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Abstract

This chapter investigates the problem of an aerial manipulator interacting with the envi-
ronment. The chapter is split into two parts. The former considers an aerial device with tilting
propellers that, thanks to a super-twisting slide mode controller, can control the interaction force
for inspection task purposes. The latter proposes a hardware-in-the-loop simulator for human
cooperation and environmental interaction with an aerial manipulator. This part includes the
mathematical background and theoretical derivation with insights on the relative stability proofs.
Simulations in a highly realistic environment endowed with a physics engine and real experiments

validate both the proposed approaches.

Introduction

As the name suggests, aerial manipulation means the possibility to bestow manipulation
capabilities to unmanned aerial vehicles (UAVs). Aerial manipulators are nowadays more and
more employed in maintenance and construction tasks [1]. Their strength resides in the agility
these systems offer, as they are not limited by distance and height as much as human workers
usually are, but also in accurate and powerful manipulation capabilities. Other possible actions
are given by grasping, transporting, positioning, assembling, and disassembling mechanical parts,

instruments, measurement units, and objects.

Aerial manipulators are compound by a UAV with either a gripper (or a tool) or a several
degree-of-freedom (DoF) robotic manipulator(s) on board. In the former case, also known as
flying hand (FH), the object cannot be moved independently from the UAV. The latter case
provides versatility and dexterousness instead. A gripper can be directly attached to the UAV
in the FH case. In this circumstance, mechanical design plays a crucial role. Another solution
is to use passive cables or tether mechanisms. Nevertheless, the elasticity of these structures

poses several problems in modelling and simulating these devices through reliable software,
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complicating the controller design. Through FHs, more than pick-and-place operations are not
possible. For this reason, a UAV equipped with a robotic arm with several DOFs increases
dexterity in the manipulation task. If the presence of the carried object in the FH case creates
coupling effects in the dynamic model of the system, the robotic arm in an aerial manipulator
provides even more issues since its dynamics depend on the system’s current configuration state.
Basically, for this latter case, two approaches tackle the control problem. The first is a centralised
approach, where the UAV and the arm are seen as unique entities to be modelled and controlled.
The second is a decentralised approach, where the UAV and the arm are seen as two separate and
independent systems interacting each other. Recent states of the art regarding aerial manipulation
can be found in [2], [3].

The UAVs usually employed in aerial manipulators are multi-rotor vehicles. These have
conventional designs with parallel-axes rotors having the property of being underactuated and
strongly coupled systems. Designs with parallel-axes rotors are divided concerning the propul-
sion configuration. The most common designs incorporate single propulsion units (quadcopter,
hexacopter, octocopter) or coaxial propulsion units [4]. Non-parallel-axes rotors designs with
tilted or tilting rotors can instead overcome the inherent underactuated property of parallel-axes
rotors designs [4], but they anyway represent a challenging problem from the control engineering
perspective. Another consideration for designing the control system of an aerial manipulator is
the possible interaction with the environment, even including other UAVs, aerial manipulators,
or humans. Indeed, aerial manipulators can help humans with their daily activities, especially
in tasks where the human judgement or physical intervention is still necessary. As the human
workspace becomes more and more crowded with these aerial robots, it becomes of paramount
importance to understand how the interaction between the two is established, especially in terms

of safety for the human operators.

Therefore, this chapter investigates the control design for an aerial manipulator interacting
with the surroundings. In the first part, the aerial manipulator should deliver a sustained force to
the environment (i.e., a wall). A decentralized control approach is presented for sustained force
delivery tasks, in which the UAV is independently controlled from the arm. Since such a robotic
arm is equipped with position-source actuators, the main scope of the chapter’s first part is dealing
with the omnidirectional flight control of the UAV and exploiting this property to deliver lateral
force upon a vertical flat surface. A second-order sliding mode control approach is implemented
for trajectory tracking of the omnidirectional UAV, which switches to a “transparent” force
regulator since it is provided with tilting propellers. In the chapter’s second part, the aerial
manipulator deals with the safe interaction with humans. In this regard, the use of a hardware-

in-the-loop simulator for human cooperation has different advantages: (i) it may play the role
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of a training interface work workers since it allows for physical interaction without the intrinsic
danger of rotary-wing platforms; (i) it allows the introduction of software safety layers, like a
predetermined bounding box for the manipulator; (7i7) it lends itself to developing and testing

both autonomous and human-aerial manipulator interaction control strategies.

Both chapter’s parts rely on using a simulation environment endowed with a physics engine
to assess the control effectiveness, which represents a step beyond the traditional numerical

simulation since the results are closer to the actual behaviour of the real platform.

The work presented in this chapter is split into two parts: the first one details the design and
implementation of a model-free robust control technique for an aerial manipulator compound by
a tilting (non-parallel-axes) quadrotor and a 6-degree-of-freedom (DOF) manipulator on board.
The experiments showing the performance of the proposed controller were carried out within
the Gazebo simulator, a widely employed robot simulator with physics engines, and consisted
of flight trajectory tracking and horizontal force delivery. The second part, on the other hand,
is related to developing a hardware-in-the-loop simulation system for interaction tasks. Such
a setup is compounded by a simulated standard parallel-axes quadrotor with a 6-DoF arm on
board, a hardware interface to enable the force-based interaction task and a middleware. Two
experiments show the success of the proposed system, namely a human-drone interaction task
and the installation of a bird diverter into an electrical wire.

Preliminaries and notation

In this section, general notation is introduced. Local symbols for each part are left in the
related sections.

