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Abstract—In this article, we develop a cooperative control
algorithm for a group of multirotor Unmanned Aerial Vehicles
(UAVs) transporting a suspended payload of unknown mass. In
addition, the vehicles are subjected to unknown environmental
disturbances in the form of wind. The control structure is ana-
lyzed using Lyapunov theory, and both numerical simulations and
results from experimental field trials on an outdoor multirotor
platform further validate the proposed control algorithm.

Index Terms—Unmanned Aerial Vehicles, Cooperative Con-
trol, Passivity-based Control

I. INTRODUCTION

HE multirotor is a highly versatile type of UAV, that

has been the subject of research for many different
applications. In addition to the standard applications to remote
sensing and photography, transportation of objects through
a suspended wire has lately received attention in the liter-
ature [1], [2]. A multirotor with the ability to transport a
suspended load can be used for geomatic surveying, in-situ
water sampling [3], mine detection [4], advanced Fixed-Wing
UAV recovery systems [5] and package delivery. The latter
has received commercial attention as well [6]—[8].

Using several multirotors can lead to an increased carrying
capacity, and greater control of the suspended payload. When
three or more multirotors lift the same payload, the suspended
load is prohibited from swinging during acceleration. This has
previously been studied in [1], [9]-[16].

In [1], [9], autonomous helicopter UAVs were used to
transport a camera in a simulated search and rescue operation,
and field trials were conducted. Manipulation of both the
position and attitude of a suspended payload is considered in
[10], [11], which also include results from indoor experiments
using fast external camera systems for positioning. Geometric
control is utilized in [12], [13], where the latter also includes
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preliminary experimental results conducted in the lab. An
approach utilizing synchronization along a parameterized path
is considered in [14]. In [15], model-predictive control is
applied to a group of multirotors, where the controller also
considers obstacle and collision avoidance and the results are
verified with numerical simulations.

This article is an extension of the work in [16], [17]. In [17]
a general passivity-based framework for cooperative control
is presented. In [16] this framework is adapted to the case
of multiple UAVs carrying a suspended load. It is shown that
under the resulting control strategy the system is locally stable
about a continuum of equilibrium points.

The main contributions of this article are the development
of a control strategy combining elements of [16], [17] and
the experimental verification of this strategy in a real-world
scenario without relying on external local sensing systems.
The control strategy developed extends the work in [17] to
account for the physical interaction between subsystems via
the suspended load. Compared to [16], this approach includes
the effect of environmental disturbances and a simplified load
model which allows us to prove global asymptotic stability
of the system. This strategy was experimentally verified using
commercially available autopilots and low-cost GNSS RTK
systems. In the experiment three multirotors each weighing
2.3 kg lift a suspended load of approx. 2.2 kg cooperatively.
Similar outdoor experiments where performed in [1], [9], but
used a master-slave architecture instead of a synchronization
approach for cooperative control. This approach is advanta-
geous because all the UAVs are working cooperatively to
achieve the same goal, instead of following the lead UAV.
It is also simpler because the implementation is the same on
each UAV.

A. Organization

This article is organized as follows. The system configu-
ration and dynamics are introduced in Section II, which also
includes modeling of the interconnected slung load system
using the Udwadia-Kalaba equation for simulation purposes.
Next, in Section III, a passivity-based control strategy is
utilized to synthesize a position-based control law for the
coordination of the UAVs. A simulation study is presented
in Section IV, followed by experimental validation on a team
of three multirotors in Section V.



Fig. 1. Image of the experiment. From left to right, we see multirotors 1, 3
and 2. The wind was blowing heavily from right to the left, so it is apparent
that more force from the suspended load is applied to the rightmost multirotor.

