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Abstract—This paper introduces a novel hybrid force/position
control system tailored for aerial manipulators, aiming to enable
efficient and sustained delivery of horizontal forces. Unlike exist-
ing approaches mainly designed for ground-fixed manipulators,
this architecture is specifically developed for aerial robotics.
By leveraging physics-engine based simulations, the proposed
system demonstrates effectiveness in generating large controlled
forces over extended periods, improving comparable hybrid
controllers documented in the literature. These findings offer
valuable insights for optimizing aerial manipulators, particularly
in scenarios necessitating prolonged horizontal force exertion.
The study’s contributions hold promise for various applica-
tions, including search and rescue operations, infrastructure
maintenance, and environmental monitoring, thereby driving
advancements in aerial manipulation technologies.

Index Terms—Aerial manipulators, controlled force delivery,
hybrid position/force control, actively tilting quadrotors.

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have become integral
across various applications, benefiting from their versatility,
maneuverability, and cost-effectiveness. Their utility spans
from cinematography to critical infrastructure inspections and
environmental monitoring, expanding to include tasks once
deemed inaccessible or hazardous for humans [1]-[3]. How-
ever, a significant limitation arises when these UAVs need to
actively interact with their surroundings [1].

To address these constraints, UAVs have transitioned from
passive tasks to active ones that involve manipulation and
physical interactions with the environment. These active tasks
encompass a wide range of activities, including push and slide
operations, peg-in-hole tasks, grasping, picking and placing
objects, transportation, positioning, construction, demolition,
cleaning tall buildings, and working in hazardous environ-
ments. This transition necessitates equipping drones with
manipulative capabilities, often in the form of robotic arms
or attached tools. This integration, known as aerial manipu-
lation, enables UAVs to perform a wide array of tasks, from
infrastructure maintenance to disaster response [1], [4]-[6].
This shift towards active tasks involves outfitting drones with
robotic manipulators featuring multiple degrees of freedom
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(DoF) [7] or employing a mounted stick [8]. This integration
of manipulative capabilities, often referred to as an aerial
manipulator [1], [6], has enabled UAVs to expand their utility
across various applications.

Nevertheless, stabilizing aerial manipulators while perform-
ing physical tasks poses significant control challenges, es-
pecially in delivering controlled forces to the environment.
Various control techniques have been explored in the literature,
including nonlinear disturbance-observer-based robust con-
trollers [9], model predictive controllers [10], and impedance
control [6]. However, achieving sustained large forces over
extended periods remains elusive. Only a few report the
achievement of larger forces than 5 N for long periods,
whether in simulation or actual experiments, which is usually
required for several applications.

This paper introduces a novel hybrid position/force control
architecture for aerial manipulators, capitalizing on the tilting
rotor’s capability to exert horizontal forces. The proposed
control system enables the sustained delivery of up to 8 N
of force for several minutes, surpassing previous state-of-the-
art approaches [11]. The system is implemented in C++ and
Python, with communication facilitated by the Robot Operat-
ing System (ROS) middleware. The experiments were carried
out in the Gazebo physics-engine-based simulator using a
virtual version of the aerial manipulator, which represents
an advantage concerning the traditional numerical simulation
due to the several physical phenomena included by default,
yielding closer-to-reality results.

The remainder of the paper is organized as follows: Section
IT presents the dynamical model of the aerial manipulator,
followed by the design of the hybrid force/position controller
in Section III. Section IV details the simulation results, and
finally, the conclusion summarizes the contributions of the
study.

