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Abstract—1In this paper we introduce a comprehensive
framework to control an aerial manipulator, i.e., an aerial
vehicle with a robotic arm, in physical interaction with a human
operator or co-worker. The framework uses an admittance
control paradigm in order to attain human ergonomy and
safety; an interaction supervisor to automatically shape the
compliance based on the interaction regions defined around the
human co-worker; a projected gradient redundancy resolution
scheme to exploit the multiple degrees of freedom of the aerial
robot to accommodate for possible additional secondary tasks;
and a quadratic programming optimization-based inner loop
to cope with real world input saturation and increase the
safety level of the human co-worker. The control framework
is demonstrated and validated through numerical simulations
with a human-in-the loop.

I. INTRODUCTION

Advances in Aerial Robotics research in recent years
have shown both the viability and effectiveness of using
aerial robots with various designs, including, e.g., aerial
manipulators, in tasks that require physical interaction with
the environment [1], [2]. In particular, aerial manipulators,
with both fully actuated and under-actuated configurations
are showing great promise in very complex physical [3], [4]
and motion tasks [5]. In parallel, the domain of safe physical
Human Robot Interaction (pHRI), specifically in the realm
of fixed base manipulators, has been studied extensively over
the last two decades [6]-[8], and it is steadily becoming a
reality with numerous examples outside lab environments in
addition to evolving ISO standards and specifications that
allow for more interaction between human operators and
robotic co-workers.

The advances done in aerial robotics with regards to physi-
cal interaction with the environment has also sparked the idea
of aerial robots interacting with humans at elevated places.
One can envision aerial robots of the future performing tool
deliveries or some cooperative tasks with a human operator
which are working at height. Up till now, the idea has been
investigated only briefly in aerial robotics literature with just
a handful of results. In [9] the suitability of an admittance
control scheme to physical human-quadrotor interaction is
shown, where a human guides a quadrotor carrying a foam
brick. In [10], collision detection and reaction techniques,
presented in [6] for fixed base manipulators, are extended to
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aerial robots to increase safety. Additionally, a comparison
between impedance and admittance control is performed for
a quadrotor. In [11], a human interacts with an aerial vehicle
via a cable in which again an admittance control scheme is
used for safe pHRI. In [12] the long reach configuration —
consisting of a dual arm aerial manipulator suspended with a
passive bar — is used to perform a tool delivery. One can see
that in [9], [10] and [11] the human interacts with the aerial
vehicle through the air frame or a cable, which limits the
applications of the interaction to physically guiding the aerial
vehicle in the air. Some works in aerial robotics have also
investigated the problem of cognitive interaction between
an aerial robot and a human operator, for example in [13]
sensory devices such as eye tracking glasses and an inertial
measurement unit are used for a human to give spatial tasks
to an aerial robot.

Safety is of paramount importance during pHRI. A human
interacting with the robot should feel safe with respect to the
robot mechanical design (e.g., moving parts like propellers)
and the robot motion (e.g., proximity to the human). Addi-
tionally, the robot should not, under any circumstance, cause
injury to the interacting human. As mentioned earlier, liter-
ature on safe pHRI, tackles these different aspects of safety,
but with a clear focus toward manipulators on a fixed base.
A fundamental difference between fixed base manipulators
and their aerial counterparts are the actuation capabilities,
which has implications on safety in pHRI. Firstly, aerial
manipulators that can be used in the proximity of a human
operator are extremely constrained in the available energy ad
power. Most of their actuation strength is used for gravity
compensation. The remaining part of the actuation that can
be used for physical interaction is in general much lower
than the one a human collaborator can exert on the system.
As a consequence it is much harder for an aerial manipula-
tor controller to implement a correct and safe interaction
behavior because the actuation subsystem is continuously
prone to be pushed to its limits. Therefore, we believe that
designing a controller that can minimize the divergence from
the predefined safe interaction behavior, in the case of control
input saturation, is an important step toward safe aerial pHRI.
Secondly, in dangerous situations a fixed base manipulator
can be stopped by applying brakes or high gain feedback,
on the other hand, an aerial manipulator obviously can not
be turned off in midair. These two important aspects led
us to conclude that for obtaining a safe and ergonomic
human-aerial robot interaction, an interaction control control
scheme must take into account actuation limits explicitly.
This is in line with a recent trend — in aerial robotics — that
promotes the use of optimization-based control to pursue
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Fig. 1: Example of AM: the aerial manipulator at RAM-UT, with a fully
actuated hexarotor aerial vehicle and a 3-DoF arm, thus 9-DoFs in total.

various objectives while including explicitly the actuation
limits [14], [15].