II. SYSTEM DYNAMICS

The dynamics of a single multirotor UAV is well studied
in the literature; see for instance [18] and references therein.
A multirotor UAV is a rigid body with control actuation in
all three rotational directions, as well as upwards thrust in the
positive body z-axis direction. Considering the presence of a
low-level attitude controller which controls the roll, pitch and
yaw of the vehicle, the dynamics of a multirotor UAV can be
modeled as [18], [19]

mi&; = T; + br; + bw,i — Mg (D

where z;(t) € R3 is the position of UAV i in the inertial
North-East-Down (NED) frame, and m; its mass. The UAV is
affected by a gravitational force m;g, g € R3. The suspended
load affects multirotor 4 with an unknown force by, ;(t) € R3.
Further, the vehicle is affected by a slowly varying wind force
bw,i(t) € R3. The force vector 7;(t) € R3 is a virtual control
input to a low-level attitude controller, which can be translated
to a desired roll and pitch angle as described in [18]. For the
experimental trials described later in this paper, we utilize the
algorithm provided by the Ardupilot [20] autopilot software,
which computes the necessary roll (¢4) and pitch (6;) angles
from the body-aligned forces F, F? as

b

04 = arctan—= 2
m;g
Fé’ cos Oy
¢q = arctan—— 3)
mig

which is valid for low vertical accelerations. The body-aligned
control forces are calculated from the current UAV yaw angle
and the desired NED virtual control force 7;.

Let the load be suspended under N multirotors as depicted
in Figure 1. The suspended load dynamics are governed by

mriyp =br,p —mrg €]

where z1,(t) € R and my, is the position of the load in the
NED-frame and the mass of the load, respectively. by, 1,(t) €
R? is the force acting on the suspended load to lift it, which
is equal to Ziil br ;.
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For notational simplicity, we introduce the concatenated
position vector x as
T 21T € R3N

xi=[2q, ,xy,]

When connecting multiple UAVs to the same payload,
the constraint forces of b’ is a highly dynamic function
from the multi-body interactions of all UAVs in the system.
For simulation purposes, the forces from the constraints can
be calculated in different ways. In this article, we utilize
the Udwadia-Kalaba equation [21] to explicitly calculate the
forces of constraints on each vehicle. The constraint forces are
a function of the accelerations of all involved bodies, and are
thus most suited for simulation purposes. The control strategy
presented in Section III assumes these forces are unknown, so
they don’t need to be measured or estimated explicitly. This
technique has previously been applied to similar systems in
[22], [23], in which details on the derivations can be found.

Consider the wire ¢ connecting UAV 7 with the load. The
taut wire imposes a constraint on the two bodies, of the form

gi = ||Li|l> =1f =0 Q)

where [; is the nominal length of the wire, and L; := x; —x .
(5) can be double-differentiated, and put on the standard form

Ai($7jj7xL7j;L)‘i:bi(xvx.aa:La'j:L) (6)

Then, the total constraint force by, from all the wires can be
calculated by

by = MY2(AM™Y) T (b — Ai) @)

where M, A and b are concatenations of m;, A; and b,
respectively and as depicted below, and (-)™ denotes the
Moore-Penrose pseudo inverse. The structure of the matrices
are

_mlfg 0 cee 0
0 maly - 0 3N X3N
M= 0 0 . 0 e R°VX )
| 0 0 0 mnls
(A, b
A2 b2
A=| | eRMEN b= 1R (9
_AN bN

For control synthesis purposes, we consider the the distur-
bances by, and by,; on each multirotor UAV unknown, and
re-write (1) as

m;E; =T —m;g + 0; (10)

where the wind and load drag force is lumped together in 6;:

0; :==br;+bw; (11)

Note that in the following adaptive design, the disturbance
force from the load is considered a constant bias. However,
as stated above, the magnitude of the disturbance changes
as a function of the acceleration of the involved multirotors.



KLAUSEN et al.: COOPERATIVE CONTROL FOR MULTIROTORS WITH SUSPENDED LOAD 3

Nonetheless, the assumption is valid for constant velocities,
and only minor deviations occur when accelerating.

