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Abstract— In aerial manipulators, the presence of cables
between the aerial platform and the articulated system is
beneficial to increase the distance between rotors’ blades and
the obstacles in the workspace and absorb unavoidable impacts
arising during the interaction with the environment. However,
cables also produce pendulum-like oscillatory behaviour due to
dynamic coupling and to the effect of external forces when
the robot navigates in free space through the environment.
This paper presents a model-based control approach for the
suppression of oscillations in cable-suspended dual-arm aerial
manipulators. Contrary to many oscillation suppression tech-
niques that act on the suspension platform, we exploit the
dynamics of the articulated system to achieve the same goal.
A linear controller is devised applying a partial feedback
linearization technique for the unactuated variables of our
system, i.e. the cables. Simulation and experimental tests are
carried out using a quadrotor equipped with a cable-suspended
dual-arm system to validate our proposed framework. With our
control technique, drone-induced oscillations were reduced by
up to 89%, with a settling time of 2.5 seconds.

I. INTRODUCTION

In recent decades, the advent of Unmanned Aerial Vehicles
(UAVs) has brought a transformative impact on various
industries, as this type of technology makes it possible to
perform inspection tasks that were previously impractical or
dangerous. As a natural progression, robotic manipulators
have been integrated into UAVs, giving rise to the Unmanned
Aerial Manipulators (UAM) field [1]. This evolution en-
ables these vehicles not only to perform visual inspections
but also to engage in manipulation activities at significant
altitudes and over long distances. The employment of a
robotic arm allows dexterity and capability of manipulating
objects. Consequently, these systems find application in the
inspection and maintenance of challenging-to-access sites
and structures, such as bridges, power lines, and pipe arrays
in chemical plants. The use of manipulators in these sce-
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(a) (b)

Fig. 1. (a) The cable suspended dual-arm UAM system considered in this
work. (b) Example of task (installation of bird diverters on a high-voltage
line) carried out by the robot.

narios can substitute manual intervention, thereby mitigating
human risks [2], [3].

A new frontier in UAMs is the development of cable-
suspended long-reach manipulators, i.e. robots typically con-
sisting of an aerial suspension platform carrying an articu-
lated system, usually dual-arm, in a pendulum configuration
via cable suspension [4]–[6], as shown in Fig. 1(a). This
configuration separates the aerial transportation platform
from the handling system and has the great advantage of
drastically extending the robot’s workspace by means of a
non-rigid connection with a relatively small added weight.
This, above all, guarantees greater resilience towards impacts
and collisions, particularly for tasks involving interaction
with the environment [6]–[8]. Despite its many advantages,
the presence of passive cables with small mass and low
stiffness introduces uncontrolled second-order dynamics and
imposes intricate unilateral constraints between the aerial
platform and the articulated system. These oscillations may
arise from several factors, including wind perturbations, con-
tact forces, manipulator-induced wrenches, or aerial platform
accelerations. In particular, during the transport of the system
to the operation point, the motion of the aerial platform
causes unavoidable sway of the suspended load, limiting the
immediate use of the robot once it arrives at its destination. Is
then necessary to wait for the system to stabilise completely
before performing the manipulation task (such as the one
shown in Fig. 1(b), thus increasing the total operation time.
From a physical point of view, this is related to the fact
that the connected systems have a non-negligible dynamic
coupling, which causes a displacement of the load from its
rest position. However, just like the movement of the drone,
the movement of the articulated system also impacts the
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overall dynamics of the system.
With this motivation, in this article, we propose a model-

based control technique for the suppression of oscillations
through the action of the articulated system of a cable-
suspended long-reach manipulator. The system under study
is an aerial cable-suspended dual-arm system used to install
bird diverters on high-voltage power lines [9], [10] (see
Fig. 1(b)). In this system, four belts, tied in a parallel
pattern to a drone and a lower platform, hold the shoulder
structure of a lightweight and compliant anthropomorphic
dual arm system (LiCAS A1 [11]). For such system, we
devised a control technique to partially linearise and control
the portion of the dynamics corresponding to the passive
degrees of freedom (DoFs) of our system, i.e. the cables.
Reduced models are used to preserve the strong inertial
coupling property of the system. Contrary to many works that
use the upper suspension platform trajectories to generate
oscillation-free movements, we employ the movements of the
arms to achieve the same scope. This is indeed useful when
it is not convenient or possible to modify the controller of
the upper platform. Moreover, arms control is more accurate
and provides faster dynamics than the multi-rotor, which
has higher inertia. Therefore, the arms allow to achieve
more fine control of the oscillation, although with lower
energy capacity compared to the multi-rotor. Simulation and
experimental tests are carried out for the considered system
to validate our proposed framework. The obtained results can
be further appreciated in the video accompanying this article.

