i
TN / i. b
e, MCCXXIT ﬁpf%Q

Qs

1»:::( %l
o

Universita degli Studi di Padova
Dipartimento di Ingegneria dell'Informazione
Master Degree in Control Systems Engineering

Academic Year 2023-2024

COMPARATIVE ANALYSIS OF TRACKING CONTROLLERS
FOR AERIAL MANIPULATORS WITH DIFFERENT ACTUATION
AND DEXTERITY CAPABILITIES

Supervisor: Master Candidate:
Prof. Angelo Cenedese Marcello Sorge
Co-supervisor: Student ID:
Prof. Giulia Michieletto 2054136

July 3, 2024






To my parents Cristina and Paolo, my sister Laura,

to my wonderful family,

to Giulia, who has always been supporting me,

to my dearest friend Jacopo for always being there for me,
and to all the amazing people I've met along this journey.






ABSTRACT

Aerial manipulation is a trending topic in robotics research, as it allows
mobile robots to perform active tasks such as grasping, transporting
and manipulating objects. In particular, UAVs are great candidates to
be used as aerial manipulators due to their ability to take off and land
vertically.

In this work, two different kinds of aerial manipulators, namely a
flying hand and an unmanned aerial manipulator, are analyzed. The
goal is to compare the two paradigms, to investigate wether a particu-
lar configuration of the degrees of freedom presents some advantages
from the control point of view.






SOMMARIO

La manipolazione aerea ¢ un argomento di grande interesse nella
ricerca robotica, in quanto permette ad agenti mobili di svolgere
compiti quali la presa, il trasporto e la manipolazione di oggetti. In
particolare, gli UAV risultano ottimi candidati ad essere impiegati
come manipolatori aerei grazie alla loro capacita di decollare e atter-
rare verticalmente.

In questa tesi, due diversi tipi di manipolatori aerei, una flying
hand ed un UAM, vengono analizzati. L'obiettivo e confrontare i
due paradigmi, per indagare se una particolare configurazione dei
gradi di liberta presenti dei vantaggi dal punto di vista del controllo.

vii
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INTRODUCTION

1.1 AERIAL MANIPULATION OVERVIEW

The interest for Unmanned Aerial Vehicles (UAV) has been growing in
the last decade, both as a research topic in academic environments and
also within industrial companies and for civilian uses. The scenarios
in which UAVs are utilized are several, those include: monitoring and
inspection of physical infrastractures; smart responses to disasters [1],
such as in areas hit by hearthquakes; patrolling specific areas for safety
purposes; digital reconstruction of archaeological sites; agricultural
and meteorological domains [2]. In particular, multirotors, i.e. aircrafts
with two or more spinning propellers, are well suited for those kind
of tasks with respect to other aerial vehicles, due to their agility and
high manouverability, and their ability to hover at a certain height
and to take off and land vertically. However, all the tasks listed above
are passive tasks. Instead, as established by the European Strategic
Research Agenda (eSRA), aerial (and space) robots are intended to be
employed as robotic workers and co-workers, and for contact-aware
exploration and inspection [3]. In order to perform those kind of active
tasks, UAVs need to be endowed with manipulation skills. For aerial
manipulation it is intended the grasping, transporting, positioning,
assembly or disassembly of physical objects, performed with UAVs
[4]. Aerial manipulators are useful in several applications, such as
bridge inspection or high voltage electric lines inspection and fixing
up. Those activities are unsafe for the human operator, and the aerial
system would be able to provide assistance in critical and hazardous
situations.

Clearly mounting a grasping tool on the drone, such as a gripper or a
multi-fingered hand, reduces its payload and creates coupling effects
in the system dynamics. Depending on how the interacting tool can be
moved with respect to the floating base, contact-aware aerial platforms
can be devided into two main categories:

* Flying Hands (FH): the interacting tool cannot be moved in-
dependently from the floating base. This is the case when the
tool has zero controllable DoFs and when the grasped object is
connected to the multirotor through cables or tether mechanism.
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In both cases, the actuation properties are entirely provided by
the UAV;

¢ Unmanned Aerial Manipulators (UAM): the interacting tool
connected to the UAV base presents one or more controllable
DoFs, and can therefore be moved independently from the drone.

The presence of a grasping tool attached to the multirotor, and of
an object to be manipulated, generate coupling effects in the system
dynamics. In particular, the masses and inertia tensors are increased,
resulting in slower robot responses to control inputs. Those effects are
even more critical in the case of UAMs, since the robotic manipulator
dynamics depends on the actual configuration state of the whole
system.

Considering the control problem for flying hands, adaptive control
schemes have been developed to make the flight more agile when
lifting and trasporting an object [5]. An hybrid motion-force control
is designed in [6] for a rigid tool attached to the UAV. In order to
compensate the payload loss due to the weight of the gripping tool, a
scenario where multiple cooperative UAVs need to transport an object
has also been investigated in [7].

Concerning the control of UAMs, two main strategies are adopted,
namely a decentralized approach and a centralized approach. In the
former, the UAV and the manipulator are treated as separate entities,
and are controlled independently from each other. This requires robust
control strategies for both the components, since the movements of
the manipulator are treated as disturbances to be rejected by the
UAV, and vice versa. In [8], a multilayer architecture is employed
to control a multirotor equipped with a servo robot arm, where a
momentum-based observer is employed to compensated unmodeled
aerodynamic effects and the arm dynamics. For the UAV control, a
variable parameter integral backstepping controller is designed in [9]
to improve the results of a simple PID-based controller. On the other
hand, in a centralized approach, the UAV and robotic manipulator
are treated as a paired entity. The derivation of a complete dynamical
model for a UAM is typically tackled either exploiting the Euler-
Lagrange formalism, or the Newton-Euler formalism. Regardless of
the method chosen to derive the robot dynamical model, several
model-based control strategies have been developed to cope with the
issues described above. A full state feedback LOR is designed in [10],
while an adaptive sliding mode controller is studied in [11]. A moving
mass control (MMC) for the UAV attitude dynamics is presented
in [12]. Equipping the multirotor with an articulated arm increases
the total DoFs of the system, and may lead to a fully and possibly
over actuated system. A cartesian impedance control is developed
in [13], where redundant DoFs are exploited to improve the UAV
position control. An alternative approach, usually referred to as a
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mixed approach, consists of developing separate controllers for the
multirotor and robotic arm, and allowing the UAV to access feedback
information of the manipulator generalized coordinate and vice versa,
in order to compensate the dynamic coupling effects and improve
performances.