We assume the UAVs are communicating with each other,
where the communication topology is represented by a graph’s
incidence matrix M [24]. As an example for three UAVs com-
municating with each other, we have the following incidence

matrix M:
1 0o -1
M=]-1 1 0
0o -1 1

For other numbers of UAVs N, the incidence matrix
is constructed accordingly. We also define the matrix
D:=M ® I3 € R3N*3N where - ® - is the Kronecker prod-
uct, which is used in the next sections to map the effect of the
communication topology to the position vector in R3.

III. CONTROL STRATEGY

The goal is to design a decentralized control structure for
each UAV that utilizes relative position and velocity from their
neighbors to converge to a desired formation moving with a
common mission velocity v(t) € R? and to correct for the
unknown disturbances from the wind and the suspended load.
We follow the passivity based approach in [24], which defines
the following desired group behaviors

Al) Each agent achieves in the limit the common mission
velocity vector as

thj&|xi—v(t)|:0, i=1,---,N (12)

A2) If vehicles i and j are connected by link k, then the
difference variable zj,

N 2 .
- E : _ iy
ZE — Mlkfl =
=1 x

i %

.f +
TreZ 3
itke

d

converges asymptotically to zj, defined below, where
L (LT

") represents the set of communication links on the
positive (negative) end, respectively.
Let
T T 3N
z:=[z, - ,2n] E€R
then, we can re-write (13) as
z=D"z. (14)

where D is defined as in Section II. Now let z¢ € R3N be a
constant vector describing the desired formation of the UAVs
(an example is given in Section IV), and define

24 =DTzd (15)

A. Internal Feedback Control
First, we design an internal feedback controller. Let the
control input 7; be defined as below, which is designed based
on a passivity-based approach which will become apparent
later:
T — — kl(aﬁl — ’U(t) — Fiui)
+m;g +u; — éz

(16)

where T; = T/ > 0 € R®3 is a tuning matrix, k; > 0
is a scalar gain, u; is an external signal from the formation
controller to be specified, and éi is our estimate of #;, governed
by the update-law

b = Mt (17)
where A; = A >0 € R3*3 and

With the control input (16) and the error-variable &; defined
in (18) above, the UAV dynamics (10) forms a subsystem I
with inputs —6; + u; and output y;:

T, =y +o(t) + Ty (19)
7 m&§ = —ki& +u; — 0; 20)
yi =&
where
éz = éi - 91 (21)

B. Formation Control

Next, the external control signal u; is designed to stabilize
the formation. Consider

N
wi=— Y My (2) (22)
k=1
where
Wk(zk) = nk(zk — Zg) (23)

where kr = k; > 0 € R®*3 is a block diagonal matrix of
gains. K represents the diagonal concatenation matrix of all
k. To clarify notation, let Zj, and its corresponding stacked
vector zZ be defined as

B =2 — 28, =z —2¢ (24)
u can now be re-written as

u=—-DRz. (25)

C. Stability Analysis

The dynamics of the link errors Z, velocity errors £ and bias
estimate error # is now a set of interconnected subsystems, as
illustrated in Figure 2. The stability properties of the proposed
control structure is given in the next theorem, which is an
adaptation of [24, Th. 6.2].

Theorem 1. Consider N multirotors carrying a suspended
load, modeled as (10), with the control input (16) and é,
updated as in (17). Then, the origin of (2,5,5) is glob-
ally asymptotically stable, which means that |i; — v(t)| — 0,
|2k (t) — 22| — 0 and |0 (t) — Ox| — 0.

