0.6 m hov-
ering circle under the PID controller (just before the switch),
and to = 28 s, the expanded formation under the Voronoi-
based controller, near the designed radius 7} = 0.7 m. The
star marks the load centre O.

tion. The main limitations are twofold. First, the controller
contains no global objective, so the absolute position of the
group is unconstrained and the team drifts as a whole. Sec-
ond, the gain design in (19) requires knowledge of the load
mass my, and the number of agents N. Building upon the
payload-carrying framework presented in this work, future
research will focus on analysing the stability of the forma-
tion during motion and extending the approach to the payload
transportation problem. Furthermore, distributed estimation
techniques will be developed to infer the load mass and the
number of agents online using only local measurements.
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