1.2 OBJECTIVES

In this work, two robots are analysed, namely a FH composed of a
fully actuated hexarotor and a zero DoFs interacting tool (end effector),
and a UAM composed by an underactuated hexarotor, to which a
1 DoF robotic arm is attached. Schematic representations of the two
robots are reported in figures 1.1 and 1.2. The complete and coupled
dynamic models are derived for both systems, and two trajectories,
one for each robot, are designed in order to yield similar trajectories
for the end effectors. The goal of this thesis is to compare the FH
and UAM paradigms, to investigate wether a system presents some
advantages in terms of control performances and effort.
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Figure 1.1: Schematic representation of the Flying Hand
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Figure 1.2: Schematic representation of the UAM
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1.3 THESIS STRUCTURE

The thesis is divided into three main chapters, dealing with robot
dynamic modeling, control design and improvements for each system,
and assessing the control performances, respectively. Finally, some
conclusive remarks and possible future developments in the context
of aerial manipulation are discussed. The main topics of this work can
be summarised as follows:

1. Modeling: in chapter 2, first the dynamic modeling of a gen-
erally tilted multirotot is derived, and the actuation properties
are discussed. Then, the coupled dynamic model of the UAM
studied is derived, through the Euler-Lagrange formalism. The
actuation properties of the UAM are investigated with respect
to the operational space variables, and the model is validated
through some simple tests performed by applying forces and
torques in open-loop. Finally, the FH model is derived exploiting
the Newton-Euler formalism. It is established that the actuation
properties of the full robot coincide with those of the UAV base,
and also this model is validated through simulations in open
loop.

2. Control Design: in chapter 3, tracking algorithms are designed
for the two systems. For the UAM, a decentralized approach
is considered, and two control laws for the drone and the link,
respectively, are derived. For the FH, only the UAV controller
is designed, exploiting the system’s full actuation. Due to the
poor performance achieved by the UAM compared with the FH,
different improvement strategies are developed.

3. Simulations and Results: in chapter 4, the robots responses to
the control algorithms developed in chapter 3 are tested. A qual-
itative analysis is performed in order to assess the convergence
properties of the control laws. Afterwards, the performances
and control effort required by the FH and UAM are analyzed
through the introduction of some performance indexes, in order
to compare the two paradigms.

4. Conclusions: in chapter 5, the main points of this work are
summarized and briefly discussed. Some insights on possible
related future works are provided.
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2.1 MULTIROTOR MODEL
2.1.1  Dynamic Equations

Let W = {xw,yw, zw} be the world (inertial) frame, and let B =
{xB,yB, zB} be the body fixed frame with origin in the center of mass
of the vehicle. Moreover, let O = {x0t,Yoi, zpi} be the reference frame
attached to each propeller, where i = 1,..,n, n is the number of
propellers and zp: defines the spinning axis of each rotor. Most UAVs
are characterized by alternately spinning propellers. In a generally
tilted multirotor, the spinning axis of each propeller can be rotated by
an angle «; about axis xg: and by an angle 3; about axis yg:. Then,
considering a composition of rotations with respect to the current
frame, the orientation of the spinning axis of each motor with respect
to B can be expressed as

zpi = R (vi)Ry (Bi)Rx(xi)eé3 (2.1)

where Ry, Ry, R, are the canonical SO(3) matrices representing rota-
tions around axes x, y and z respectively, v; is the angle between two
consecutive propeller arms and &3 = (0, o,NnT. Considering w; the
spinning velocity of each rotor, the force generated by each propeller
is given by

fi = cf, wilwilzpi (2.2)

where c¢, > 0 is a force coefficient that depends on the propeller
structure, and u; = wj|w;/| is the motor input. Then, the total force
applied on the vehicle cenetr of mass, expressed in body frame, is
given by

n
fo = Z Cr,Uizpi = Fu (2.3)

i=1
where u = (ug,..,un)’, F € R3*™ and column i of matrix F corre-

sponds to the vector c¢, zp;.
Since the propellers are spinning in a viscous medium, the vehicle
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is also subject to drag torques, which can be expressed in the body
frame as

Tid = Cr; WiZpi (2.4)

where c, is a drag coefficient that depends on the propeller structure,
and c, > 0 if the natural spinning direction of motor i is clockwise, or
Cr; < 0if the natural spinning direction is counterclockwise. Moreover,
the force generated by each propeller causes the emergence of a torque
in the center of mass of the vehicle. For the i-th propeller, this is

£

T =71i X fj (2.5)

where 1; is the vector connecting the origin of reference frame B and
the origin of reference frame Ot. Then, the total torque acting on the
center of mass of the multirotor can be expressed as

n
Te = Z(Cnuilpi +1i X ¢ uizpi) = Mu (2.6)
1=1
where M € R3*™ and column i of matrix M corresponds to the vector
Ct Zp; +Ti X Cf, Zpi.
Considering the Newton Euler formulation, the dynamic equations of
a generally tilted multirotor can be expressed in matrix form as

mePe | _ (Rwe(®@)fe) [ magés (2.7)
Igdd Te wh x Igwl

where $g € R3 is the linear acceleration of the vehicle’s center of
mass with respect to frame W, w8 € R3 is the angular velocity of the
drone expressed in body frame B, mg and Ig € R3*3 are the drone
mass and body frame inertia tensor, respectively, Rwg € SO(3) is the
body to world rotation matrix, obtained considering a triplet of yaw-
pitch-roll Euler angles ® = (p,0,1)" € R3 in the current frame, g is
the gravity acceleration and é3 = (0,0, 1 )T € R3 is the third canonical
vector of reference frame W.

It is useful to understand what is the relation between the UAV angular
velocity w and the time derivative of the Euler angles. The time
derivative of Ry g (@) can be computed as

Rwa (@) = Rywg (®)[wp]« (2.8)

with [wE], being the skew symmetric matrix built on vector wE. This
should be consistent with
_ ORwg(®?), , ORwp(®),  ORwg(D)

Rweg (D) = 30 P+ 30 0+ a0 b (2.9)

By imposing the eqaulity between 2.8 and 2.9, it holds w% =T(D)D,
which can be explicitly written as
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1 0 —sin© o
wp =10 cosp cosOsinp 4] (2.10)

0 —sinp cosBsinp/ \{

It is important to notice that the matrix T(®) has determinant cos©,
therefore it is invertible for all angles except 8 = & + k.