II. RELATED WORKS

As stated in Section I, aerial systems relying solely on
articulated manipulators rigidly attached to the drone may
prove inadequate in maintaining a safe distance between
the rotors and the areas being inspected [12]–[14]. Long-
reach [5], [7], [8] and cable-suspended [6], [15], [16] aerial
manipulators provide extended reach to expand the robot
workspace and concurrently mitigate other effects arising
from the interaction of the manipulator with the environment,
for example insulating electrically the aerial platform during
the realisation of maintenance tasks on live power lines [8],
[9]. The integration of spring elements in the manipulator’s
joints and/or the utilisation of flexible suspension cables is
a potential solution to mitigate these issues, as suggested by
prior research [7], [17], [18]. Nevertheless, the presence of
cables causes an oscillatory behaviour during the transport
that needs to be avoided or reduced. One possibility to
mitigate the swaying problem is to act directly on the
suspension platform and intelligently control its movement.

Control of the load’s swaying is a problem that has
been widely studied in logistics, and in particular for crane
transportation. These controls involve the direct modification
of the trajectory driven by the crane by following different
approaches. In [19] and [20] a comprehensive overview of
anti-sway techniques for industrial overhead cranes is pre-
sented. Control methods can be divided into two broad cat-
egories: closed-loop control and open-loop control. Closed-
loop approaches include PID control [21], fuzzy control [22],

sliding mode [23], model-predictive control [24] and non-
linear control [25]. Open-loop controls, on the other hand,
include approaches based on input shaping [26], trajectory
planning [27] and strategies based on neural networks [28].
Similar considerations can be made when the overhead crane
is replaced by an aerial suspension platform, i.e. a drone,
as in the case under study. In a parallel manner, although
fewer works have been published on the topic so far, anti-
sway approaches involving drone control can be closed-
loop, such as the model-predictive control in [29], time-
delayed proportional control of [30] or Lyapunov-based PID
controller in [31], or open-loop approaches as in [32], [33].

However, all of the above-mentioned work relies on the
operation of the suspension platform, and thus on a necessary
modification of their controller, which cannot always be
performed. Replacing the drone also involves reprogramming
the control and, depending on the approach, rework of the
model. To overcome these limitations, the presence of an
actuated suspended load provides a viable solution. The idea
is in fact to use the manipulator itself, whose controller can
give access to the lowest level of commands (i.e. torque
control), to suppress the oscillations generated by the trans-
port. The adoption of actuated masses for sway control has
been explored for example in [34] and [35] where a moving
mass has been installed on the spreader of the suspension
mechanism of a container, and its movement imparts an
inertial force to the spreader that results in a suppression of
undesired sway during crane transport. In [36] the addition
of a controlled inertial disc system allows the suppression
of oscillations of a flexible beam mounted vertically on
an omnidirectional robotic platform. However, these works
involve hardware modifications, which are often tedious and
require system mechanical design and modelling process.
In the presence of actuated loads, however, the addition
of external masses is unnecessary, since the manipulators
themselves can be used to suppress oscillations. A previous
work dealing with oscillation suppression through the actu-
ation of robotic manipulators can be found in [37] in which
one of two manipulators mounted on the opposite faces
of a fixed cable-suspended platform is used for oscillation
compensation through a passivity-based approach. In this
work, however, the transport platform is absent, and the robot
on the upper face cannot be lately exploited for handling
tasks. In [38], instead, a model-free approach based on
zero-crossing detection of a lightweight dual-arm system
connected to an aerial platform through a flexible beam is
proposed. A similar approach has been employed in [5] for
a 2-DoFs arm attached at the tip of a rigid one-meter-long
link in a passive pendulum configuration.

To date, there is no published work about model-
based control methods purposely designed for aerial cable-
suspended robots that exploit the actuated load dynamics to
dampen out the oscillatory behaviour of the system.