II. AERIAL MANIPULATOR DYNAMICS

To analyze the dynamics of a closed-loop controlled system
effectively, a comprehensive understanding of its dynamics is
crucial. While the generalized dynamical model of an aerial
manipulator is available in the literature, specifically in [6], this
study focuses on an aerial manipulator with a static robotic



Fig. 1: Omnidirectional tilting quadrotor equipped with a
sensorized stick. The main frames are depicted.

arm, simplifying the system dynamics significantly. In this
scenario, the aerial manipulator can be described as a 6-
degree-of-freedom flying rigid object. The schematic diagram
in Fig. 1 illustrates the actively tilting aerial manipulator,
with frames labeled as Fy for the world frame, Fg for the
body reference frame, and Fr for the propellers reference
frame. The position of the aerial manipulator is represented
by WpB = [XB YB ZB]T, and its orientation is expressed
as W g =g B B8], denoting roll, pitch, and yaw,
respectively. Thus, the dynamic analysis of the actively tilting
quadrotor with a static robotic arm involves Newton—Euler for-
mulation and algebraic computations. The dynamic equation
is given by:

B() +C(; ) +9()=0Cge( )ue; (1)
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where, 2 R® |, BT represents the six-
dimensional pose of the UAV w.rt. the world frame W,
g( ) 2 R® is the gravity force vector, and B( ) 2 R® © is the
inertia matrix represented as
03 3

B()= DWB;

with I3 3 and O3 3 denoting the identity and zero matrices
of the specified dimensions, D(W g) 2 R® 2 is the inertia
matrix of the angular part and m is the total UAV mass.
Moreover, D W g = E W g5 ' JgE W g ., where Jg
is the inertia tensor of the airframe, and E( g) 2 SO(3)
is a rotation matrix [12]. The matrix C( ; ) represents the
centrifugal and Coriolis forces, and it is given by
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where S represents the skew-symmetric operator. In addition,

Gg( ) = blockdiag RW g);E(W g) , with RW ) 2
SO(3) denoting the rotation matrix from W to B [12].

It is important to note that the symmetric, positive definite,
and invertible nature of the matrix B( ) is maintained within

specific maneuvers due to the ”X” configuration of the actively
tilting quadrotor. This characteristic makes it suitable for
translational motions, as demonstrated in [12]. Additionally,
we assume that an accurate measurement of the full pose is
available for our analysis.

A. Thrust Vectoring

An important feature of an actively tilting quadrotor is its
capability to exert horizontal thrust, which turns it into an
omnidirectional UAV within some orientation range. Consider
Fig. 1, where a rotor frame R; is illustrated. For standard
non tilitng quadotors, each rotor is only capable of exert-
ing thrust T; 2 R along zj, whereas such a thrust can
be decomposed (vectored) in Tj 2 R? , [Ti, T;,]" =
[Tisin( i) Ticos( i)]T when actively rotating the rotors
units about BXg, axis by means of servomotors. As aforemen-
tioned, this thrust vectoring enables the UAV to move along
Wxg and Wyg directions without changing its roll and pitch
angles, and consequently it is capable to deliver horizontal
force by mapping the X and y control input components to
desired vectored thrusts.

B. Control Allocation

Consider again Fig. 1, the position Bpg, 2 R® and orien-
tation BRg, ( i(t)) 2 SO(3) of the coordinate frame of each
rotor concerning the airframe are

Bpr, = Xr, YR Zr, | =LR.( i)es; )

®RR, (i(t) =Rz( )Rx( i(1); 3)

with i = 1;2;3;4 denoting the rotor number, L rep-

resents the scalar constant length of each UAV’s boom,

e; = [1 0 0]", i(t) is the variable tilting angle and
3 3

= Z; Z; YR is the set of constant orientations

of each rotor about Bzg, axis, whereas R () 2 SO(3)
are the rotation matrices. Furthermore, each rotor’s thrust
and drag torque are regarded to its corresponding propeller’s
aerodynamic parameters by