2.1.2  Actuation and Decoupling

A second order differential equation dynamical system described by
i = f(n,1M,u, t), where n is the generalized position, u the input vector
and t the time, is said to be fully actuated if the map f : u — 1 is
surjective. Usually, the dynamic equations describing the system can
be expressed in input affine form:

from which it is evident that the actuation properties are defined by
f1(n,M,t). Following this definition, the drone model derived in 2.7
can be rewritten in input affine form as:

Pe ) _ [y Rwe(®) 03x3) (F o gés
B 0343 I M I (wE x [gwE)

(2.12)
where it is highlited

1 = mLBRWB 03><3 F (2 13)
033 Igl M

Given that det(Rwg(®)) = T and the inertia tensor is positive definite,
the actuation properties only depend on the image space of matrix
(FT, MDT. Considering the full pose of a three dimensional rigid
object, where n = (pg, ®")T € R®, it holds:

e if rank((FT,MT)T) < 6, the system is under actuated;

e if rank((F',MT)T) = 6, the system is fully actuated.

Usually, it holds rank(M) > rank(F). Considering matrix M, there
exist matrices A € R"*3, B € R"*("—3) such that Im(A) = Ker(M)+,
Im(B) = Ker(M). Then, the matrix (A, B) € R™*™ can be considered
as a change of basis matrix for R™. It is now possible to rewrite the
input vector as u = (A, B){i, where i = (ﬂ;,ﬁE)T. The input forces
and torques for the platform can now be expressed in terms of the
input vector ti:
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fo = FATiA +FBlig = feoa + feB

Te = MAfLA =TcA

(2.14)

where MBiig = 0 since Im(B) = Ker(M). fca represents the forces
that are coupled with moments acting on the vehicle. Given this
decomposition, it holds:

e if dim(Im(F)) = dim(Im(FB)), the system is fully decoupled;

o if dim(Im(F)) > dim(Im(FB)) > 0, the system is partially cou-
pled;

e if dim(Im(F)) > dim(Im(FB)) = O, the system is fully coupled.

Considering a fully decoupled platform with dim(Im(FB)) = 3, the
control force f. can always be chosen in such a way that it is decoupled
from the control torque t.. Therefore, a fully decoupled platform with
dim(Im(FB)) = 3 is fully actuated.

2.2 UAM MODEL

The UAM analyzed in this work consists of a coplanar hexarotor,
with a 1 DoF robotic arm attached to its center of mass. The arm is
actuated by a revolute joint that allows rotations about body frame
axis yp. Since the UAV is coplanar, the propeller tilt angles are null, i.e.
o = Bi = 0°Vi. Table 2.1 contains the physical paramters describing
the case of study robot.

Name Symbol [unit] Value
UAV mass mp [Kg] 3.5
Y angle v [°] 60
Arm length T [m] 0.358
Force coefficient cs [N/(rad/s)?] 0.0015
Drag coefficient | c¢ [INm/(rad/s)?] 4.59 X 10>
0.155 0 0
UAV inertia tensor Ig [kgmz] 0 0.147 0
0 0 0251
Link mass my [Kg] 0.29
Link length 1 [m] 0.14
362 0 0
Link inertia tensor I [kgmz] 0 655 0 x 1074
0 0 6.55

Table 2.1: UAM parameters




2.2 UAM MODEL

2.2.1  Euler-Lagrange Dynamic Equations

Consider a body fixed frame B = {xp, yp, zp} with origin located at
the center of mass of the vehicle. The drone position in world frame is
described by pg = (x,y, z)T, while its orientation is represented by the
ZYX set of yaw-pitch-roll angles in the current frame, ® = (p, 0,P)".
Then, considering 2.10, the angular velocity of the drone in world
frame can be written as

wp = Rwp(P)T(O)D (2.15)

Consider now a redundant body fixed frame O = {xp, Yo, zo} with
the same origin as B, which is the base frame for the manipulator.
The frame is assigned in such a way that it holds zp = yg. Finally,
consider a link fixed frame 1 = {xy, Yy, z1}, where zp || z3, according
to the Denavit-Hartenberg convention, as it can be seen in figure 1.2.
Then, the world frame position of the link’s center of mass can be
expressed as

pL =P8 + Rws(®)Rgop} (2.16)

where pP denotes the position of the center of mass of the link with
respect to frame O and Rgp € SO(3) is the constant transformation
matrix from frame O to frame B. The velocity of the center of mass of
the link in frame O can be obtained as

P =Jp(a) (2.17)
where q is the link generalized coordinate and J,(q) € R3*1 is the po-

sitional geometric jacobian of the link. Similarly, for the link’s angular
velocity it holds

wP =7Jo(q)q (2.18)

where J,(q) € R3*! is the orientation geometric jacobian of the link.
The dynamic equations of the full robot can be derived exploiting
the Euler-Lagrange formalism [14], in which the mechanical structure
is characterized by the lagrangian function £ = X — U, where X is
the total kinetic energy of the system and U is the total potential
energy of the system. Considering a vector of generalized coordinates
&= (pg,@7,q)7, the lagrange equations can be expressed as

dae_ac_
dt 3¢ L
where T € R”*! represents the generalized forces acting on the system

due to actuation inputs. The kinetic energy contribution due to the
UAV can be expressed as

(2.19)

1 T 1
X = EmBPEPB + szRWB((D)IBRWB((D)TwB (2.20)
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Considering 2.15, the drone kinetic energy can be rewritten in terms
of the vehicle’s generalized coordinates as

1 1. .
imgﬁgpg + EcDTT(<1>)TIBT(cD)cI> (2.21)

The kinetic energy contribution due to the link can be written as

Kp =

1 T 1
Xy = *mLPLTm%-EwLTRWB((D)RBORm (9)IiRo1(q) "REQRWE (D) T wy

2
(2.22)
where Rp1(q) € SO(3) is the rotation matrix expressing the orienta-
tion of frame 1 with respect to frame O, and w; = Rwg ((D)RBOwP
represents the world frame link angular velocity. The total kinetic
energy of the robot X = K¢ + X can be rewritten exploiting 2.16, 2.17
and 2.18 as

= ETB(D)E (2.23)

where B(§) € R”* is a positive definite symmetric inertia matrix,
whose block components are:

By1 =(mp +my)I3

B12 =—mS(p1)Rws (Q)T(D)