In this work, we propose what we believe is at date
the most complete physical interaction control scheme for
aerial manipulators that is suitable for safe and ergonomic
human-aerial-robot physical interaction tasks. The method
has the following features. First of all, in light of the previous
considerations, it embraces explicitly the input bounds in its
formulation. Second of all it exploits the redundancy of the
aerial manipulator in order to attain possible secondary tasks.
Finally, it allows a compliant and safe physical interaction
with a human operator. The last two features represent a
substantial improvement compared to the previous work [16]
from some of the authors. Physical simulations with human-
in-the-loop demonstrate that 1) the approach enlarges sensi-
bly the interaction working domain when compared to more
standard inverse dynamics-based approaches, and 2) the
proposed approach is very promising for a safe and effective
future applications in human-aerial-robot physical interaction
tasks on real-world systems, which is the next natural step
after this work.

The paper is organized as follows. We start by describing
the model of the aerial manipulator in Sec. II. The pro-
posed control framework is then presented and detailed in
section III. A number of simulation studies is provided in
Sec. IV and some conclusive remarks are given in Sec. V.

II. MODELLING

We consider an aerial robotic system composed of a
fully actuated aerial vehicle endowed with a robotic arm
possessing n, Degrees of Freedom (DoFs). We shall refer
to the full system as an aerial manipulator (AM), see Fig. 1
for an example.

The frames needed to describe the state of the AM are the
fixed world frame Fy, with unit axes (zw,yw,zw) and
origin Oyy arbitrarily placed, the aerial base frame F, with
unit axes (@, Yp, 2p) and the origin Oy placed at the center
of mass of the aerial vehicle, and the end effector frame
Fg with unit axes (g, yg, zg) and the origin Op rigidly
attached to the end effector (EE) of the robotic arm.

The configuration of the AM is given by q =
(py, Ry, qa) € Q C R3 x SO(3) x R™. Where, p, € R3

and Ry, € SO(3) represent the position and orientation of F;,
with respect to Fyy, respectively, and g4 € R™* represents
the arm joint angles. The AM pseudo-velocities are given
by ¢ = [v] w, v}]" € R¢T"a. Where, v, € R? € R3 is
the velocity of Oy expressed in Fyy, wy, € R3 is the angular
velocity of F; with respect to Fyy, expressed in F, and

v4 € R™e are the joints rates.

A. Kinematics

The position of Oy and the orientation of Fg with respect
to Fy can be computed in terms of g using the Denavit-
Hartenberg paramterization, and the differential kinematics
can be used then to compute the EE instantaneous velocities
ip = [v} wh]T € RCas

&g =J(q)q, (1)

where J(q) is the geometric Jacobian. Furthermore, the
acceleration level differential kinematics, which is relevant
to our proposed control scheme, is computed by taking the
time derivative of (1)

& =J(q)d+ J(q,d)d. )

B. Dynamics

By computing the kinetic and potential energy of the
system and applying the Euler Lagrange formalism, the
dynamic equations of the AM can be derived as

M(q)i+c(q,d) +9(q) = [w) 71| +wexr, 3

where M(q) € R6+7a)x(6+na) 5 the inertia matrix,
c(q,q) € ROTa represents the Coriolis and centrifugal
effects, and g(q) € R6*"« is the gravity vector. The control

wrench is represented by [w, 74 | " where wj, € RS is the
control wrench applied by/on the aerial vehicle, and 74 € R3
represents the input torques of the mn,-DoF arm. Lastly,
Wexy € RO« represents the external forces or torques
acting on the AM.

The actual system inputs of the aerial vehicle are the indi-
vidual propeller thrust forces which can be related linearly to
the squares of the propeller angular rates (see [17]) denoted
with w,, € R"», where n,, is the number of propellers. The
wrench mapping between wy, and w), is given by a grasp-like
matrix G, € R8> je.,

wp = Gwp. 4)

Thanks to the full actuation assumption we have that G,
is full rank [17], which means that the applied wrench can
be changed in all directions (locally). A global full actuation
represents an ideal case, therefore we shall introduce both
upper and lower bounds to the inputs to make the model
much closer to the real situation, see later.