T

Let x(t) = [ml(t) -+ x,(t)] € R™ denote a vector, the following operator is defined
as in [5]
|1(t)|*sign(z1 (1))
[x(t)]" = : , (1)
(2 (1) sign (2 (1))
where ¢ € R denotes a constant equal for each component z; € R, with ¢ = 1,...,n, of the
vector x. Its time derivative is given by
% Ix(6)]"=qJ (Lx(tﬂq_l) x = ¢ diag (|z;(t)|"") x, ()

where J ([2(t)]7") € R™" denotes the Jacobian of |z(t)]?. Notice that (1) and (2) are
continuous functions as long as ¢ # 0.
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The identity matrix of proper dimensions is represented by the symbol I,, € R™*". The zero
matrix of proper dimensions is given by 0,,»,, € R"*"™. The zero vector is denoted by 0,, € R".
The vector e; € R? denotes the ith standard basis vector. The matrix denoting the rotation of
an angle z € R around each standard basis vector is R, () € SO(3), with ¢ = 1,2,3. The
symbolism S(x) € R3*3 denotes the skew-symmetric operator of a generic vector x € R3. For
space reasons, the functions cos(x) and sin(z), with € R a generic angle, will be shortened
with ¢, and s,, respectively. Cartesian norms are employed in this chapter and they are denoted
with the symbol || - ||.

The position and orientation of the UAV are defined through the frame ¥, attached to the
body center of mass (CoM), whereas the inertial frame is represented by >.,,. The position of 3,
in ¥, and its attitude are denoted by p, = [m, Y, z]T € R? and Ry, € SO(3), respectively. The
attitude can alsTo be expressed in a minimum way through the roll-pitch-yaw Euler angles family,
0 = [gb, 0, ¢] € R3. The linear and angular velocity of Y, in X,, are denoted by p, € R? and

w;, € R3, respectively. The pose of the UAV can be stacked in the vector & = [pg, oﬂ ! € RS,
The position, velocity, and acceleration of the on-board manipulator joints are given by q € R™/,
q € R, and q € R", respectively, with n; > 0 the number of joints. The manipulator joints
are controlled through the torque input vector 7, € R". As for the UAV, a distinction is made.
In the first part of this chapter, a quadrotor with tiTlting propellers is considered. Therefore, the
control input vector is u? = [ux, Uy, Uz, Ug, Ug, u¢] € RS, expressed in ¥;. In the second part of
this chapter, the quadrotor cannot tilt its propeller, resulting in the classic parallel-axes quadrotor
whose control input vector is ul} = [uT, ‘rbT} € R%, with up > 0 the total thrust and 7° € R3

the control torques acting around the Y, axes and expressed in 2.

Additionally, TABLE 1 contains the intrinsic parameters of the UAV.

Part I - Super-twisting sliding mode controller for an omnidirectional aerial

manipulator

Related work and contribution

Sliding mode control (SMC) is a powerful tool for controlling disturbed uncertain systems,
but also it is well known for its chattering effect as the main drawback, at least for mechanical
systems. On the other hand, several techniques deal with this effect, such as replacing the dis-
continuous function for a continuous one or the use of higher-order sliding mode techniques [6].
In this context, the super-twisting sliding mode control (STSMC), a second-order SMC type,
offers a suitable alternative with the following advantages: () the chattering effect is significantly



TABLE 1: Symbols used to represent the parameters of the UAV.

Symbol Meaning
m >0 Total mass of the UAV
g>0 Gravity acceleration
[>0 Length of the boom from the center of the airframe to the rotor
ky >0 Thrust coefficient
km >0 Drag coefficient
o= Z—TZ >0 Thrust-drag ratio coefficient
S Orientation of the ith propeller with respect to the airframe
Yy Spin sense of the ith propeller, 1 if clockwise and —1 if counterclockwise.
For the specific case it ¥; = —1, ¥ =1, Y3 =—1,and ¥4, =1
w; € R Spin velocity of the ith propeller
a; €R Tilting angle of the ith propeller with respect to the airframe horizontal plane

reduced by replacing the discontinuous control for a continuous one; (i7) the chattering is hidden
behind an integral action; (7i7) such an integral action increases the robustness. These advantages
have been recently exploited by researchers for controlling quadrotor UAVs with both numerical
simulation and successful experimental results [7], [8]. For the case of omnidirectional multi-
rotor, second-order SMC has also been applied in simulation for tilting quadrotors and tilted
hexarotors [9], [10], [11], nonetheless, authors do not take into account the allocation, which is
critical for mapping the computed six-dimensional control wrench to the thrust that the tilting
rotors must supply. Therefore, a more reliable result was presented in [12], where a model-based
integral SMC is used.

Regarding aerial manipulators, high-order SMCs have also been implemented. Recent
researches have successfully tested, in numerical simulation, both terminal sliding mode control
and STSMC for non-tilting quadrotor-based aerial manipulators [13], [14], [15], which are also
the closest results to those presented in this work.

The contributions presented in this part of the chapter with respect to the current state of
the art are the following: (¢) this chapter deals with the control of an omnidirectional quadrotor
with actively-tilting propellers and a 6-DoF manipulator on-board, differently from traditional
quadrotor-based aerial manipulators; (ii) the proposed controller is an STSMC for full pose
tracking, taking into account the allocation matrix, that is missing in the related literature;

(1ii) the presented controller is extended to a hybrid pose/force regulation for sustained lateral



2

o

2

>

force delivery, which also a novelty to the latest results; (iv) the delivered force is controlled
and sustained for at least 60 seconds, which is a long-time exerted force up the authors’ best

knowledge.