B13 =miRwg(®)Reo]Jp(q)

Boz =T(®) " IgT(®) + mT(®) " Ryg (@) 'S(p1) " S(p1)RwE(P)T(D)
+T(®)"ReoRo1(9)1Ro1(q) "Ry T(D)

B2z =— muT(®) Rywg (@) S(p1) "Rws (®)ReoJp(q)
+T(®)"ReoRo1(9)1Ro1(q)Jo(q)

B33 =muJp(q) Jp(a) +Jo(q) "Ro1(q)iRo1(q) Jo(q)

where S(p1) = [Rwg(®)Rp op?] . Concerning the potential energy of
the system, the UAV contribution can be computed as

Ug = mpgé'pe (2.24)

where € is a unit vector selecting the axis along which the gravity acts,
while the link contribution can be computed as

Uy = migé’ (pg + Rwe (®)Rpop?) (2.25)

Finally, the lagrange equations of the system can be rewritten as

B(E)E+C(EEE+g(E) =T (2.26)

where

g9(&) = (2.27)

&
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and C(&, &) is a matrix calculated exploiting the Christoffel symbols
of the first type, whose generic element is given by [15]

)Ex (2.28)

7
o _ v 1.0B(i,j)  0B(Lk) 9B(jk)
C(l'])_kzlz( TP T T

2.2.2  Actuation and Decoupling

The UAV base of the aerial manipulator has coplanar propellers, mean-
ing that the tilt angles are «; = 3; = 0°Vi. For this kind of platform,
considering the procedure discussed in 2.1.2, it can be verified that
rank((FT,MT)T) = 4, and therefore the drone is underactuated. In
fact, it is not possible to perform motion on the xy-plane without
changing the UAV’s attitude. The UAM then presents five indepen-
dent control inputs, which are the thrust force f,, the UAV torques
Te = (Tp, To, Tlp)T and the link torque T1. However, for aerial manipu-
lation tasks, it is useful to study the actuation properties of the robot
at the end effector level. For this purpose it is necessary to define
the operational space of the manipulator. Such space can be defined
by a vector containing the end effector position and orientation with
respect to W:

Xe = (pe, D)7 (2.29)
where p. represents the end effector position and @, represents the

end effector orientation through a minimal representation. In particu-
lar, for the robot considered in this work it holds

Pe =PB + Rwa(®)ReoRo1(q)(1,0,0)7 (2.30)
Pe P
QPe=1]0.|=[F+0+¢ (2.31)
Pe P

By rewriting the operational space variables as functions of the gener-
alized coordinates as x. = k(£), a relation can be established between
the end effector velocities (i.e., the time derivatives of the operational
space variables) and the joint velocities, according to

Xe = JA(8)E (2.32)
where J A (&) is the analytical jacobian, obtained through time differ-

entiation of the map k(&). The analytical jacobian can be expressed
as

11
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where E3.3 is the identity matrix € R3%3, &; is the i-th canonical
vector € R3. It can be noticed that, with this parametrization of the
operational space, the jacobian J (&) always has row rank = 6. By
taking the time derivative of 2.32, it holds

%e = JA(E)E+TA(E)E (234)

Considering the dynamic model in 2.26, the generalized forces T can
be rewritten in terms of the equivalent end effector generalized forces

Ye as

T= I(‘i)T'Ye (235)

where J(&) is the robot geometric jacobian. The analytical and geomet-
ric jacobian are related by a transformation matrix Ta (&), according
to J(&) = Ta(&)Ja(&). Then, considering 2.32 and 2.34, the dynamical
model can be rewritten in terms of the operational space variables as

By (&)Xe + Cx (&, E)%e + gx (&) = VA (2.36)

where

Bx(&) =JA(E) "B(E)JA(E)! (2.37)

Cxl&,8) =TA(E) T(C(EE) —BEJAL) TAENIAE) T (2:38)

gx (&) =Ja(&) " Tg(&) (2.39)

va =TalE) ve (2.40)

Moreover, the input torques T can be expressed in terms of the UAV
and link input variables uyam = (uT, )" [16] [17] as

Rwg (D) 03x3 03x1 F o 03x1
T= 03x3  T(®)"Rwp(®) 0351 M 03471 | YuAM
01x3 01x3 1 O1x6 1

(2.41)
Finally, considering T = Ja (£)"ya and isolating the operational space
acceleration in 2.36, the dynamic equations describing the system can
be expressed in input affine form, with

Rwg (D) 03x3 03x1 F o 0341
f1=JA(E) " | 033  T(®)TRwe(®) 031 | [ M 03
01x3 01x3 1 O1x6 1

(2.42)
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where the premultiplication by By (&)~ has been omitted since the
inertia matrix is positive definite, and therefore does not influence the
rank of f1. Assuming 0 # 7, it can be verified that rank(f;) < 5 and
the system is underactuated.

2.2.3 UAM Model Validation

To assess the validity of the UAM model previously derived, some
tests are performed by applying constant forces and torques to the
robot in open loop, while the UAM initial conditions are set as £y = 0.
First, the ability of the system to maintain hovering is tested by ap-
plying a body frame thrust force f, = (mg +m)g N, while no torque
input is provided. As expected, the robot does not move from its initial
pose, and no relative motion between the UAV and the end effector
happens. This behaviour can be observed from figures 2.1, 2.2 and
2.3. Moreover, from figure 2.1, it can be noticed that the z coordinate
of the end effector is negative. This is coherent with the given initial
condition for the system, since the UAV center of gravity is located
at pg,o = 0'. Consequently, given that q = 0°, the end effector points
downwards. It can be noticed that the z coordinate of the gap between
the UAV and end effector z coordinates is exactly equal to the link’s
length.