III. CONTROL

Despite the many advantages of long-reach aerial ma-
nipulators discussed in Section I, with the employment of
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flexible links unavoidable oscillations are induced in the
system during and after the motion of the drone. The
aim of the control problem is to use the cable-suspended
anthropomorphic manipulator to suppress such oscillations
by reducing the settling time and their amplitude. In solving
this type of problem, the most challenging aspect from the
control point of view is to deal with an underactuated system,
i.e., a system that has fewer actuated DoFs than its total
number. As a matter of fact, the model’s joints associated
to cables, located at the interfaces with the aerial platform
and with the articulated system, do not have any actuation
(passive joints) and cannot be directly controlled, but they
still influence the dynamic behaviour of the whole system.
In this section the control of the two robots (drone and
articulated system) will be separated and we will only focus
on the arms controller.

Underactuated systems are not feedback equivalent to a
linear and decoupled system, i.e., cannot be fully feedback-
linearised. Although we cannot always simplify the full
dynamics of the system, it is still possible to linearise a
portion of the system dynamics. The technique is called
partial feedback linearization and it was first presented
in [39]. The term collocated partial feedback linearization is
used to describe a controller which linearises the dynamics
of the actuated joints. However, under a condition regarding
the degree of coupling between the active and passive joints,
it is possible to achieve a non-collocated partial feedback
linearization, i.e., a controller which linearises the dynamics
of the unactuated joints [40].

The starting point of the control is the definition of the
classical n-DoFs robot dynamic model formulation

B(q)q̈ + n(q, q̇) = Gτ, (1)

with (q, q̇), i.e. joints’ position and velocity vector respec-
tively, being the model state variables. In (1), B ∈ Rn×n

represents the mass matrix, n ∈ Rn is the nonlinear terms
vector, i.e., gravity, centrifugal and Coriolis terms, while
G ∈ Rn×m is a suitable selection matrix to account for some
joints being non-actuated. Without loss of generality, one can
reorganise the joint coordinates in any underactuated system
by highlighting the active and the passive parts, respectively
referred to with the subscripts m and b, and rewrite (1) into
the form [

Bb Bbm

BT
bm Bm

] [
q̈b
q̈m

]
+

[
nb

nm

]
=

[
0
τm

]
, (2)

which is equivalent to{
Bbq̈b +Bbmq̈m + nb = 0

BT
bmq̈b +Bmq̈m + nm = τm

, (3)

with qb ∈ Rl, qm ∈ Rm, m = n − l. The term Bb is
an invertible l × l matrix as a consequence of the uniform
positive definiteness of the robot inertia matrix B in (1),
according to the necessary and sufficient condition of the
generalised Schur complement [41]. It is then possible to

isolate the term q̈b in the first equation of (3), and substitute
it in the second one, thus obtaining

(Bm −BT
bmB−1

b Bbm)︸ ︷︷ ︸
B̃

q̈m+(nb −BT
bmB−1

b nm)︸ ︷︷ ︸
ñ

= τm. (4)

Since the cables are considered as a passive joints, i.e.,
unactuated joints, a non-collocated partial feedback lineariza-
tion is considered. The term non-collocated means that the
control acts on the passive joints instead of the active ones,
meaning that the nonlinear dynamics of such joints are
compensated, whereas those belonging to the active joints
do not appear in the stabilisation control objective. Since it
is possible to prove that B̃ in (4) is always invertible [39], an
input/output feedback controller can be defined by choosing

τm = B̃ym + ñ. (5)

Substituting (5) into (4), the dynamic model of the system
becomes {

q̈m = ym

Bbq̈b + nb = −Bbmym
. (6)

If the matrix Bbm is full-rank, the underactuated system is
said to be strong inertially coupled. If this property holds, the
Moore-Penrose right pseudoinverse matrix of Bbm is well-
defined and then, from the second equation in (6), ym can
be derived as

ym = −B†
bm(Bbyb + nb), (7)

where yb is an additional control input yet to be determined.
With this choice for the control input ym, the system (6)
becomes {

q̈m = −B†
bm(Bbyb + nb)

q̈b = yb
. (8)