Omnidirectional manipulator dynamics

The generalised aerial manipulator dynamics can be found in [16]. However, in this part
of the chapter, we consider the manipulator actuated by servomotors and controlled in position.
Therefore, we consider all the disturbances from the manipulator to the UAV lumped in the
gravity, Coriolis, and centrifugal terms. Thus, for the design of the controller, we start from the

following mathematical model

1
mls  Osx3 Ryu’ — O3x3 03x3
) t

£ = .
O3x3 Mp(0p 0353 C(0p, 0p)

é - So(ga q, q)) ) (3)

with My (0p) € R3*3 the symmetric and positive definite (provided that 6 # +7/2 [17]) inertia
matrix of the UAV’s angular part expressed as function of the roll-pitch-yaw Euler angles, R, =
blockdiag(R;, Ry) € R%%6, C(oy, 0) the Coriolis matrix of the UAV system, and ¢(g,q,q) €
RS the vector containing the gravity and the lumped disturbance effects from the manipulator.
Breaking down the control inputs mapping yields

-u$(0w09) + Uy (CpSeSe — SypCy) + Uz (CpSeCy + SySg)
Uy (SyCo) + Uy(SpSese + CpCe) + Us(SpSecy — CpSe)
_ —Uz(Sg) + Uy(CoSy) + U, (CoC

]

Ug

B Uyp i
The control crossed-terms can be considered as matched disturbances affecting the same channels

of the non-crossed control inputs as expressed below

ug(cpco) | [uy(cpsess — syce) + uz(cpsocs + sy54)]
Uy (S9SeSe + CyCo) Uz (Syco) + us(spsecy — cypSe)
_ U, (CcoC —Ug(Sp) + Uy(CyS
Ry’ — (uj, o) N (s0) : u(Co55)
Ug 0
L Uy 1L 0 |
= I‘(Ob)u?+A(uxauy7uzaob)a (5)

where
F(Ob) = blockdlag (dlag ([Cng, SyS6S¢ + CyyCeps Cgc(é}) ,Ig) R

6



Figure 1: Tilting propellers kinematic parameters.

and A(ug, uy, u,, 0p) € RS is a disturbance-like vector containing control crossed-terms.

For the quadrotor with tilting propellers considered in this part of the chapter, refer to
Figure 1. Each rotor is located at a distance [ with an orientation ¢ with respect to ¥;. Each
propeller can be commanded to tilt of an angle « about its x; axis. Hence, the 6-dimensional
wrench supplied by the propellers is given by [18]

St @R, (6)Re, (a)es

g [z;:l (IRey(s) X 2 Ros () Rer (0)es — 0:0w 2Ry ()R (a)es) |

b _
u, =

The allocation problem is to find the rotors speed w; and the angles «; to supply the

wrench u? [19]. The thrust supplied by each rotor is compound by

b N~
o= 1] - ] e
iz cos(;)
with 7 = 1,...,4. Notice that for a; =0, ¢+ = 1,...,4, the thrust is the same as a parallel-axes

quadrotor. Furthermore, ¢; determines if the quadrotor is “X” or “+” type. The control thrust of
each rotor can be retrieved as follows

ur; =/ 5, + f2 > 0. (7)

Consequently, the angular velocity of each rotor is computed through the following expression

Ui

ky’

®)

w; =



and the tilting angle of each rotor is obtained through

with7=1,...

,4 in all the above expressions.

a; = arctan2 ( ,2) ’fszy|)

€))

Then, splitting the static parameters from (6), the following allocation matrix is proposed

0 0 0 0 Sa1 S Ses Saa
0 0 0 0 —Cq —Coq —Cgs —Cqy
1 1 1 1 0 0 0 0
A= (10)
lsg, lse, lse, ls,  sqtho  sue0 siUs0 s, U400
—leg  —le, —le, —leg, —cqtho —cy,¥90 —c V30 —c, V40
_—1910' —1920' —1930' —1940' -1 -1 -1 -1 i
Notice that the right pseudo-inverse of such an allocation matrix exists, AT = (ATA)_1 AT
Therefore, the mapping from the control wrench u? to the actuators signals is
£ = [ T e f}f] — AT’ € RS, (11)

Control design

Consider the omnidirectional quadrotor dynamics (3) with split control crossed-terms as
in (5). A control problem for this system is to lead the pose of the UAV to the desired value,
despite the disturbances caused by the on-board manipulator motion and by the control crossed-
terms. From a mathematically viewpoint, the problem is described as follows

lim &€ — O,
t—o00
hm % — Og,

where & = ¢¢
should be at least twice differentiable, and E = 5 — £ € RS is the velocity pose error, with

— & € RS denotes the pose error, w1th ¢’ € RS indicating the desired pose that

E € RS indicating the desired velocity of the pose vector. For the following, E € RS is the
desired acceleration of the UAV’s pose.

The following controller is proposed to lead the UAV to the target trajectory

03><3 03><3

u’ =T(oy) "
! (00) 0345 C(0p,0p)

mlz  O3xs 1/2 e
Ki[s]""+Kow+ K, E+€ | +
Oscs Mb(ob)] [ 1 L 1 oW £+¢§ }

] ¢, (12a)

W = sign(s), (12b)



where K, K;, K, € R%6 denote constant gains and s denotes the following sliding surface
s =B¢+ &, (13)
with B € R%*¢ also constant.
In order to deliver the desired force for a long time (e.g., more than 30 seconds), the
tracking controller is extended so that the behaviour of the aerial manipulator is as a flying tool
able to exert a 6-dimensional wrench [20]. In this case, the experiments are only performed to

deliver sustained force along the zp axis of X, (see Figure 1). Thus, the proposed controller
(12) can be extended for force regulation as follows

mls  Osx3
O3x3 My(op)

O3x3 03x3 ] é

u) = (o) [ ] <K£ + <16 - sl> K, 5]+ (16 - Sl> S,Kow  (14a)

+sat (leff) ) + (14b)

O3x3 C(0p, 0p)

w = sign(s), (14¢)

where f = £ — f™ ¢ RS denotes the error between the desired, f¢, and the measured wrench,
£, at the tip of the end-effector, K; € R6%® denotes a constant gain matrix and S;, S, € RS
denote two switching matrices choosing whether or not to use the force regulation and the
integral action, respectively.

Validation in the Gazebo simulator

In order to assess the proposed STSMC, the following experiments were performed in
Gazebo simulator: (7) trajectory tracking, and (¢i) flying to a target pose and applying a sustained
force.