UAV

- 1 1 | 1 1 1 | 1 1 1

0 20 40 60 8 100 120 140 160 180 200
time |s]

1 T T T T T T T T T

UAV
EE

-1 | | | 1 | | |

| |
0 20 40 60 8 100 120 140 160 180 200
time |s]

1 T T T T T T T T T

UAV
EE

-1 | | | 1 | | |

| |
0 20 40 60 8 100 120 140 160 180 200
time [s]

Figure 2.1: UAV CoM and End Effector position at hovering
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Figure 2.2: UAV Euler angles at hovering
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Figure 2.3: q coordinate at hovering

Then, a torque Ty, = 0.001 Nm is applied to the system, as well as a
thrust force equal to the one in the previous test. No additional torque
is provided. With this choice of input, the robot is expected to only
change its heading direction. Indeed, from figure 2.5, it can be noticed
that the 1\ angle increases as a quadratic function, due to the constant
input torque, while the p and 6 angles remain constant. The robot also
maintain its current position, and no relative motion between the UAV
and link is observed, as showed in figures 2.5 and 2.6.
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Figure 2.4: UAV and End Effector position with constant input torque Ty,
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Figure 2.5: UAV Euler angles subject with constant input torque Ty,
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Figure 2.6: q coordinate with constant input torque Ty,

Then, a torque T, = 0.001 Nm is fed as input to the robot, alongside
the thrust force f, of the previous tests. The results can be seen in
figures 2.7, 2.8 and 2.9. Due to the drone being underactuated, the
p rotation causes a translation along the y direction. Moreover, due
to the body frame rotation, the thrust force component along the
vertical direction reduces, causing the robot’s altitude to decrease.
Since the link can only rotate about axis zp, the input torque provided
to the UAV does not generate end effector motion relative to the drone.
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Figure 2.7: UAV and End Effector position with constant input torque T,
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Figure 2.8: UAV Euler angles with constant input torque Ty,
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Figure 2.9: q coordinate with constant input torque Ty,

Then, the system is fed with the body frame thrust force f,, and
a torque tg = 0.001 Nm. The input torque acts on the same axis of
rotation of the link revolute joint. Due to the coupled UAV and link dy-
namics, the link experiences a constant reaction torque, which causes
oscillations around an equilibrium point characterised by q # 0, as
can be seen from figure 2.12. The cartesian UAV motion is analogous
to that of the previous test, with the motion happening along the x
direction, as it can be seen from figures 2.10 and 2.11.
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Figure 2.10: UAV and End Effector position with constant input torque Tg
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Figure 2.11: UAV Euler angles with constant input torque Tg
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Figure 2.12: q coordinate with constant input torque Tg

Finally, the robot is provided with an input force f, and a link torque
Ty = 0.00T Nm. As previously mentioned, the rotation axis of the rev-
olute joint coincides with axis yp. Therefore, the link rotation induced
by the input torque produces a reaction torque Tg. Moreover, as the
end effectormoves, the center of mass of the whole system changes,
and the forces generated by the UAV propellers cause additional force
torques in the UAV center of gravity. The UAV cartesian position and
Euler angles can be observed in figures 2.13 and 2.14, respectively.
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Figure 2.13: UAV and End Effector position with constant input torque t;
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Figure 2.14: UAV Euler angles with constant input torque 1;
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Figure 2.15: q coordinate with constant input torque T;

It can be noticed that the 0 angle decreases quadratically, due to the
constant reaction torque experienced by the UAV. The body frame
rotation then causes a translation along the —x axis, according to the
model derived in 2.7. The input torque T{ causes the link to oscillate
around an equilibrium different from its rest position, as it can be seen
from figure 2.15. Given the high frequency of the oscillations and their
periodicity, only a window of 25s is showed for the sake of visibility

in the last two tests.
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2.3 FH MODEL

The flying hand studied in this work consists of a star-shaped, of3
tilted hexarotor, with a passive manipulator consisting of a single link
(the same as in the UAM), rigidly attached to the UAV center of gravity
in such a way that the link is perpendicular to the floating base, with
the end effector pointing downwards (see figure 1.1). As in most tilted
multirotors, the 3 angle is the same for every propeller, and it is such
that each rotor’s z axis points outwards with respect to the drone’s
center of mass. On the other hand, the «; angle for each propeller can
be computed as «; = (—1 )1, meaning that consecutive rotors are
facing each other in couples. Differently from the previou system, the
link cannot move with respect to the aerial vehicle, however tilting
the propellers provides greater actuation capabilities for the mobile
platform, as it will be discussed later. Table 2.2 contains the physical
parameters describing the case of study robot.

Name Symbol [unit] Value
UAV mass mg [Kg] 3.5
o tilt angle o [°] 25
B tilt angle B [°] 10
Y angle v [°] 60
Arm length T [m] 0.358
Force coefficient ce [N/(rad/s)?] 0.0015
Drag coefficient | ¢ [Nm/(rad/s)?] 4.59 X 107°
0.155 0 0
UAV inertia tensor Ig [kgmz] 0 0.147 0
0 0 0.251
Link mass my [Kg] 0.29
Link length 1 [m] 0.14
6.55 0 0
Link inertia tensor I [kgm?] 0 655 0 |x10"*
0 0 362

Table 2.2: FH parameters

It can be noticed that the physical parameters describing the FH
are equal to those characterising the UAM, except for the propeller
tilt angles. In fact, the two case of study robots differ only by their
actuation properties, while their physical characteristics are the same.
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2.3.1  Dynamic Equations

Since the link is rigidly connected to the drone and no relative motion
between the two bodies is allowed, it is useful to model the system
as a single rigid body. Consider then a new body fixed frame B’ =
{xB’, yB’, zB'}, whith origin located at the center of mass of the overall
system. Due to the symmetry of the structure, the x and y coordinates
of the baricenter coincide with the x and y coordinate of the drone’s
CoM. The z coordinate in frame B can be computed as

mBH—ml%

ZCoM = W (2.43)

The total inertia of the system can be computed exploiting the Huygens-
Steiner theorem, by expressing the inertia tensors of both the UAV and
the passive manipulator with respect to the baricenter of the entire
robot, according to

Iy = Ig +mg(|dsl*]3 — dp,ids ;) (2.44)

[ = L + my(ldif* 15 — dyidy ) (245)

where dg and d; represent the vectors connecting the full system
center of mass and the drone and link center of mass, respectively.
Then, the total inertia of the system is given by It = I +I{. By
representing the robot orientation with the triplet of ZYX Euler angles
in the current frame @ = (p,6,)T, the flying hand dynamic equations
can be derived through the Newton-Euler formalism:

(mtotﬁ3'> _ (RWB(Q))fc) B ( Miotges ) (2.46)
Lot B Te wWE) X Lotk

where pg’ denotes the position of the robot’s center of mass in world
coordinates, while wgﬁ represents the robot angular velocity with
respect to body frame B’ and f. and 7. are the UAV input forces and
torques. Since the link is not actuated, the only inputs to the system
are provided by the drone.