Ti2R, kel?; 4)

and
&, 2R, k1% (5)

where K¢ and k the scalar positive constant coefficients
related to the propellers geometry and !; 2 R is the i th
rotor angular velocity. Thus, each propeller exerts the forces
fr, 2 R® and torques R, 2 R® according to its position and
orientation as follows
fr =Ti°Rg, ( i(t))es; (6)
Ti®Rp (i) +( D' * 4, PRy (i(t))es;
(7
where e3 = [0 0 1]T. Notice that the control wrench ug 2 R®
can be split into control forces U® 2 R® and control torques
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uB 2 RS, which are related to the propeller forces and torquesploiting the robust motion controller presented in [12], the

by fgllowing controller is ﬁroposed :
UB:hUPT uBTIT: P4 1:|'?I'I Pi4:1 ;i T () % ug = (|5ﬁ3 S) Kptainh T~ + Kjtanh( ) + K=
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Therefore, from (6), (7) and (8) the following relation can b N
obtained 3 f ?
uB kf ) (9) - (14)
where 2 R* 8 is the allocation matrix expressed as where=2 R%, d is the pose error with? de ned as a
B constant vectorf=2 R® , 9 f is the force error witHf ¢
2 1 1 1 13 de ned as a constant vector as wedl,; Ki; Ky; Ky; Kj 2
0 0 0 0 s P35 s P35 R® 6 are diagonal matrices with positive entries &@d R® ©
0 0 0 0 R is a switching matrix composed of zeros and ones that specify
1 1 1 1 02 02 02 02 , which axes are force-controlled. Since the target of this work
L L L L is to deliver horizontal sustained force aloxg axis, then the
b5 P35 P35 P35 P P B3 P35 switching matrix is chosen a8 = diag(1;0; 0; 0; 0; 0) when
e e £ B = = = P the aerial manipulator reaches the desired application point
2 2 2 2 L2 L2 E E Xo 2 R, hence the force control part along such an axis is
given by
with = k¢ =k , and (
ug, = kfxﬁ(+k'x'x+kvx:x;
2R®, Ty, To, Ta, Ta, Toy, To, T, Tay P ) (15)

Finally, it is possible to map any control wrenelg to the where each termy represents the scalar axis component
required rotor speeds and tilting angles of the omnidirectionafl the corresponding vector in (14) and_; k; ; ky, are

guadrotor using positive constants contained in the rst entry Kf ; K; and
= Tug; (10) K, respectively.
q .
T = Tizz + Tizxy : (11) A. Stability of the Force Control Loop

The global asymptotic stability of the motion controller
part of (14) has been proved in [12]. Besides, it is assumed
y= —; (12) that the horizontal force is performed with zero orientation,
namelyV g = 03. Furthermore, it is also assumed that all the
and axes except foxkg are stably position-controlled and that the

_ LI horizontal force is delivered to a completely rigid environment.
i(t) = tan ; (13) ; : : o
Tiy, Hence the horizontal motion dynamics aloxg is given by
where * denotes the pseudoinverse of m® = Ug,: (16)
. HYBRID FORCEPOSITION CONTROL Now, the tuning parameters for thg controller (15) are de ned
askj, = ki,= andky, = m=, with the scalar > 0, as

Active interaction control can be classi ed into direct anq,ve” as the auxiliary variable
indirect force control, the former performs the control ac- ‘
tion through motion control without a force feedback loop, S=Ki,'x M (17)
whereas the latter uses the feedback loop to control thgsed in the aforesaid considerations, the following Theorem
contact wrench [13]. Impedance and admittance controllers fa{htes the global asymptotic stability.

within the indirect approach for instance, meanwhile hybrid L )
&gheorem 1. Considering that the motion controlled axes are

force/motion control is a widely used direct force techniqu ; :
that allows controlling both contact wrench and end- effecté?ably regulated about a desired set point, then the force error
I 0 asymptotically a¢ ! 1  through the direct force

motion simultaneously [13]. In the context of aerial manip- fx
ulators, hybrid force/motion has been successfully applied §ntroller (15).

a parallel con guration, where the contact force and positioproof. The following Lyapunov candidate functiov (s) =
controllers are conducted separately as constrained and fige2 is proposed, whose time derivative is

ight spaces [11]. On the other hand, a different architecture

that allows specifying the force and motion-controlled axes has V(S) = ss='s ki, fx m*% =s ki fx us,

been developed in [14], but up to the best authors' knowledgﬁélerefore

it has not been applied to aerial manipulators. Thus, inspire '

by such a control approach for ground- xed manipulators and V(s)=s ki fx ki fx Ki,'x Ky =



@) (b)
Fig. 2: Control schemes: (a) proposed controller block diagram. (b) Simpli ed controller block diagram presented in [11].