The STSMC was programmed in C++ language, and it is executed as a ROS node
communicated with Gazebo to obtain the odometry and joint states from the model. Another node
commands both the manipulator and the UAV set points. The aerial manipulator used for this
work is displayed in Figures 1 and 2. It consists of a quadrotor UAV whose propellers are actuated
by a servomotor to rotate about their corresponding x axis. The on-board manipulator is also
actuated by servomotors and controlled in position. The joint configuration can be appreciated
in Figure 2, and the related kinematics is expressed in XJ,. The weight of the UAV is 9.8kg, and
the arm weights about 1.7kg.

The first case study to asses the proposed STSMC (see (12)) consists of commanding the
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Figure 2: On-board manipulator kinematic parameters.

UAV to track the following trajectory in Cartesian space for 90 seconds

7 cos(at) —ar sin(at) —a®r cos(at)
pf = < rsin(at) , Py =1 arcos(at) , P§ =< —a’rsin(at) (15)
1+4+0.1¢t 0.1 0

where r = 0.4m denotes the radius of the circle described mathematically above, and a = 0.25
denotes the period of the sinusoidal signals. The desired orientation is of = 0s. Figure 3 shows
the behaviour of the controlled states. During the first 25 seconds of the experiment, first, the
UAV is taken-off. Then, the manipulator is moved to a home setup. Finally, the UAV leads to a
target pose close to the beginning of the trajectory.

After this process, the trajectory is commanded for 90 seconds. Figure 3 shows the
behaviour of the UAV’s position and orientation, where it can be appreciated the satisfactory
tracking of the reference trajectory. The average norms of the error vectors are ||p|| = 0.0086m
and ||0,]| = 0.1352deg. Figure 4 shows the motion of the aerial manipulator in the Cartesian
space, where it can be observed that the trajectory is correctly tracked. A video of the carried
out simulation is available online '.

In the second case stugy, the aerial manipulator is commanded to the target Cartesian
position p{ = [0.7,0.5, 1.8] m, to apply the desired force of 2.2N for at least 60 seconds.
The force is measured using a Gazebo contact sensor plugin at the tip of the end-effector of
the arm, pointed in Figure 2 as the frame X, : xg, yg, 2g. The experiment also is compound by
the stages: (i) take-off, (i7) arm setup (40 seconds), (ii7) approach to the point (120 seconds),
(7v) contact phase (20 seconds), and (v) force regulation (150 seconds). The last stage involves

Thttps://youtu.be/pJLFsVOek M
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Figure 3: Behaviour of the controlled states during the tracking experiment. Top line: the three
components of the UAV’s position, p,. Bottom line: the three components of the UAV’s attitude,
0p. - - - Reference. — Measured states.

Figure 4: Motion of the aerial manipulator in the Cartesian space. - - - Reference trajectory. —

Measured trajectory.
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both reaching and then holding the desired force. The sample time for the force regulation is
of 1 second. Figure 5 shows the six controlled states of the UAV. The zp axis is not well
regulated; however, a higher reference has been commanded to perform the contact before the
force regulation. Nevertheless, the other degrees of freedom are precisely controlled. The results
of the force control phase are displayed in Figure 6, where it can be appreciated that the force
is successfully regulated to 2.2N for more than 60 seconds. The steady-state force error norm

is | F|| = 0.000012N. The video of the carried out simulation is available online 2.
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Figure 5: Behaviour of the controlled states during the flight and force regulation experiment.
Top line: the three components of the UAV’s position, p,. Bottom line: the three components of
the UAV’s attitude, o,. - - - Reference. — Measured states.

Part II - Hardware-in-the-loop simulator for a physical human-aerial

manipulator cooperation

The developed hardware-in-the-loop (HIL) simulator architecture consists of three main
parts: (i) a model-based simulation of an unmanned aerial manipulator (UAM), composed of
parallel-axes quadrotor equipped with a 6-DoF robotic arm; (i) a hardware interface to enable
a force-based interaction with the simulated robotic model while rendering the motion effects
of the UAM floating base; and (iii) a bilateral software communication interface connecting
the hardware with the simulated model. All these components are integrated through the Robot

2https://youtu.be/Ks261f6orMw
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Figure 6: Controlled force along the xp axis of X;. - - - Reference. — Measured force.

Operating System (ROS) framework, as shown in Figure 7, with specifically designed modules

for each of them.

As the hardware interface interacts with the human operator or the environment, all the
exchanged forces, measured by a force sensor, are applied to the simulated UAM. The simulation
is carried out in Gazebo. The position of the floating base, affected by the interaction forces, is
then fed back to the hardware interface, which adjusts its position consequently. This exchange
of information between the real and simulated worlds happens simultaneously using standard
ROS messages. Although the hardware and simulation controllers have been tailored for the
specific experiments, the proposed architecture is general enough to allow the deployment of
different control strategies, which the users might develop according to their needs. The code is

Y

L®] Force
J v § < measure
Contact .‘LLT L >‘('/ %l\ E E E R O S

$ou 20
@i $

interaction i < Qua(.ir.o tor
4 _ ~ \ position
- »
- 5 N
e}
. . GAZEBO
Human / Hardware Hardware Simulation Simulation
Environment interface controller controller interface

Figure 7: Conceptual scheme of the simulator architecture.
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Related work and contribution

So far, most of the literature regarding human-drone interaction relies on communication
through speech [21], gestures [22], brain-computer interfaces [23] and multimodal interaction
[24] [25]. An exhaustive overview can be found in [26]. A few works indeed deal with the
problem of close physical cooperation between drones and humans [27]. Safe to touch UAVs
have been considered in [28] and [29], but the first example of a hardware-in-the-loop simulator
for human-UAV interaction was devised in [30]. Here, the human can command a UAV by
exchanging forces measured by buttons pushed in a contact point. The interaction forces are
then used in an admittance control scheme to modify the vehicle reference trajectory. For similar
purposes, an admittance control scheme was also employed in [31]. If in these last works the
interaction happened using pushing actions, in [32] a tethered interaction was investigated. Here
a UAV pulls the human along the desired path, while the pulling force is used as an indirect

communication channel.