We assume that the only source of external forces and
torques on the system is the collaborating human operator
that interacts with the AM via the EE. Due to the duality
between force and velocity, the relation between the human
contact wrench wy, € R at the EE and wWey is given by

Wexs = J(q) " wy,. )
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Fig. 2: Block diagram illustrating the proposed control framework.

Plugging (4) and (5) into (3) we obtain

M(q)§ + c(q,q4) +g(q) = Gu+ J(q) 'wy,  (6)

T .
Where u = [w;,r ‘r;lr] are the actual system inputs and

Gﬂ)

Ona XNy

G= Osxn. | (7)

Inaxna
Finally, for the sake of adherence with the real world
conditions, we introduce the following input constraints:

u < u < Uy, ¥

where u; and w, are the lower and upper bounds of the
input, respectively.

III. METHODOLOGY

The proposed control scheme is composed of several
interconnected subsystems as depicted in Fig. 2. An admit-
tance controller (also referred to as the admittance filter)
is used to allow the AM to interact safely with a human.
The parameters of the desired impedance dynamics used
by the admittance controller are computed online by the
interaction region supervisor based on the relative position
of the robot and the human. The EE reference trajectory
generated by the admittance filter is used by a Cartesian
space trajectory tracking controller, which is divided in three
stages. First, an outer loop Cartesian controller, including
PD and feedforward terms, stabilizes the EE tracking error.
Then the computed control effort at the EE is converted to
the joint space via an acceleration level inverse kinematics
with a redundancy resolution based on the projected gradient
method. Lastly, at the inner most level of the controller, a
constrained quadratic program is solved by the inner loop
Quadratic Program (QP) optimizer to compute the system
inputs taking into account the input limits. In the following
we shall detail each component of the proposed scheme.

A. Cartesian Space Trajectory Tracking
Consider a full pose trajectory tracking task (task dimen-
sion m = 6) for the EE of the AM given by 7, = (p’;, R};),
where p, € R? is the reference position of the EE and
R, € SO(3) represents the reference orientation of the EE.
The inner loop QP optimizer solves the convex QP

1
minimize iuTPu + fTu (9a)
u

subject to:  u; < u < Uy (9b)

where,

P=(MYq)G) (M '(q)G)
fl=(h—ay)" M (q)

h=M""(q)(—c(q.q) — 9(q) + Wext)-

Such optimizer, which is the innermost loop of the control
scheme, is tasked to compute the system inputs that minimize
the quadratic objective (§ — a,) ' (§ — a,), where a, is a
virtual input provided by the adjacent outer loop, i.e., the
inverse kinematics and redundancy resolution (see Fig. 2).

In the ideal case, (i.e., the optimal input would achieve
4§ = a,) the optimal solution is input-output decoupling
and linearizing. However, in that case, we do not achieve
exact feedback linearization, since for a fully actuated AM
with n, > 0, the robot is redundant with respect to a
full pose tracking task, and there exist an (6 + n,) — m-
dimensional internal dynamics, This aspect is taken care by
the redundancy resolution subsystem, described below.

The virtual input a, is computed by first computing the
T, T ] T

EE tracking error vector a. = [aela62 as
Qe :ﬁ£+KP1(p£_pe)+KP2(p£ _pe) (11)
e, =w. + K, (W —w.) + K,,er (12)
with the orientation error defined as
1 .
en = 3 [RUR] - R’ R.).. (13)

This computation is referred to as outer loop Cartesian
controller in the block diagram (see Fig. 2).

The redundancy resolution subsystem then computes a,
as follows

a, = Jiy(@)(ac — J(q.9)4) + (Isrn, — Ty (@) (q))a,

(14)
where, J JV (g) represents the  weighted pseu-
doinverse of J(q) computed as J;V(q) =

W=J(q)"(J(@W~'J(q)")"!, and W is a weight
matrix that affects the distribution of motion over the joint
space variables taking into account the AM capabilities.
As discussed by the authors of [18], the weights can be
chosen such that navigation tasks are performed mainly by
the aerial vehicle while manipulation tasks are executed
mainly by the ng,—dof arm. The task Jacobian J(q)
possesses a (6 + n,) — m dimensional null space, which

4857

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on August 02,2023 at 07:14:34 UTC from IEEE Xplore. Restrictions apply.



can be exploited by projecting an additional virtual input
a in the null space by means of the null space projector
(Iotn, — Jiy(@)J(q)). The vector a, represents the
preferred joint-space accelerations to be executed in the null
space of J(q).