As the (8) reveals, the linearization of the unactuated
part of the system has been achieved. The first equation
of (8) represents instead the evolution of the internal zero
dynamics. This means that controlling the behaviour of the
linear part of the system is straightforward, for instance it is
possible to use PD controller with acceleration feed-forward

yb = q̈db +Kd(q̇
d
b − q̇b) +Kp(q

d
b − qb). (9)

leading to the closed-loop behavior described by the equation

¨̃qdb +Kd
˙̃qb +Kpq̃b = 0, (10)

which is asymptotically stable, so the error tends to zero with
a convergence speed depending on the choice of the matrices
Kp and Kd. Hence, this framework allows to control the
motion of the passive variables, even if there is no way to
actuate them. For the resolution of the oscillation suppression
task, it is sufficient to impose a constant zero reference for
position, velocity and acceleration of the passive variables.
The aim is to keep the cables vertical and the lower platform
horizontal during the transportation phase (see Fig. 2).

Since the zero dynamics is uncontrolled, a term in the null-
space of the coupling inertia matrix has been added so that
the manipulators remain as close as possible to the initial rest
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Fig. 2. Left: robot suspended through 4-cables configuration on a testbed.
Right: graphical representation of the aerial robot in a generic configuration.
Detail on cable suspension system and lower platform (i.e. shoulders) which
always remain horizontal to the ground thanks to the cables parallel pattern.

configuration qm0
. This reduces the occurrence of unstable

internal dynamics. Equation (7) then becomes

ym =−B†
bm(Bbyb + nb) + (I −B†

bmBbm)

[Gd(−q̇m) +Gp(qm0 − qm)].
(11)

Hence, the actual control is the combination of (5) and (11).

IV. REDUCED MODELS

As explained in Section III, a central node for the control
to work is the strong inertial coupling property, which is
strictly related to the rank of the coupling matrix Bbm. By the
time one goes to use a complete model of the system, whose
definition has been presented in [42], it has been numerically
verified that this property is not always respected. To demon-
strate this analytically in an easily understandable manner, let
us examine without lost of generality a foundation model
(see Fig. 3, left), conceptually akin to the complete one,
featuring some simplifying assumption. In particular: (i) the
arms are represented as a single rigid link rotating around the
shoulder structure; (ii) only rotational movements orthogonal
to the y − z plane are addressed, i.e., joints q1 . . . q4; (iii)
the upper and lower passive joint state variables q1 and
q2 have identical magnitudes but opposite signs due to the
horizontal platform behaviour imposed by cable constraints
(as discussed in [42]); (iv) the arms are supposed to move
identically, i.e. the state variables q3 and q4 are combined.
Under these assumptions, the model reduces to a 4-DoFs
system whose dynamics is described by the equation

b11 b12 b13 b14
b21 b22 b23 b24
b31 b32 b33 0
b41 b42 0 b43



q̈1
q̈2
q̈3
q̈4

+


n1

n2

n3

n4

 =


0
0
τ3
τ4

 (12)

where, on the basis of the assumptions made {q2, q̇2, q̈2} =
{-q1, -q̇1, -q̈1} and {q4, q̇4, q̈4, τ4} = {q3, q̇3, q̈3, τ3}. In this
case, the dynamic coupling matrix Bbm = [b13, b14; b23, b24],
and the terms are specified as follows

b13 = ixx +ml2 +mLl cos(q3 − q1) +mld sin(q3)

b14 = ixx +ml2 +mLl cos(q3 − q1)−mld sin(q3)

b23 = ixx +ml2 +mld sin(q3)

b24 = ixx +ml2 −mld sin(q3)

.

(13)

Fig. 3. Left: starting reduced model, with fixed base frame with origin co-
incident with the cables’ upper suspension point. Right: modified proposed
reduced model, with base frame’s origin integral to the cables and origin
coincident with the cables’ lower connection point.

It is easy to verify that the determinant of Bbm is equal to

det(Bbm) = −2m2Ll2d cos(q3 − q1) sin q3, (14)

thus, for the rank to be full, the following condition must be
satisfied

cos(q3 − q1) ̸= 0 ∧ sin q3 ̸= 0 ⇒
⇒ q3 ̸= π/2 + q1 + kπ ∧ q3 ̸= kπ.

(15)

While the former is not a condition of interest, since it
involves the arms being extended sideways to form a square
angle, the latter is a working condition since it corresponds
to the case where the arms are aligned downwards.