Proof. In the following proof, we utilize passivity as a tool
for stability analysis and analyze the subsystems sequentially,
as in [24]
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Fig. 2. System interconnection with unknown disturbances 6 acting on the
system.

i) Feedforward path: We first prove passivity from y to —u.
Let Vy be a storage function:

N
- 1 - -
Vi(2) = 3 Z z,;r/ikzk (26)
k=1
whose derivative along the solutions of
:=D"% (27)
is
Vi(2)=2"KD'(2) (28)
=2"KD"(y+ 1y @v(t)+Tu)  (29)
=:2"KD " (y+Tu) (30)
=—wuwTu—u'y (31)

which shows strict passivity from y to —u, where we
have used (25) and DT (1y ® v(t)) = 0.

ii) Feedback path: Next, we analyse the 7] subsystems, and
show that the interconnection with the formation con-
troller through u; renders these two subsystems passive
from the bias estimate error 6 to y. Let a storage function

for JZ be
N

1 T
V(€)= ; ikl & (32)
whose derivative evaluates to
N
Vi(€) =D (—kigf & — &l 0) +u"y  (33)
i=1
=—¢ Keé+uly—0"y (34)

where K = (k; ® I3) ® Iy and y; = §; as in (18).
iii) Finally, let V' (%, £,0) be a Lyapunov function, defined by

V(2,6,0) = V3(2) + V(6) + % > 0/A710;  35)
N

which satisfies V/(Z,£,0) > 0 for (%,&,0) # 0 and
V(0) = 0, whose derivative along the solutions of the
system are

V(%60)=—-2" KD'TDK:z —¢"KE<O0  (36)

where the last term in (34) is eliminated by the last term

in (35) after substituting of the update-law for 0, given
in (17).
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V(%,f,é) is negative semi-definite since D'TD > 0,
and implies stability of the origin and boundedness of
(2,¢,0). Note that V = 0 when DKZ = 0, that is when
K Z is in the null space of D. By construction, Z is in the
range space of D T. Thus, Z is orthogonal to K since the
range space of DT is orthogonal to the null space of D,
and 2T KZ = 0 which implies Z = 0. Further, from (25)
and (20), we have # = 0. We then apply the Invariance
principle, and since V (2, &, 0) is radially unbounded and
satisfies V' (0,0,0) = 0, we have shown global asymptotic
stability of (Z,¢,6).

O

In the next section, a numerical simulation study illustrates
the proposed controller.

IV. SIMULATION STUDY

As an example, consider the configuration with N = 3
UAVs carrying the suspended load. Let each UAV have a mass
m = 2 kg, and the load have mass my = 3 kg connected
with wires of length [; = 2 m. In addition to the reaction
force from the load, the UAVs are also affected by a constant
wind v,, in the NED-z-direction with a magnitude of 4 m/s.
To calculate the resulting disturbance force b", we use the
relationship b} = dv,,, using

For N = 3, a fully connected graph between all UAVs
consists of three links and the resulting control incidence
matrix M is given by

M=|-1 1 0 (37)

Suppose we want the three UAVs to form a triangle with
each side having length A € R. We let z¢ € R3 for
i=1,..., N represent the desired positions of the UAVs and
assume that

8
=y
|
coco

Then a set of possible desired positions of the UAVs are
described by

A A2
=10 and 29 = |AV3/2
0 0
The desired relative positions z¢ are then given by
xf
2= (M®I3)" |24 (38)
d
T3

We let the initial positions z{ = x;(t = 0) of the UAVs be

0 3 0
2= (0|, 29=10|, 23= 1],
0 0 0

and the desired formation be given by (38) with A = 2. We
also include a constant desired mission velocity, that tends the
multirotors to carry the load at 1 m/s in the positive x-direction.
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A. Results

As can be seen in Figure 3 and Figure 4b, the multirotors
tends towards the desired formation. We see that the links
converge to their actual desired values in Figure 5 despite the
disturbances from the unknown load and the constant wind
force, due to the convergence of the bias compensation term 6;
as seen in Figure 6. As the vehicles approach their final relative
positions, the actual force on each UAV from the suspended
load is changing as can be seen in the beginning of Figure 4b
and Figure 6. However, the terms converge when the UAVs
reach their formations. Note that the different end values in
Figure 6 is due to the effect of the combined disturbance from
the wind and suspended load, which is different for each UAV.