To design a, we use the projected gradient approach [19],
in which desired behaviors are represented as optimization
criteria of some objective functions. The weighted sum of
the gradients of these functions is then projected in the null
space using (14). A term that stabilizes the internal dynamics
is also added to a, by default.

In general, to keep a variable x as close as possible to the
midpoint of its operating range x € [z, x,] the following
objective function can be used

1/ z-—z\°
0 =5 (7 5)

Ty +x)
5

(15)

where T =

As discussed in [20], for a uni-directional thrust fully
actuated aerial vehicle —i.e., the typical aerial vehicle possess
propellers that can produce force in only one direction — it
is important to keep the platform tilt angles (i.e., the roll and
pitch) within an operating range to avoid generating unfea-
sible thrust commands. Consequently, we use two objective
functions similar to (15) — namely H,(¢) and H,(0) where ¢
and 6 are the roll and pitch angles respectively extracted from
Ry, — to favor configurations with tilt angles that are close
to zero. Similarly, we use H,(qg4,) to favor configurations in
which the i joint angle of the arm within is in the middle
of its range, for all ¢ = 1,...,n,. Finally, a, is computed

as follows 1

24 ng

VH - K,q (16)

a, —

i=1

VH = <—/€1V¢Hr(¢) — k2 Vo H,(0) — Z kiquiH‘(in)>

where, K,, € R(6+7a)x(64na) 5 3 positive definite diagonal
matrix, and k1, ko, and the k;’s are positive scalar gains that
define a priority between the gradients.

B. Interaction Control

1) Admittance Control: Impedance and admittance con-
trol schemes, initially described in the seminal work [21],
allow to shape the interaction forces when interacting with an
unknown environment. By modeling the interaction as a mul-
tidimensional mass-spring-damper system, and then choosing
the appropriate values for the apparent inertia, damping, and
stiffness, the interaction between a human operator and a
robot can be made safe and intuitive/ergonomic.

We assume that an external planner (whose design is out
of the scope of this work this scheme) provides a desired
EE trajectory z¢ = (p?, RY), where p¢ € R? is the desired
position of the EE and R? € SO(3) represents its desired
orientation. The admittance control changes the desired EE
trajectory by computing the desired (apparent) impedance
dynamics given by

where Avg = p? — p’ is the velocity error and the pose
error ep is given by

ep = 1
2

The result is the reference trajectory that is tracked by the
motion controller described in Sec. III-A.

2) Interaction Region Supervisor: We assume that the
environment where an aerial manipulator would collaborate
and interact with a human operator is limited in size,
particularly since human operators working at great heights
like power transmission lines are usually inside crane boxes
or attached with ropes. We choose arbitrary shapes that are
defined apriori around the human operator, which we call
interaction regions.

The interaction region supervisor (see Fig. 2) is in charge
of modifying the apparent stiffness Kz of the impedance
dynamics (17) based on the position of the EE within the
interaction region. In particular, inside the interaction region
the apparent stiffness is made very light so that the robot
can be guided freely by the human operator. If the robot
is driven out of the interaction region, the robot apparent
stiffness increases quadratically to bring the robot back to
the edge of the interaction region, where it is within reach
of the human operator.

p! —pl

(ReR;" ~RIRS) ] (18)

I'V. RESULTS OF NUMERICAL INVESTIGATIONS

In this section, we investigate the properties of the pro-
posed control scheme and validate its performance in a
number of different simulations. Our objective with the
presented simulation studies is to assess the behavior of
the AM under the influence of interaction forces, with
possible input saturations, in an pHRI scenario. The AM
platform used in the simulation is modeled after a real
platform designed at the Robotics and Mechatronics lab at
the University of Twente, see Fig. 1. The fully actuated aerial
vehicle is a fixedly tilted-propeller hexarotor, hence n, = 6.
A lightweight 3-DoF arm (i.e., n, = 3) is mounted below
the aerial vehicle. The arm alone weights 1 Kg and its mass-
to-payload ratio is 1 : 1. The robot has in total 9 DoFs and
therefore it is redundant with respect to the end effect task,
which is 6 dimensional.