This chapter’s part extends what has been already presented in [33] by adding the stability

proof.

Simulation side

The simulated quadrotor was implemented using the plugins and functionalities offered by
the RotorS library [34]. It is modeled as a rigid body in the space actuated by four propellers
with parallel axes. The classical parallel-axes quadrotor dynamic model is

mpy= mges — urRpes + fou, (16a)
R, = R;S(w)), (16b)
L= —S(W)Lw! + 7" + 75, (16¢)

where I, € R3*3 denotes the constant inertia matrix of the UAV in 3, w} = Rl w;, € R3 denotes
the rotation velocity vector of X, with respect to itself, f.,;, € R and sz € R3 represent the
external forces and torques disturbances acting on the quadrotor, respectively. These last take into
account unmodeled terms (e.g., aerodynamic disturbances), arm movements, and human-UAM

interaction forces.

The allocation problem for the parallel-axes quadrotor can be seen as before with o; = 0,

Vi = 1,...4. The total thrust supplied by each rotor is thus only the scalar f;, 2° = k;ww? > 0.

3https://github.com/prisma-lab/HIL _airmanip
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The mapping from u’ to f; € R* is given by f; = A uf}, with the allocation matrix given
by [35]

1 1 1 1
0 I 0 —i
As = . 17
11 0o 1 o 17
(0 —0 O —0

The actuated joints of the 6-DoF arm attached to the quadrotor are configured as an
anthropomorphic arm with a spherical wrist. Denote with >, the manipulator’s end-effector

frame while its base frame coincides with >,. The direct kinematics from >, to X, is described

by
R!(q) pi(q)
b e e

Ae - [ Og 1 ) (18)

where R? € SO(3) and p? € R? denote the rotation matrix and the position of ¥, with respect

to Xy, respectively.

Hardware

The hardware interface connected to the simulation allows the user to interact with the
simulated environment through the measured contact forces. At the same time, the user receives
the haptic feedback related to the movements of the simulated UAM, also taking into account
the position of the floating base. Notice that it is unnecessary to have a user interacting with
the hardware interface: the interaction forces can also come from the environment while testing
autonomous control strategies for physical interaction. The architecture is independent of the
specific hardware, which can be any device as long as its position in the space can be commanded
(e.g., manipulators and/or haptic interfaces). In this work, the hardware interface consists of
a 7-DoF KUKA ITWA manipulator equipped with an ATI Mini45 force/torque sensor at the
end-effector. Also, since the hardware interface mimics the simulated UAM in operational space
coordinates, the two kinematic chains can be structurally different if a suitable inverse kinematics
algorithm is adopted.

In particular, to perform a safe human-robot interaction, the dynamics of the hardware
interface are given by an admittance controller. Let >,y denote the base frame of the hardware
side. Let p’c?i € R? denote the position of the hardware end-effector frame, 2./, with respect to
Yy, and let PZ,C € IR3 denote the position of the compliant frame, e ¢, with respect to Y. The

hardware-side admittance equations are

Myx +Kpx' + Kpx' = hy, + h,, (19)
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where My € R%*6, K, € R%*6, and Kp € R%* denote the apparent mass, damping, and
stiffness matrices, respectively, while x’ = [i;T,igT]T € RS is the operational space error
between Yo and L. In particular, X, = pY — p’ € R? is the position error, whereas
the orientation error X/, € R3 is given by the vector part of the quaternion representing the
rotation between the hardware compliant frame and the hardware end-effector frame, expressed
by Rg’i’c € SO(3). The right-hand side of (19) represents the wrench applied to the system
given by: (i) h;, € RS, the interaction wrench exerted by the human operator at the hardware
end-effector X, expressed in ¥y; (i) h, € RS, the haptic feedback from the simulated UAM

detailed in the next section.

Communication interface

The wrench, h, € R®, applied in simulation at the UAM’s end-effector can be then com-
puted as h, = Adr,, Ady , Adr, hy, ,where Adg, € R®*C denotes the adjoint transformation
matrix between two generic frames, ¥; and ¥, [36]. Notice that the transformation matrix 1",

should be chosen by the user to connect the real hardware base frame to the simulated world.

Regarding the simulation feedback to the hardware interface, the displacement e, € R?
between the commanded and the actual position of the quadrotor’s CoM can be fed back onto
the hardware interface to emulate the effects of the floating base displacements. In particular,
this contribution can be seen as an additional wrench, playing the role of haptic feedback for

the human operator, given by
Mde; + KDe; + er; = hq y (20)

where e, = Adr,, e, denotes the quadrotor’s displacement transformed from 3, into ¥.

System controllers

Here we present the hardware and the simulation controllers later used in the two case
studies. Although the simulator itself is not strictly related to the type of controller, in our case, a
decentralized controller [2] has been implemented on the simulated UAM, employing a geometric
position tracking controller for the quadrotor and a Cartesian variable admittance controller for
the arm. Also, the quadrotor’s position tracking is enhanced with a momentum-based external
wrench estimator [17] to compensate for the arm dynamics, the interaction forces, and other

unmodeled disturbances.

Because of the under-actuation of the system, a hierarchical approach is followed to control
both the position, p;, and the attitude, R, of the quadrotor. From this point of view, the geometric
tracking controller in SE(3) [37] is implemented on the quadrotor.
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The outer position loop tracking errors are e, = p, — pff and e, = pp — pg, where
pl € R? denotes the desired position of the Y;’s origin in ¥, obtained from an external
trajectory planner. Let Ry, 4 = [Xp.4, Yb.d, Zba] € SO(3) denote the desired rotation matrix, where
T4 € R? is given from the trajectory planner. The tracking errors of the inner attitude loop
are given by er = 0.5 (R}, Ry — R} R;,4)" and e, = w} — R Ry gw,5, where wy’j € R? the
desired body rotation velocity in X, and ¥ : R3*? — R? is a map performing the inverse of the

skew-symmetric operator.