It is therefore necessary to search for a different simplified
model that allows the condition of strong inertial coupling
to be fulfilled everywhere. On the right of Fig. 3, a model
is presented in which the world frame is integral with the
cables, with origin coinciding with the origin of the spherical
joint attached to the shoulders. Since the shoulder structure
is always parallel to the ground, it is easy to verify how
geometrically the angle formed by the cables with respect to
a vertical axis corresponds identically to the angle formed by
the shoulders with respect to the cables, with opposite sign.
The control objective can then be converted into an objective
of controlling the position of the shoulders in relation to the
cables, rather than the cables themselves. The reduced model
becomes a 3-DoFs system, where the first joint is passive and
the other two (arms joints) are active. Exploiting assumptions
(i)-(iv), we obtain the following dynamic modelb11 b12 b13

b21 b22 0
b31 0 b33

q̈1
q̈2
q̈3

+

n1

n2

n3

 =

 0
τ2
τ3

 (16)

where {q3, q̇3, q̈3, τ3} = {q2, q̇2, q̈2, τ2}. The values of in-
terest of the dynamic coupling matrix Bbm = [b12, b13] this
time can be written as{

b12 = ixx +ml2 +mld sin(q2)

b13 = ixx +ml2 −mld sin(q2)
. (17)

The rank of the Bbm matrix is verified from the analysis of

det(BbmBT
bm) = 2i2xx + 2m2l4

+ 4ixxml2 + 2(mld sin q2)
2,

(18)
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which now can never take on a null value since all parameters
in the equation are strictly greater than zero, i.e. all terms are
strictly positive. It is important to note that, since the base
frame is integral with the cables, the gravity acceleration
vector g does not result always parallel to the z-axis, as
is possible to see in Fig. 3. To obtain the correct model
representation expressed in the base frame, the vector must
therefore be appropriately rotated as follows

g =

 g0 sin(q1)
0

−g0 cos(q1)

 . (19)

Similar considerations apply to derive the overall model
integrating oscillations around the two axes x and y and
with a complete kinematic model of the arms.

V. EXPERIMENTAL SETUP AND CONTROL RESULTS

As mentioned in Section I, the control was first tested
in a simulation environment and later transferred to the real
system. This section describes the experimental setup used to
test the control (Section V-A), the simulation results obtained
(Section V-B), and finally the results of the experiments
conducted on the real system (Section V-C).

A. Experimental setup

The platform used to validate experimentally the methods
described before consists of a lightweight and compliant
anthropomorphic dual arm system (LiCAS A11) suspended
from a medium-size quadrotor by four cables in puppet
configuration (1 m length, 250 mm separation), as shown in
Fig. 1(a). The arms, built with smart servo actuators and a
frame structure manufactured in carbon fiber and aluminium,
are human-size (500 mm reach, 360 mm arms separation)
and human-like, with three joints at the shoulder and one
at the elbow in the usual anthropomorphic kinematics [43].
The total weight of the manipulator is 3 kg, with 0.5 kg
payload capacity. The multi-rotor is based on the Tarot X4
quadrotor frame, with DJI E2000 motors and 21 × 7 inch
propellers, implementing the controller on a Pixhawk 2 [44].
This quadrotor, weighting 5 kg, provides a maximum take-
off weight around 9 kg, with a maximum flight time of 45
min with no load, and 5 - 10 min with the integrated arms.

Unlike the single or double cable configuration (slung-
swing load), the four cable arrangement avoids that the
shoulder structure is tilted in roll or pitch due to the reaction
moment exerted by the rotation of the left and/or right arms,
as long as the center of mass of the arms is within the
polygon defined by the four anchor points of the cables.
Also, unlike the flexible long reach links used in our previous
works [5], [7] that tend to induce lateral moments with non-
minimum phase zeros on the multi-rotor controller, cables
only transmit forces, that tend to disturb less the platform
and do not compromise stability due to lateral forces [5].
The length of the cables and their separation are determined
empirically taking into account the safety distance and the
oscillation frequency of the slung manipulator, as well as

1https://licas-robotic-arms.com/

(a) (b)

Fig. 4. Gazebo simulation environment containing the (a) full model of
the cable-suspended UAM system under study and (b) its reduced version.

integration constraints imposed by landing gear of the mul-
tirotor.