A. QP versus Post-saturated Feedback Linearization

As mentioned in Sec. III, in the ideal case — i.e., without
input saturation — the optimal input is the feedback lineariz-
ing one, and a standard feedback linearization scheme based
on inverse dynamics would suffice to solve the Cartesian
space EE tracking problem. However, during physical inter-
action between the aerial manipulator and a human — and
in general this holds for any uncontrolled environment —
the force exchanges with the human might lead to input
saturation in the real robotic system. Even the more so
when considering the limited actuation capabilities of aerial
manipulators. In such cases each entry of the input computed
by the feedback linearization that exceeds the corresponding
entry of the input limits u; or w,, would be saturated by the
system itself, regardless of what the feedback linearization
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[ PSFL vs QP: maximum tracking squared error norm |

External force | PSFL max squared | QP max squared
intensity pose error norm pose error norm

5N 0.0 0.0

6N 127.2 0.9

7N 176.1 36.4

8N 190.5 132.7

9N 850.6 339.0

[ > 10N ] unstable | stable until 25N _|

TABLE I: Comparison between the maximum values of squared pose error
norm of the EE tracking during when the AM is controlled by a Post-
saturated Feedback Linearization (a.k.a. Inverse Dynamics) compared to
the proposed QP-based approach.

controller asks to the system. Therefore, we refer to the
feedback linearization approach with the more accurate term
of post-saturated feedback linearization (PSFL).

The natural question is therefore whether our approach
performs better than a simpler PSFL approach, i.e., if the
added complexity pays off. Such question is of fundamental
importance because the more the Cartesian tracker is able to
minimize the tracking error the more the overall compliant
control scheme is able to mimic the desired impedance
therefore resulting in a behavior which is more predictable,
more ergonomic, and safer for the human operator.

In order to answer such question, we conducted a nu-
merical simulation campaign that compares the proposed
scheme and a PSFL one. In such campaign we task the
AM to remain still in a homing configuration while we
incrementally increase the interaction force. To achieve so
we set wy, = [wpe(t) 0{,5] and choose wp,(t) as a
train of five force pulses where each pulses lasts 1s, and
whose amplitude increases from 5N with steps of 1N,
until the system can remain stable under the action of such
interaction force, which acts as a disturbance. We assume
that a measure or an estimate of such force is available to
the AM. This measure is used within both control schemes
inside (3) and (5). We apply the aforementioned interaction
wrench to the same AM controlled once with the proposed
approach and then with the PSFL approach and we record the
corresponding maximum value of squared pose error norm
of the EE tracking, i.e., ege . We encourage the reader to
watch the multimedia attachment to see how such simulation
is performed.

The results of the simulation campaign are gathered in
Table I and show a clear superiority of the proposed approach
when compared to the PSFL one. With a disturbance force
of magnitude less or equal to 5N, both schemes are able
to counteract the the disturbance without saturating the
AM actuators and resulting in zero tracking errors. As the
disturbance force increases, the QP-based scheme obtains
a sensibly lower maximum tracking error compared to the
PSFL and a nicer degradation of the tracking performances.

The second result is that when applying an external force
of 9N, or larger, the PSFL scheme fails in controlling the
platform, while the QP based scheme is able to maintain
a stable flight subject to an external force of up to 25N,
i.e., the proposed approaches enlarges the range of feasible
interaction forces by almost thee times. It reasonable to infer

Fig. 3: Human-in the Loop Simulations of Physical Interaction. In transpar-
ent green the interaction region, the green line is the desired trajectory, and
the red line represents the direction and magnitude of the force applied by
a real human operating the joystick during the simulation.

that interaction forces that are larger than 25N cannot be
handled by the simulated platform because of the limited
nature of the inputs which makes the stabilization task
practically impossible with that amount of disturbance.