Relative movements

0.5
1
1.5
N
2
2.5
- — UAV1
05 0 — UAV2
05 UAV 3
1 16
y ° 15 X

Fig. 3. Final position of the three UAVs and the suspended load. The figure
shows the relative movements between the vehicles, with the mean position
subtracted. For each UAV an asterix denotes the initial position.

Velocity Error Link Distance

= Link 1
[0}
UAV 1 o3 — link2
UAV:2 3 Link 3
UAV 3 @
g, ——
X
c
- . - | 1k
0 5 10 15 0 5 10 15
Time [s] Time Isl

(a) The velocity error relative to the (b) Distance between each UAV.
desired velocity v® for each UAV.

Fig. 4. Velocity error and link distance.

V. EXPERIMENTAL VALIDATION

To further validate the proposed controller, experimental
trials with three multirotors carrying a suspended load was
conducted. The UAV platform is a hexacopter with weight
m. = 2.3 kg, equipped with the Pixhawk [25] autopilot system
running Ardupilot [20] software. This autopilot handles sensor
fusion from its internal IMU and GNSS systems, as well as low
level attitude control. It receives attitude and thrust setpoints
from an on-board Linux computer, a Beaglebone Black, which
contains the custom controller described in this work. The

Link Errors
3 -
—— UAV 1
_ 2k ——  UAV2
9 UAV 3
= \
. \\ o .
0 5 10 15
Time [s]
Fig. 5. The link error between the UAVs.
15 - Norm of Bias Estimate
10
g_
= UAV 1
5+ UAV 2
UAV 3
0 J 1 1 1
0 5 10 15

Time [s]

Fig. 6. The norm of the integral term 6; for each UAV. The values converge
to the sum of disturbance of the suspended load and wind force for each UAV.

Beaglebone is a 1 GHz single-board ARM computer, running
the LSTS toolchain [26]. This toolchain consists of a Linux
distribution (Glued), a ground station segment (Neptus) and a
vehicle software stack (DUNE). More details can also be found
in [27]. All implementations for the experimental validation
are implemented in DUNE using C++.

The desired relative position was given by the initial posi-
tion on the ground, which was set to an equal-sided triangle,
with sides of 5 m. The control software was implemented such
that a single pilot can perform coordinated takeoff, and use a
remote controller to set reference velocities and accelerations
during the test. The communication links are organized as in
(37). An image of the three multirotors successfully transport-
ing a suspended load is given in Figure 1.

It should be noted that as it is not possible to attach the
load at the exact centre of gravity of the UAVs, resulting in
a slight moment-arm from the load on the UAV body. The
magnitude of this disturbance is also dependent on the total
configuration of the system, including number of UAVs used
and their relative distances. In the proposed control structure,
this disturbance is counteracted by the integral effect of the
low-level attitude controller, such as the one implemented in
the autopilot. As this moment arm adds extra strain on some of
the UAV motors, care should be taken to ensure that the UAV
motors are not saturated by this effect, which would make the
UAV incapable of maintaining maneuverability. To test these
conditions given the set of system parameters, flight character-
istics were carefully monitored during preliminary experiments
by gradually increasing the weight of the suspended load.
Alternatively, simulation studies could be conducted to ensure
the saturation is not reached. In the configuration described
in this section, the autopilot successfully counter-acted these
effects.

Two main tests were conducted. In the first, a lighter load



of approx. 1 kg was used, and in the second a heavier
load of approx. 2.2 kg. Figure 1 shows the UAVs with the
light load. In general, choosing the configuration of UAVs
to carry a specified load is a matter of design tradeoffs
involving, among others, operation complexity, UAV carrying
capacity and necessary flight-time. For multirotor UAVs, a
rule of thumb is to let the total UAV take-off weight be
approximately 50% of its maximum flight weight to leave
sufficient room for high maneuverability. This number can be
higher if less maneuverability is required. As noted above,
these criterions can be verified in simulations or tests on the
UAV platform under controlled conditions. In our case, our
2.2 kg UAVs can carry up to 1 kg additional payload while
still maintaining sufficient maneuverability and flight-time. For
the heavy weight of 2.2 kg, this would leave each multirotor
carry approximately 0.73 kg, which is within these bounds.
Note however that two multirotors alone would not have been
able to carry this weight.