TABLE I: Parameters of the actively tilting quadrotor

Taking into accountd =0 and the tuning parameter, then : : :
dynamics and allocation matrix.

1 , 1.,
V(s)= —s  ki,'x+tmy = —s°: Parameter Value
. . m 5kg
Hence, the asymptotic convergencesab zero is guaranteed Jb diag(0:1522; 0:1522; 0:1841) kg n?
ast!1 . Notice that the motion of the UAV is constrained g 9:81m/s’
along , after the contact with the rigid environment is k' 8_%21:535471?35
established at the constant poig, so « = 0. Therefore, kf 175 10 4
if s! Othen' ! 0 and consequently,, = fx ! O ke, 0:01
asymptotically as well. K« 0:005
O
V. PHYSICS-ENGINE BASED SIMULATION RESULTS position control loop as is shown in Fig. 4. Next, the proposed

To assess the effectiveness of the proposed controller (1¢gntroller of this work was implemented, likewise, using the
the physics-engine-based simula@azebowas implemented, Same set of forces to be tracked. The obtained results were
which yields results very close to experiments with actugPmpared by plots and a performance index. A brief video
UAVs as a consequence of the several physics phenomé&hgwing how the experiments were put into effect is available
included by default. at https://youtu.be/HdNOEmdPxBA.

The execution of the hybrid force/position control system Fig. 3a shows the results using the force controller (18),
was achieved by way of three programs, the position cowhere it can be observed that the force is controlled correctly
trol algorithm developed in C++ and the Python-based foré® to 4 N; beyond such a force, the controller is not able
control and navigation algorithms. The controller input an@nymore to track the set point.
output signals were communicated with the virtual aerial On the other hand, the results using the proposed controller
manipulator througtROS messages. The parameters of thef this work are presented in Fig. 3b, where it can be
actively tilting quadrotor dynamics and allocation matrix ar@ppreciated that the force is regulated, with some oscillations
presented in TABLE |. The block diagram of the presentdeut correctly, up ta8 N.
hybrid force/position control is depicted in Fig. 2a, where it To provide a quantitative comparison, the root-mean-
can be appreciated the decoupled architecture as is propos@drred error (RMSE) for each set of experiments was com-

by [14] for ground- xed manipulators. puted using s
The proposed controller of this work was contrasted against ' N
the state-of-the-art force control with the inner position control RMSE = %: (19)

loop presented in [11], whose simplied block diagram is

illustrated in Fig. 2b. Thexg position control is given by The position-based controller RMSE yielded 0.8609, mean-
while, the hybrid technigue RMSE obtained was 0.3782,

(18) showing an advantage in favor of the latter.

d
XB

xg + ki, B+ ks
'y = fx:
It can be noticed that this hybrid approach is a completely V. CONCLUSIONS
different architecture than the proposed, besides it does notn summary, the paper introduces a hybrid force/position
exploit the thrust vectoring provided by the actively tiltingcontroller tailored for aerial manipulators equipped with tilting
propellers, so the proposed architecture in this work is compropellers, evaluated within tHe@azebo physics-engine-based
pletely novel concerning the aerial manipulators. simulator. Compared to a state-of-the-art force control method,
The following experiments were conducted. Firstly, ththe proposed controller demonstrates superior performance by
aerial manipulator was commanded to deliver a set of veffectively sustaining forces of up t8 N, surpassing the
different desired horizontal forces alomg to a rigid object, 5 N limit of the comparator. Quantitative analysis employing
for one minute each, using the force control with innemot-mean-squared error (RMSE) favors the proposed hybrid
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