B. Human-in the Loop Simulations of Physical Interaction

To show the effectiveness of the full control scheme
in a human interaction-like scenario we used a Gazebo
environment. The control scheme is implemented on Mat-
lab/Simulink, with the interfacing between the controller
and the robot being managed by combination of Gazebo-
yarp and Gazebo-genom3 plugins. The physics of the aerial
manipulator is instead computed by Gazebo, using the ODE
physics engine, thus avoiding to validate the controller with
the same equations that we used to implement the controller
itself, which is a good practice in simulation, see Fig. 3.
Additionally, we developed a Gazebo plugin which converts
human commands provided online by a real human from a
joystick to forces applied at the EE of the robot.

1) Simulation scenario: Navigation, Interaction and Col-
lision: The first simulation depicts a scenario composed
of three phases, referred to as Navigation, Interaction and
Collision, respectively. In the Navigation phase AM follows
a desired EE trajectory close to the human and then stops
in front of the human co-worker, just inside the interaction
region. Then the Interaction phase starts, in which the
human co-worker guides the AM freely inside the interaction
space, where the interaction dynamics supervisor imposes the
appropriate stiffness for such region, which is chosen to be
very small. Lastly, during the Collision phase, a relatively
large force — simulating an accidental contact between the
human operator and the AM — drives some of the robot inputs
to saturation.

The EE reference tracking in the navigation phase can be
seen in the first portion of the plots of Figs. 4 and 5. The
Cartesian space trajectory tracking controller successfully
achieves its task.

The interaction phase is then started when the human oper-
ator, intentionally, applies forces to the robot. The interaction
forces by the human operator are displayed in Fig. 6. The
effect of the interaction control subsystem can be seen by
inspecting Figs. 7 and 4, during the Interaction phase. The
desired trajectories are modified by the admittance filter (see
Fig. 7) to produce reference trajectories that attain the desired
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Fig. 4: Scenario 1: The evolution of the EE position throughout the three
phases of the Navigation, Interaction and Collision simulation.
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Fig. 5: Scenario 1: The evolution of the EE orientation throughout the three
phases of the Navigation, Interaction and Collision simulation.

apparent compliant behavior. These trajectories are tracked
as closely as possible by the motion tracker, which can be
observed in the corresponding section of Fig. 4.
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Fig. 8: Scenario 1: The propeller speeds which are the actual inputs to the
aerial vehicle. Note the input saturation in the collision phase.

Lastly, the collision phase starts when the human operator
applies abruptly a force of approximately 11N to the AM,
two times consecutively, simulating accidental contacts. This
leads to saturation some of the propeller inputs as shown in
Fig. 8. However, as it can be appreciated the AM is not
destabilized by this event and is able to recover.

V. CONCLUSIONS

In conclusion, in this paper we proposed a control frame-
work to enable physical human robot interaction for aerial
manipulators, where it is very important to consider actuation
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Fig. 6: Scenario 1: The inputs provided online by the human in-the-loop
via the joystick and applied at the EE of the robot.
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Fig. 7: Scenario 1: The desired trajectory which is the input to the admittance
filter is plotted vs the output of the filter which is the reference trajectory.

constrains. The framework is composed of and optimiza-
tion based Cartesian space trajectory tracking controller, it
resolves the redundancy by incrementally optimizing some
objective functions and taking into account operating ranges.
The scheme is then combined with an admittance filter for
safe physical human robot interaction and an interaction re-
gion supervisor for taking into account the needs of different
interaction modalities depending on mutual position with
respect to the human co-worker. The system was validated in
simulation, and the results show the viability of the approach
to aerial manipulator physically interacting with humans.

Future work will be mainly focused on the experimental
test of the proposed framework on the real prototype depicted
in Fig. 1, which will include the use of on board sensors
for tasks such as force measurement, human intention un-
derstanding, and interaction region detection, among others.
In order to realize and test the proposed control framework
on the real AM prototype, we expect some challenges that
are particularly interesting to the practitioners in the domain
of physical aerial interaction. One of the most notable
challenges is the operational mode of the actuators of the
attached robotic arm. Due to payload restrictions on aerial
platforms, torque controlled robotic arms are not always pos-
sible, alternatively, position and velocity controlled motors
are used. There has been a few examples in the literature
that have tackled this issue in different ways, see [16] and
[22]. However, in these works, the AM control was done
in joint space with no exploitation of redundancy. It will
be interesting, to evaluate the Cartesian space controller
performance with the methods proposed in the previous
works.
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