Theorem .1. In the absence of external disturbances, or in the case they are negligible, the
necessary thrust, ur, the desired body axis, z,, € R3, and the attitude control law, T°, that
asymptotically bring to zero the outer position loop and the inner attitude loop tracking errors

be computed as

ur = (K, e, + K,e, + mges — mI..')b7d)TRbeg, (21a)

S -K,e, — K,e, — mges + mpff | 21b)
| — Kye, — K,e, — mges +mpy.l|

where K, € R*3 and K,, € R**3 denote symmetric positive definite gain matrices, and
"= —Krer — K, e, + S(w)) Lwp — I (S(wh) Ry Rygwyg — Ry Ryawyy), (22)

with Kr € R¥3 and K,, € R**3 symmetric positive definite gain matrices.
Proof. See [37]. O

Because there might be significant external disturbances in our case, this control scheme
needs an external wrench estimator to keep good performance in trajectory tracking. In this

work, the estimator presented in [17] has been used.

Due to the limited payload capabilities of aerial platforms, the arm of a UAM is typically
actuated by position- or velocity-controlled joints (e.g., servo motors) [2]. In this case, admittance
control can guarantee compliance and safety during the interaction with both environment and
humans. However, as human and environment interaction tasks require different compliance
choices, a variable-gain admittance control is used. In the operational space, the admittance

controlled manipulator dynamics is given by
M x + Kpx + Kpx = h?, (23)

T
where x = [ig, iOT] € RO denotes the operational space error between the desired end-effector

frame and the compliant frame, in the simulation side, while hg € RS is the wrench measured

at the simulated end-effector, expressed in 3. In particular, X, = p’ — pz’c € R3 is the position
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error, whereas the orientation error X, € R? is given by the vector part of the quaternion
representing the rotation between the simulated compliant frame and the simulated end-effector
frame, expressed by R, € SO(3).

The dynamics in (23) are passive* with respect to the power port (hg,fc). Indeed, by

choosing as a storage function

. 1. .1
V(x,X) = §~TMd>~< + §5<TKP5< , (24)

its time derivative is
V =x"Myx + x"Kpx = x"h? — xTKpx < x"h’. (25)

The same passivity argument can be extended to the hardware side (see (19)) with respect to the
interaction force hy. By defining X = X — e, equation (19) can be rewritten as Mgx + Kpx +
Kpx = hy, which is passive with respect to the power port (hj,,x) with storage function
. 1. .1
V(x,X) = §xTMd5< + 5SscTKpfc . (26)
However, if the admittance gains are time-variant, functions in (24) and (26) are no longer valid.

Indeed, equation (25) becomes

V= XTM % + XTKpR + 5 [iTMdﬁ’c n f(TKpf(}

X 27
= x"h, —x"Kpx + 5 [scTMdfc + )ETKpfc} ,
and passivity is guaranteed only if the following holds
. . | .
X"Kpk > 5 [iTMdfc—i—chKpfc] . (28)

Notice that the same can be applied to (26). To guarantee passivity despite (28), an energy-tank

can be employed [40], [41]. The tank dynamics is z = de — —yw, where p € Rand v € R
. . z z

denote two parameters, P; = X' Kpx > 0 denotes the power dissipated by the admittance

system (23), w = §iTMd§ + XxTKpx denotes the tank input. Let define the tank’s storage

“The passivity concept can be revised in [38], [39].
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function as 7 (z) = 0.52%. To guarantee the passivity, v and ¢ are chosen as

0, if7T>T&w<0
y= (29a)
L, otherwise

1, ifw>0
r=11 T (29b)
3 <1 — COoS (77_ )) , otherwise

~

T —
Pds 1f7-<7-

p= ; (29¢)
0, otherwise

~

with ¢4 < 1 represents the amount of the dissipated energy redirected to the tank, while 7 € R

and 7 € R are the upper and lower energy limits of the tank, respectively.

If the desired values of Md and K p are substituted by LMd and (K p, respectively, the
overall storage function is given by

V+T =x"Myx + x"Kpx + 1w + ¢Py — yw
=xTh, — X"KpX + tw + @P; — yw (30)
= iThe —1=-pPi+(—7y)w< )%The,

where the passivity of arm plus tank system is always verified despite the sign of w.

The energy tank partially stores the energy dissipated by the admittance dynamics, releasing
it later if necessary. By injecting controlled amounts of energy in the system, the tank allows
performing actions that would typically violate the system passivity, like changing the admittance

virtual stiffness or mass.

Since the arm and the quadrotor are controlled separately, using an external wrench
estimator to compensate for the arm movements, among the various disturbances, can enhance

the stability properties of the quadrotor controller. A momentum-based estimator is used [42],

. T
where the external wrench estimation is denoted by 7)., = [fT 7 ] € RS.

ext) ' ext

Lemma .2. To effectively perform the compensation in the quadrotor control law, the force
estimation, femt, is added to the term K, e, +K,e, +mges —mpy q within (21), while the torque

estimation, #°_,, is added to (22). The estimation of the external wrench is carried out through

ext’
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4

the following estimator

ealt) =K ([ =to) + K (o)

t
urRyes — mges -
- + do | do |, 31
/0 ([Tb B S(WZ)I(,UJZ next(0)> 0’) O') ( )

I; 0 :
where k € RS is the generalised momentum of the system (16) defined as k = [m 5 3X3] [pb] ,

axs Db w’g
and the matrices K, € R®*% and Ky € R°*S are symmetric positive-definite gains.

Proof. The geometric flight controller for the UAV and the admittance-controlled arm have
been proved to possess stability properties in many past works. However, their combination,
especially with a momentum-based external wrench estimator, is not guaranteed to maintain the

same properties.