Experiments were conducted at the GRVC Aerial Robotics
Laboratory indoor testbed, which is equipped with 28 Opti-
Track cameras. The multi-rotor and the shoulder structure of
the LiCAS incorporate passive infrared markers to measure
the position of both bodies with sub-centimetre accuracy,
hence allowing the computation of cables’ inclination from
the vertical rest configuration. The controller of the arms
is implemented on a Raspberry Pi 3B computer board,
receiving through UDP sockets the references computed by
the ground control station laptop that receives the data from
OptiTrack.

B. Simulation results

Before applying the control strategy to the real system, a
simulation environment was developed using Gazebo (ROS),
in order to prevent damage to the real structure and test the
control in a secure way. In [42] a simulation environment
for the complete model has been developed, as showed
in Fig. 4(a). In order to be consistent with the reduced
models presented in Section IV, the simulated system was
suitably modified as shown in Fig. 4(b). In the simulation,
the four cables have been represented as a single unactuated
rigid link. The horizontality behaviour of the shoulders,
instead, has been reproduced through a virtual revolute joint
controlled such that it keeps the shoulder structure always
parallel to the ground. It should finally be noticed that the
simulation does not take into account any of the external
forces happening on the aerial platform when the system is
moving, i.e., wind disturbances or contacts.

As a first approach, the simulation has been developed
supposing the system to hang from a fixed structure, i.e.
the upper suspension platform was modelled as a fixed
joint. The oscillations to suppress are forced exploiting the
action of gravity through an initial angular displacement of
0.15 rad along x and y axes in turn. Figure 5a shows the
comparison between the oscillations, measured as the angle
of the cables’ link with respect to their rest condition, with
and without control, in the case of a swing generated through
a non-zero initial displacement around x-axis. The shoulder
roll joints (abduction/adduction rotation) have been used for
the control. Mechanical constraints on the LiCAS, i.e. joint
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Simulations fixed, x-axis - Cables position Simulation fixed, y-axis - Cables position Simulation moving platform, y-axis - Cables position

Fig. 5. Cables angular displacement with respect to a vertical rest condition for comparisons between uncontrolled (dotted line) and controlled (solid
line) simulations for oscillations (a) around x-axis with fixed suspension platform, (b) around y-axis with fixed suspension platform, (c) around y-axis
with linearly moving suspension platform.

limits, are imposed to prevent the collision of the arms with
the shoulder structure or between them. In particular, the
rotation angle into the shoulder structure of the roll joints is
limited to 20 deg.

Despite the imposed limit, Fig. 5(a) highlights a faster
oscillation suppression thanks to the employment of the
control. The error becomes zero at steady state and the
oscillation amplitude is approximately reduced by 47% in
2 seconds, while the settling time is about 4 seconds. The
energy consumption needed to apply this control input u,
i.e., active joints control torque, evaluated as

E =

∫
u2(t)dt, (20)

amounts to 11.5 J which is quite favourable, particularly
when compared to the usage of LiPo batteries on the real
system, which have a capacity of 1.26× 105 J.

Figure 5(b) instead shows the case of a simulation in which
the initial displacement is non-zero only along the y-axis.
This time, the idea is to use the shoulder pitch joints for the
control. This configuration allows the removal of the previous
constraint since there is no physical obstruction when the
joint rotates around the joints’ axes. It is easy to appreciate
the reduction of the amplitude of the oscillations with respect
to the previous case. At 2.5 seconds, now, the amplitude is
reduced by 87% and the settling time is around 2.7 seconds.
Also, the control input appears to be lower than in the
previous case, due to the lack of constraints and accordingly
the energy consumption, which is equal to 1.89 J.

At a later time the simulations have been enriched by
inserting the moving suspension platform, modelled as a
prismatic joint, to mimic the presence of the drone. The idea
is to independently move the aerial platform to a desired
point, and subsequently use the arms to suppress the oscil-
lation. In this configuration, the drone has been controlled
in simulation with a simple PID to follow a desired 1 meter
linear trajectory. Figure 5(c) shows the obtained results for
a movement of the drone along the x-axis. We still have a
great reduction of the amplitude of the oscillation, which is
about 76% and the settling time is around 5 seconds. Also,
the control energy reaches 238.7 J.