The end effector position can be retrieved from the robot’s center of
gravity position through a rigid trasformation:

Pe = Pr’ — Rwg(®)v (2.47)

where v is the vector connecting the robot’s CoM and the end effector.
On the other hand, the end effector orientation coincides with the
drone orientation, due to the fixed joint connecting the UAV base and
the link.
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2.3.2  Actuation and Decoupling

The hexarotor composing the flying hand is characterized by tilt angles
o =25° 3 = 10°. According to the decomposition presented in 2.1.2,
it is possible to verify that such system is fully actuated. However, the
presence of the link attached to the floating base generates coupling
effects in the robot dynamics. In particular, the center of gravity of the
system no longer coincides with the center of mass of the UAV, and
the inertia of the robot is modified. Those changes do not affect the
forces or drag torques applied by the drone, however, they influence
the force torques exerted by the UAV. In fact, the new force torques
can be computed as

o =pl xf (2.48)

where f; is the force generated by propeller i, and p; is the vector
connecting the baricenter of the robot (origin of reference frame B’) to
the origin of the propeller reference frame O;. Then, the total input
torque of the robot can be computed as

6
Te = Z ¢+ = Mu (2.49)
i=1

It can be verified that it still holds rank((F',M’T)T) = 6 and the robot
maintains full actuation properties.

It is once again of interest to study the degrees of freedom of the robot
in the operational space, i.e., the degrees of freedom of the end effector.
By defining the operational space variables as X rH = (pl,®"M)7,
it is possible to notice that the robot and end effector generalized
coordinates coincide, up to a rigid transformation. Hence, the robot is
fully actuated even with respect to the operational space variables.

2.3.3 FH Model Validation

To assess the validity of the flying hand model derived in the previous
section, some simulations are performed. As for the UAM model,
those tests consists of applying to the system some input forces and
torques in open loop, for the duration of 200s, and observing the robot
behaviour. The initial conditions for the robot are set as follows: the
initial position for the robot center of gravity is pgo = 0", while its
initial orientation is defined by ®¢ = 0T. The simulations performed
for the flying hand are similar to the ones considered for the UAM.
First, the ability of the system to maintain hovering is tested by apply-
ing a body frame thrust force f, = (motg) N. From figures 2.16 and
2.17, it is evident that the robot hovers at its initial condition. It can be
noticed that the end effector z coordinate is negative, and the distance
from the system center of gravity is consistent with 2.43.
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Figure 2.16: FH CoM and End Effector position at hovering
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Figure 2.17: FH Euler angles at hovering
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Then, given that the flying hand is fully actuated, the robot is able
to move freely in the three dimensional space without changing its
orientation. Two separate tests are performed, to observe motion along
the x and y direction. To obtain cartesian motion along the desired
direction, body frame forces fy =1 N and f, =1 N are exerted on the
system, respectively. Moreover, in order to maintain constant altitude,
the thrust force f, is applied to the system to compensate the robot
weight force. The input torque is set to 7. = 0T.

Figures 2.18 and 2.19 show the robot response to the control input
force fo = (fx,0,f,) 7. It can be seen that the robot’s cente of gravity
shows constant acceleration along the x direction due to the constant
force generated by the propellers, while the y and z coordinates remain
constant. The Euler angles remain at their initial value throughout
the simulation. Analogous results can be observed in figures 2.20
and 2.21, which describe the flying hand response to the input force
fe = (0,fy, f,) 7. With such choice of inputs, a uniformly accelerated
motion along the y direction can be observed, while the orientation
remains unchanged.

For the next test, a torque 1y, = 0.001 Nm is applied, as well as the
thrust force f,. The flying hand is expected to hover at its initial
position while changing its heading direction. Indeed, from figure 2.22
and 2.23, it can be seen that the baricenter coordinates are constant in
time, the p and 0 are fixed while the 1 angle increases quadratically
due to the constant torque generated by the propellers.

6000 T T T T T T T T T
CoM [
E 40001 EE |
5 2000 |
0 ] 1 1 1 | |

1
0 20 40 60 80 100 120 140 160 180 200

time [s]
1 T T T T T T T T T
- CoM
E EE
S0
Y
_1 Il Il 1 1 1 1 1 1 Il
0 20 40 60 8 100 10 140 160 180 200
time [s]
1 T T T T T T T T T
. CoM
g EE
S0
I\
_1 Il Il 1 1 1 1 1

1 Il
0 20 4 60 8 10 10 140 160 180 200
time [s]

Figure 2.18: FH and End Effector position with constant input force fy
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Figure 2.19: UAV Euler angles with constant input force fx
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Figure 2.20: FH and End Effector position with constant input force fy
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Figure 2.21: UAV Euler angles with constant input force fy
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Figure 2.22: FH and End Effector position with constant input torque Ty,
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Figure 2.23: UAV Euler angles with constant input torque Ty,

Finally, the flying hand responses to p and 6 rotations are observed.
In order to achive such rotations, input torques t, = 0.001 Nm and
Tg = 0.001 Nm are applied to the robot, respectively, as well as the
body frame thrust force f,. Since the input signals are applied in open
loop, the system is expected to move along the x and y direction,
based on the torque considered, and lose height due to the body frame
rotation, according to the model derived in 2.46.

Figures 2.24 and 2.25 show the system response to input torque T,
and force f. It can be notice that such response is identical to that of
the UAM reported in figures 2.7 and 2.8. In fact, since the link revolute
joint allows relative motion between the two bodies only about the yp
frame, when the motion does not involve 0 rotations the two systems
are equivalent. It can be noticed that, due to the constant torque T,
generated by the propellers, the p angle grows as a quadratic function.
Figures 2.26 and 2.27 show the robot response to the input torque
Tg and thrust force f,. The constant torque produced by the motors
causes a body frame 0 rotation. Since the input force and torque are
applied in open loop, the body frame rotation is not compensated
and causes a reduction in the vertical component of the thrust force,
resulting in the system losing height. Moreover, a force component
along the x direction arises, causing motion along this axis.
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Figure 2.24: FH and End Effector position with constant input torque T,
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CONTROL DESIGN

In this chapter, control schemes are designed for the two case of study
systems (UAM and FH). The goal of those controllers is to achieve
asymptotic tracking of a simple joint space trajectory, similar for both
robots. The trajectory is defined as follows:

¢ vertical rising: the robot vertically ascends up to 2m of height;

¢ x translation: the robot maintains a constant height of 2m while
moving along the x direction, for a total length of 2m. For the
UAM, the q coordinate remains at 0°;

¢ end effector positioning: for the UAM robot, the drone hovers
at its current position, while the link rotates of —30°, while for
the FH robot the full system rotates of —30°;

¢ y translation: maintaining the current end effector orientation,
the robot slides along the y direction for a length of 2m.