This subsection aims to demonstrate that the dynamics of the UAM are marginally stable
and bounded in the presence of unknown and non-vanishing (but still bounded) external force
disturbances. In the following, only the boundedness of the linear dynamics will be proven for
the sake of brevity, but notice that the effects of the angular dynamics are still taken into account
in the UAV dynamics. In this regard, consider both the manipulator and the UAV commanded
to be still in the air at the desired position. The admittance-controlled dynamics of the arm with
respect to the UAV base frame and the dynamics of the UAV base frame with respect to the

world frame can be written, respectively, as
M.p; + D.p; + K.p; = f5, (322)
M,py + Dypy + Kypy = 0 + ep, (32b)

where & € R? are the nonlinear coupling dynamics given by the underactuation of the UAV,
f, € R? are the human interaction forces and er € R? is the residual of external forces acting
on the UAV not instantaneously compensated by the external wrench estimator in (31). Fusing
together the two dynamics in (32) yields the arm dynamics into the world frame, >, whose

expression is
M.p. + Dcpe + Kcpe = £, + MM, (6 + er) + (D, — MM, 'Dy)ps, + (K. — MM, 'K, )py
= f, + M(6 + er) + Dpy, + Kps.
(33)

Starting from (33), the stability proof is split into two parts: first, the UAV dynamics will be
proven to be bounded; then, the manipulator’s dynamic into the world frame will be established

to be bounded by exploiting the first result.

20



Consider the non-perturbed UAV dynamics
(%) = Mypy, + Dypy, + Kiypy = 0, (34)

- T ~T1T . o . .
where x, = [pr,p,ﬂ . Since M,;, D;, and K, are symmetric positive definite matrices, the
closed-loop dynamics is asymptotically stable and it can be rewritten in the form X, = A%,

where A, € R%%6 can be easily extracted from (34).

From the proven stability of the previous closed-loop system, it follows that the Lyapunov

function Vj(t,%,) = §}ZbTPb5<b exists and the following Lyapunov equation
PyA, + AP, = —Q,, (35)

is satisfied with a unique symmetric and positive definite matrix P, € R%*¢ given any symmetric
and positive definite Q;, € R%*6. Then, it is easy to show that there exist four scalars 7, = APV

Yo = Xpb, V3 = AQb and vy, = 2/_\pb such to satisfy the inequalities

1l%|1* < Vi(%) < 72l%))7, (36a)
ovy, 9oV, .
b-+-——9xb<< —73]1% 1%, (36b)
av
H o1 < yall%s) (36¢)

where Ay and Ax denote the minimum and maximum eigenvalues of a generic matrix X,

respectively.

So far, we have shown a few properties of the non-perturbed UAV dynamics in (34), but
these actually have a possibly non-vanishing perturbation on the right side given by g,(Xy,t) =
0 + ep. By recalling the properties and the bounds of the nonlinear coupling term & (see [37]
for the details), it can be shown that the perturbation term is bounded by

lgs (%o, )| < [18]] + ller || < a(v2maz{Ak,, Ao, %]l + B) + B

(37)
=[x/ + Ty,
—mges + mpyq|| < B and a scalar B > 0.
By virtue of Lemma 5.2 in [43], if the inequality
Ap, A
I < 22 38
YA b (38)
holds, then the UAV dynamics X,(¢) is bounded by
X6 ()] < Ba, Vit > to, (39)
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A r 1/ 2\
with By = max{A—PbebH, —2} and p = — <th .
p

. The fulfilment of inequal-
2 \ \p, Ap

b

Ap
ity (38) will be discussed later.

As already done for the UAV dynamics, consider the non-perturbed manipulator dynamics

(only for the position part) in the world frame, ¥,,, given by
ae(ie) = Mepe + Depe + Kef)ea (40)

where X, = [peT,f)eT}T. As in the previous case, the dynamics is asymptotically stable and
it can be written in the form X, = A.X., with A, € R*6, Again, the Lyapunov function
Vo(t, %) = %XETPQ_(& exists such as to satisfy (35) with the matrices A., P, € R*6 and
Q. € R%*C. Accordingly, four new scalars 71 = Ap,, 72 = Ap., 73 = Aq, and 74 = 2)\p, can
be found to satisfy inequalities as in (36) similarly.

Now, consider the perturbation term g.(X,t) = £, + M(d + er) + Dpy, + Kp, to the
previous nominal system. From (37) and (39), it comes out the boundedness of the previous

non-vanishing perturbation
ng()_(b, t)H S B4 + E\M(Bg + Bl> —+ \/ﬁmax{S\K, j\D}BQ = Ae. (41)

According to Lemma 5.2 in [43], since the perturbation term is bounded, for all ||X.(¢.)|| < oo,
there exists a time instant ¢, > 0 such that

1% (8)]] < Eee % (o), Vo <t <t (42a)
|%e(t)|| < Bs, Vt>t., (42b)
with
5\P (1 - 6)AQ 2A65\P
e — : s Pe = KN . 5 B; = - e s < 1. 43
§ “Ape P Dp. 5 Ao, &, € (43)

From (45), the boundedness of the manipulator dynamics yields

X ()] < Bs = maz{&c|[xc(to)ll, Bs}, Vt=>te. (44)

In the previous subsection, we have demonstrated that the UAV dynamics and, conse-
quently, the whole UAM dynamics are bound to external non-vanishing forces. However, the
entire demonstration is based on the validity of the inequality (38). Since it is not straightforward
to demonstrate it theoretically, a numerical way is presented here. In particular, it can be shown
from (34) and (35) that the fulfilment of (38) reduces to solving the system

-M;'D, -M,; 'K,
A, = , (45a)

L33 03x3
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P,A, + AP, = —Q,, (45b)

_ Ao A
aV2max { Mg, Ap, } < =2t (45¢)
as function of the controller parameters, the system mass, and the initial attitude error o of the
geometric controller defined in [37].