C. Experimental results on the physical system

As with the simulations, in order to validate the results
shown in Section V-B, the experiments on the physical
system were carried out in two different phases: in the first,

the dual arm was suspended from a fixed testbed, whereas
in the second, the arms were tested on flight. Figure 6(a)-
(c) shows the results of an experiment in which oscillations
around x-axis are generated, hence shoulder roll joints are
employed for the control. As it can be noticed in Fig. 6(a),
the oscillations are suppressed in approximately 5 seconds,
the reduction of the amplitude is approximately 54% and
the evaluated control energy is equal to 4.26 J. Figures 6(b)
and 6(c) show the torque control inputs (evaluated from
motors’ current measures) and joints’ measured velocities.
As described in Section V-B, the shoulder roll structure
cannot be moved towards the lower platform with an angle
bigger than 20 degrees. Secondly an experiment was made
by making the system oscillate around the y-axis and by
controlling the shoulder pitch structure. In this configuration,
the position limits applied before are no longer needed,
because the joint can freely rotate. As can be seen in Fig. 6(f)
experimental trials suggested in this case to impose velocity
limits on the joints to avoid abrupt movements. The results
in Fig. 6(d), show the amplitude of the oscillations to be
reduced by 87% in 4 seconds, with an evaluated control
energy of 370.8 J. Even though the energy required for this
controller is higher than in the previous case, it is still very
low with respect to the used batteries’ capacity and it might
still be worth trading, since it allows the system to reach the
desired position in a very short time.

Subsequently, the fixed structure has been replaced by the
aerial platform. Without any control applied to the arms,
when the drone moves, we expect it to induce oscillations
on the cables. However, since the damping of the system
is really high, such oscillations are partially absorbed by
the aerial platform more quickly with respect to the fixed
base case. Figure 6(g) shows the comparison between an
uncontrolled experiment and the data obtained by activating
the arms control. In this case, all of the previous precautions
have been considered, e.g. the control around the y-axis to
avoid position limits and the application of velocity limits,
instead, on the arms’ joints. It is worth noticing that, for
the control, the model described in Section IV with an
additional prismatic upper joint has been adopted. We can
state that the control of the arms helps the suppression
oscillation by both reducing the settling time to 2.5 seconds
and the amplitude by 89%. In this case, the evaluated control
energy is of 476.97 J. Finally, Fig. 7 reports a sequence of
images from all of the tests performed on the real system,
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Testbed x-axis - Cables position Testbed x-axis - Arms torques Testbed x-axis - Arms velocities

f

y y y

Fig. 6. Experiments on physical system with dual-arm manipulator. Left column shows the comparison between cable position with and without control,
central column shows torque inputs for arms joints, and finally right column shows joints’ measured velocities. (a)-(c) Suspension from a testbed for an
oscillation around x-axis with shoulder roll joint actuation. (d)-(f) Suspension from a testbed for an oscillation around y-axis with shoulder pitch joint
actuation. (g)-(i) Suspension from a drone linearly moving along x-axis (oscillation around y) with shoulder pitch joint actuation.

(a) (b)

Fig. 7. Sequence of images from the experiments on the physical system: (a) control test with system hanging from a testbed, (b) control test with full
system and drone motion.

in particular Fig. 7(a) shows the experiments on the testbed
while Fig. 7(b) the ones with the one involving the drone
transportation.

VI. CONCLUSIONS AND DISCUSSION

In this study, an innovative control strategy for aerial
cable-suspended dual-arm systems was developed and tested
with the aim of mitigating oscillations due to the presence
of the cables. Employing a non-collocated partial feedback
linearization control technique we were able to reduce the
oscillation amplitudes induced by drone motion by up to
89%, with a settling time of 2.5 seconds. The proposed tech-
nique relies on reduced dynamic models of the system, which
were devised to respect the strong inertial coupling condition
and, simultaneously, allow a straightforward simulation of
the system. From the analysis of the experimental results, we
found the energy consumption to achieve these results very
limited, demonstrating the feasibility of the control within
the system’s battery capacity.

Potential improvements include a more comprehensive
modelling including all the system’s joints to control oscil-
lations in all directions. In future works, we aim to test the
controller in real-world scenarios, without a visual system,
and ensure robustness in unpredictable conditions. Finally,
the coordinated control between the two robots, drone and
articulated system, is also considered, emphasising ongoing
efforts to enhance system robustness and applicability for
diverse tasks.
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