The translations are defined for the UAV’s center of mass for the UAM,
while for the FH they refer to the full robot’s baricenter. Each phase of
the trajectory takes 7s to complete. Those joint space trajectories yield
similar end effector trajectories for both the UAM and the FH. For the
latter, it has already been established that the end effector variables
coincides with the full robot variables, up to a rigid transformation,
therefore it is only necessary to design a controller for the flying base.
On the other hand, for the UAM two controllers are designed, one for
the UAV and the other for the robotic arm.

3.1 UAM TRAJECTORY TRACKING
3.1.1  Underactuated Platform Control

The drone which composes the UAM is underactuated. In fact, as pre-
viously stated, it holds rank((FT,MT)T) = 4. Therefore, it is possible
to independently control 4 UAV generalized coordinates. In this work,
the choice adopted is to control the cartesian position pg = (x,y,z)"
and the robot heading direction 1. The thrust force f, induced by the
propellers is used to control the altitude, i.e. the z coordinate, while
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the torques need to be designed in order to control the x, y and
coordinates. In order to do so, a map between the cartesian position
and attitude information needs to be derived, assuming a desired
trajectory (xa,Ya,za, Wa)T is given. Considering the translational dy-
namics and linearizing around hovering condition (p ~ 0, 6 ~ 0), it
holds

(sintl)dercosﬂ,)dG)n‘i—zB
Pe = | (—cosPpap+sing0)-= (3.1)

mp
f.

mpg g

By defining the position error e, = pg,q —pB, Where pg a4 = (xa,Ya, za)"
is the desired drone cartesian trajectory, and imposing some desired
error dynamics according to

€p +Kpép +Kpep, =0 (3.2)

the reference position can be obtained as

PB,r = PB,a + Kpép + Kpeyp (3-3)
which yields asymptotic convergence to e, = 0 as long as Kp, Kp
e R3%3 are diagonal positive definite control matrices. Then, the Euler
angles reference trajectory @, = (p, 0;,P,)" can be obtained through
the map 3.1, by substituting the cartesian acceleration pg with the
reference acceleration Pp , derived in 3.3:

pr = (sinaxpr —cosPaip,r)g !

0, = (cosPaxp r +sinPayp,r)g" (3-4)
by =Yg
The altitude control law can then be written as

mpg + My

2= m(le +9) (3:5)
for the full UAM. Considering 2.10, the rotation dynamics in 2.7 can

be expressed in terms of the Euler angles as

& =T(@) (5"t — I (T(®)D x [gT(®)D) —T(®)D)  (3.6)

and the attitude control law can be derived as

T. = [gT(®)(Dr+Kpoép +Kpoea) +T(Q)D x [gT(D)D + [ T(0)D

(3.7)
where ep = O, — @ is the attitude error, Kp ¢ and Kp ¢ € R3*3 are
positive definite control matrices. Then, the attitude error dynamics
can be expressed as



3.2 UAM DYNAMIC COMPENSATION

€p + KD,qyé(D + Kp,q)eq) =0 (3.8)

which yields asymptotic convergence to eqp = 0 if Kp,p > 0 and
Kp/(p = 0.

3.1.2  Robotic Arm Control

Given a desired link coordinate trajectory in terms of qq, ¢4 and dgq,
the control law for the robotic manipulator consists of a feedback
linearization term to compensate the nonlinear arm dynamics, plus a
PID and feedforward actions. This strategy is usually referred to as
computed torque control. Considering the Euler-Lagrange dynamic
model 2.26, the link input can therefore be written as

T = e7B(£)e7(da+Kp,qéq +Kpqeq) + 7 (C(E€)E+9(E)) (3.9)

where eq = qq —q, Kp,q > 0 and Kp 4 > 0 are control gains, and
e; € R’ is the 7-th canonical vector € IR”. The vector e is used to
select the components of the B(&) and C(&, &) matrices and of the
vector g(&) of the dynamical model 2.26 relative to the link coordinate
g. Moreover, the scalar contribution e;C(E,, )& contains the Coriolis
and Centrifugal terms due to the UAV velocities, and therefore it is a
form of compensation of the coupling effects between the flying base

and the robotic manipulator.

3.2 UAM DYNAMIC COMPENSATION

As it will be seen in the next chapter, the UAM controllers achieve
poor tracking performances. In particular, during the second phase
of the trajectory (translation in the x direction), the system presents
a large tracking error ey, with a peak of eq = 3.96°. Moreover, in the
last phase of the trajectory, a steady state cartesian tracking error x
component equal to e, x = 3.7cm is present. Finally, when the system
is moving along the y direction, the 1 generalized coordinate exhibits
a divergent behaviour. In this section, some compensation strategies
are designed in order to improve the case of study robot’s tracking
performances.

3.2.1  Slower Trajectory

The cause of the large generalized q coordinate tracking error is
attributed to the link dynamics not being fast enough to cope with
the reaction torques generated by the UAV. Then, an improvement
can be obtained by allowing more time for the robot to complete this
phase of the trajectory. The new desired translation requires 20s to
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complete. By increasing the required time, the desired velocities and
acceleration are reduced, resulting in smaller reaction torques. The
tracking error e is then reduced. The errors observed in the last phase
of the trajectory are attributed to the center of gravity of the robot
not remaining aligned with the UAV’s baricenter. Then, the forces
applied by the drone’s propeller generate additional force torques,
which the controller is not able to compensate. Those effects are not
related to the time requirements imposed by the desired trajectory.
Nevertheless, this phase of the trajectory is also slowed down to 20s.
With this change, the 1 error is reduced, although its behaviour is
still divergent. However, with the slower trajectory, the control effort
required is significantly decreased.

3.2.2 Integral Action

Although the slower trajectory results in lower tracking errors and
smaller control signals, it does not solve the convergence issues previ-
ously discussed. A first attempt to solve those problems consists of
adding integral actions in the control laws, in order to reject constant
disturbances.