In Figures 7-9 a summary of the two experiments are
illustrated. In each figure, the upper plot shows the sum of link-
error norms Y, |Zx|, the middle shows the norm of acceleration
setpoint |0%(t)|, and the lower shows the norm of the bias
term for all multirotors. In both cases the controllers are able
to maintain a relatively close formation, but during heavy
accelerations a somewhat larger error is seen. However, it is
quickly recovered once the acceleration-phase is over.

Due to heavy winds on the test-day (estimated 4-6 m/s
from the right to the left as shown in Figure 1), the rightmost
multirotor (UAV 2) has an increased load due to air drag on
the suspended load. This is also seen by the lower plots in
Figures 7-9. As can also be seen, the bias term saturates at a
maximum level, which was set to a too low value during the
experiments.

TABLE I
MEAN LINK ERROR OVER THE TWO EXPERIMENTS.
Mean Link Error [m] Light load Heavy load
Link 1 0.38 0.57
Link 2 0.37 0.34
Link 3 0.16 0.46

Nonetheless, as can be seen in Figure 11, the link errors
remain relatively small during the entire experiment. A sum-
mary of the mean link errors are provided in Table I. It
is seen that for the light experiment, the mean errors are
below 0.4 m, while for the heavier load they are slightly
higher. A video of the experimental trial is available on-
line: https://youtu.be/seqpCEx3mYO0. The video shows the raw
footage from the experiment, starting with the simultaneous
takeoff of all three multirotor UAVs. After a settling time, the
UAV operator generates the common velocity reference signals
to guide the formation back and forth over the field. Next, the
light load (1 kg) is substituted for the heavier (2.2 kg) load,
and the procedure is repeated.

Further, the reference velocity and velocity error are shown
in Figure 8 and Figure 10 for the two experiments. For both
figures, the top part depicts the reference speed as set on-
site by the UAV operator using a remote controller, compared
to the average speed of all UAVs. The average is taken for
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figure clarity. The lower part shows the average of the norm
of the velocity error. As can be seen, after the bias estimation
starts to converge, the velocity error is relatively small and the
UAVs track the reference velocity even with a very dynamic
reference trajectory.

Light load experiment

Sum of link error norms|

> flfm)

0 50 100 150 200
6 -
— | —  Acceleration setpoint|
FAr
~
g
= 2F F M
0
0 50 100 150 200
10

0 50 100 150 200
Time [s]

Fig. 7. Summary of the first (light) experiment. The lower plots shows the
norm of bias estimation for the first (blue), second (red) and third (yellow)
multirotor UAV.

VI. CONCLUSION

In this article, we have developed a cooperative control
strategy for a group of multirotors carrying a suspended load.
After an introduction to the system dynamics and modeling,
a mathematical stability proof using Lyapunov theory of the
proposed control solution is presented, following a passivity-
based approach. To further validate the proposed design,
numerical simulation and results from experimental trials are
presented. The results show convergence to the desired relative
formation of the interconnected UAVs in the presence of
unknown wind and suspended load conditions.
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Light load experiment

Velocit
- y
6 Reference
Mean UAV Speed
& 5
E 4
2
33
)
> 2
1
0 L )
0 50 100 150 200
5 Velocity Error
@
€ 25
g 2
i
S 15
s
o 1
(o))
©
5 05+
>
<
0 L L L )
0 50 100 150 200
Time [s]

Fig. 8. Top: The average norm of velocity for each UAV relative to the
reference. Bottom: Average norm of the velocity error for each UAV.
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Fig. 9. Summary of the second (heavy) experiment. The lower plots shows
the norm of bias estimation for the first (blue), second (red) and third (yellow)
multirotor UAV.
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velocity error for each UAV for the heavy load experiment.
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