The symbolic computations to verify the existence of bounds have been performed in
Mathematica [44]. To provide an answer in a reasonable time, the search of solutions has been
restricted to the subset in which QQ;, = I'5. Notice that this is not a restrictive hypothesis: indeed,
the existence of a solution in this subset implies the presence of a solution in the larger subset
given by all the symmetric and positive definite matrices Q. The result of the computations
is visible in Figure 8. The plots show the maximum initial attitude error tracking value for the
system’s state to be bounded as a function of the UAM mass and its controller parameters. It is
interesting to notice that, regardless of the value of the external interaction forces that will be
applied to the system, the response of the UAM will always be bounded as long as the force
is bounded and our system parameters respect the limits in the graph. Also, by employing a
trajectory planner for the UAM, the initial attitude error will usually be very low, ideally zero,
making it easy to fall in the cases depicted in the graphs. Moreover, as stated earlier, this is a
result obtained in the particular case of Q, = I3. It is likely that by considering other values
for Q,, the parameter set that allows the boundedness will enlarge even more.

Case study

The effectiveness of the proposed system is evaluated along with two case studies: (i) a
collaborative experiment where the human operator attaches a tool to the robot end-effector; and
(77) an autonomous bird diverter installation task. The simulations have been performed on a
standard Ubuntu 18.04 distribution with ROS Melodic, running at 200 Hz.

The first case study considers the collaboration task between a human operator and the
UAM through the hardware interface. In this context, the aerial platform awaits in mid-air until
the operator approaches. The interaction phase starts with the admittance-controlled hardware
interface to mount a tool on the manipulator gripper. While in use, the hardware interface
provides a compliant behaviour and transfers all the measured forces to the simulated UAM.
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When the aerial platform recognises that both the tool is mounted on the hardware interface and

the operator has finished the interaction with it, the experiment ends.

The interaction between the human operator and the simulation framework is demonstrated
in Figure 9 by the motion of the aerial manipulator e, subject to the forces generated on the
hardware side. As stated above, these positions are fed back to the hardware to provide the

operator with a realistic interaction feeling.

The human-drone interaction forces at the arm’s tip hy,, expressed in the world frame, are
shown in Figure 10. After a few seconds from the beginning of the experiment, the operator grabs
the hardware manipulator, and the interaction lasts for about 30 seconds until he successfully
mounts the tool. At this point, the tool weight force of about 1.4N is the only one applied at
the manipulator’s end-effector. The admittance gains are diagonal matrices whose variation is
shown in Figure 11. The arm starts with low gains to improve the comfort of the human operator
and increase the system’s safety. If a human contact is found (around 10 seconds), the virtual
stiffness and the mass gains are increased to aid the tool’s placement process. The increased
gains violate the arm passivity, which can be guaranteed by employing an energy tank. The tank
partially discharges as in Figure 12, consequently delaying the increase in the admittance gains.
However, later in the experiment, the tank recharges thanks to the energy dissipated from the

human interaction.

This second case study aims at installing a bird diverter on an aerial power line by impacting
the line with sufficient force. The arm admittance controller gains are increased with respect to
the human-UAM interaction phase to provide rigidity. Only the gains along the front direction
are kept low to ease the diverter installation and attenuate the impact effects on the floating base.

In the beginning, the aerial manipulator is in free flight approaching the installation point.
When this point is reached, the quadrotor is commanded to be still in position while the arm is
positioned under the aerial cable and rapidly rises to hook the diverter. Because of the impact
forces, shown in Figure 13, right after the diverter was hooked, the quadrotor undergoes a
displacement of about 0.1m along the x-axis in X.,,, which is recovered by the flight controller

as shown in Figure 14.

Conclusion

As anticipated in Chapter 1, this chapter investigated the problem of an aerial manipulator

interacting with the environment.

In its first part, the chapter has seen the implementation of the STSMC technique to an
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aerial manipulator platform. The proposed control technique is a hybrid position tracking/force
regulation approach, considering the entire manipulator system as a flying end-effector. Two
case studies were performed within the Gazebo simulation environment to assess the STSMC:
(1) tracking the desired trajectory and (i) reaching a target position to apply lateral force for
a long time. Both case studies showed successful tracking and force regulation results, yielding
significantly small error norms, which proved the effectiveness of the proposed controller for
omnidirectional aerial manipulator platforms. Future work will be devoted to implementing it

on a real platform and testing the interaction with the environment with higher values of forces.

The second part of this chapter presented a general framework for HIL simulation of
human-aerial manipulator collaboration. In the beginning, the simulated aerial manipulator and
the hardware interface were presented. These two were then connected through a communi-
cation interface to implement the force and position feedback between the simulation and the
environment. The overall architecture’s effectiveness was evaluated in two case studies: (i) a
collaborative task with a human operator and (7i) an autonomous bird diverter installation task.
We demonstrated the possibility of performing human-aerial manipulator interaction during these
experiments without endangering the operator. Additionally, the stability proof of the chosen
architecture was proposed by employing both symbolic and numerical tools. Future work will
further stress the HIL approach with other tasks and validate the possibility of using it to
train human operators through a comprehensive human-subjects study. Besides, the proposed
architecture can be tested with other hardware interfaces to stress its limits. Teleoperation may

also be inserted with proper handling of the delay, thanks to the energy tank background.
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Figure 8: Limits on the initial attitude tracking error for the existence of bounds on the UAM

state. The limits are function of the UAM mass as well as the UAV controller gains.
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Figure 9: Aerial base position displacement e, along axes x (blue), y (red) and z (orange) during
human interaction experiment.
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Figure 10: Human-hardware contact forces hzl, along axes x (blue), y (red) and z (orange) during
human interaction experiment.
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Admittance gains over time
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Figure 11: Quadrotor arm admittance gains Kp (red), Ky (blue) and M, (orange) during human

interaction experiment: desired (dashed) and actual profiles (solid).
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Figure 12: Energy 7 inside the tank during human interaction experiment.
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Figure 13: Diverter installation impact forces hzl/ along axes x (blue), y (red) and z (orange)
during the bird diverter installation experiment.
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Figure 14: Aerial base position displacement e, in X, along axes x (blue), y (red) and z (orange)
during the bird diverter installation experiment.
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