The error dynamics for the cartesian position of the drone’s center of
gravity can then be expressed as

ép—l—KDép—i—erp—l—KIJepdt:O (3.10)

where asymptotic stability to e, is guaranteed if 0 < K1 ; < Kp;Kp 4,
according to the Routh Criterion. The position reference is then re-
trieved as

ﬁB,r :ﬁB,d‘i‘KDép +KPep +KIJepdt (3-11)

The integral control gain matrix is chosen as K; = diag(Ky,x, Ky,y,0).
Concerning the attitude dynamics, the p and 6 angles inherit the
control action from p, through the map 3.1, while the 1 dynamics is
modified to include the integral term. Then, the attitude control law
can be rewritten as

Te = IBT(CD)(Q.)r + KD,(péq) + KLq) Jemdt)

+T(O)D x [gT(®)D + IgT(D)D

where KI,(D = diag(O, 0, KI,lb)'
Finally, the integral action is also added in the robotic arm control law
3.9, which is modified according to

(3.12)

TL = €7 B(E)e7(Ga+Kp,qq +Kp,qeq +Kiq Jeq dt)+e7 (C(E,&)E+9g(E))
(3.13)
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where K1 4, needs to be chosen to satisfy the Routh criterion to guar-
antee asymptotic convergence to eq = 0.

3.2.3 Model-Based Dynamic Compensation

So far, performance improvements have been achieved by means
of relaxations in the trajectory requirements, and the addition of the
integral action in the control laws. None of this approaches exploits the
coupled dynamical model derived in 2.26. By inspecting the structures
of matrices B(&) and C(£, &) and of the vector g(¢&), it can be observed
how the robotic manipulator dynamics influences the UAV dynamics
and vice versa. Since the coupling equations are known, it is possible
to compensate them by allowing the drone access to the current q
coordinate information. It is important to notice that this approach has
already been implemented in the link control 3.9. The same strategy
is applied to the attitude controller, introducing the information on
the angular position and velocity of the link and maintaining the
integral action in the {p dynamics. The attitude control law can then
be rewritten as

35

Te = IBT((D)((DT + KD,q)éq) + Kp,q)eq) + KI,(I) Je@dt) -I-T(q))d) X IBT((D)d)

+IT(D)D + Rwp (@) ' T(@) "Se(C(E, E)erq + g(&))

(3.14)
where So = (03x3,13,03x1) is a selection matrix isolating the fourth
to sixth rows of C(, &) and g(&). The contributions S¢ C(&, €)e7 ¢ and
Sog(&) in 3.14 aim at exactly compensating the UAV torques due to
the manipulator velocity and the gravity contribution. No integral

action is needed in the UAV cartesian error dynamics equation.

3.3 FH TRAJECTORY TRACKING
3.3.1 Fully Actuated Platform Control

Concerning the flying hand robot, the actuation of the system is
entirely provided by the UAV platform, since the manipulator is
rigidly connected to it. The hexarotor which composes the FH is fully
actuated, so it is possible to independently control the full 6 DoFs
robot pose. Assuming a reference trajectory (pg/ 4, @q)" is given, the
FH dynamical model 2.46 can be rewritten as

() - (s (o )
WEy Lot Te Wy X Trorwp

Then, by choosing as input force
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fe = MiotRwE (®) (BBra + Kp,apép + Kpapep +983)  (3.16)

where e, = pp/,q — pp is the position error, Kp g and Kp «p are
control matrices, the position error dynamics can be expressed as

€p +Kp,apep + Kpapep = 0 (3.17)

Assuming Kp, «p and Kp «p to be positive definite, asymptotic con-
vergence to e, = 0 is guaranteed. Concerning the attitude dynamics,
recalling 2.10, the equations can be rewritten in terms of the Euler an-
gles as in 3.6, substituting Ig with I,¢. The control law can therefore
be expressed as

Te = Lot T(Q)(Kp,oaplo + Kpoapen) + T(Q)D x Lot T(Q)D
+ Lot T (@)D

(3.18)
and, assuming ® 4 = 0, the attitude error dynamics is described by

€o + Kp,oapeo +Kpouapeon (3-19)

therefore asymptotic convergence to e = 0 is guaranteed as long
as Kp,owp = 03x3 and Kp,oxp = 03x3. The condition d4 =0 can
be ensured while designing the robot trajectory, e.g. by deriving the
reference Euler angles through linear interpolation between a starting
configuration and a desired final configuration.



SIMULATIONS AND RESULTS

In this chapter, the control parameters tuning is described, then the
responses to the desired trajectories obtained by employing the control
strategies previously described are showed, and some performance
indexes are considered to analyze the controllers efficiency.

4.1 PLATFORMS TUNING

The control strategies described in chapter 3 are implemented on the
single UAV platforms at first. So, the total masses and inertias are
substituted with the drone masses and inertias. The goal is to tune
the contol parameters so that the two aerial vehicles have similar
responses to the same set point. Table 4.1 contains the control gains
which yield similar responses for the two systems.
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Figure 4.1: UAVs responses to a 2m step reference along z
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Figure 4.2: UAVs force inputs for a 2m step reference along z
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Figure 4.3: UAVs torque inputs for a 2m step reference along z



4.1 PLATFORMS TUNING

For the altitude dynamics, a step reference z;.¢ of 2m of height is
considered, since both the UAM and FH trajectory require a 2m
rise. From figure 4.1 it can be noticed that the responses of the fully
actuated drone and of the under actuated one are identical. This is to
be expected, since for the altitude dynamics the control laws for the
two platforms are identical, and the two systems are charachterized
by the same mass and inertia tensor. The responses are charachterized
by a rise time t, 19, = 5.08s and an overshoot of 0.415%. From figures
4.2 and 4.3, the input forces and torques required to reach the desired
set point can be observed.

For the 1 dynamics, a step reference of 180° is considered, while the
cartesian position reference is set at 0. As in the previous case, since
the tilted and coplanar drones’ closed loop 1\ dynamics are equivalent,
the responses are expected to be equal. From figure 4.4, it can be seen
that the two systems’ responses are in fact identical. With the control
gains reported in 4.1, a rise time t, o, = 4.84s and an overshoot of
0.79% are achieved. The corresponding control signals can be observed
in figures 4.5 and 4.6. A constant thrust force along the z direction is
required to maintain constant altitude, while the torque T, produces
the desired rotation.
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Figure 4.4: UAVs responses to a 180° 1 step reference
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4.1 PLATFORMS TUNING

A step reference of 2m is considered for the x dynamics, while the
other controlled variables are set to o. Differently from the altitude
and 1 dynamics, the closed loop behaviour for the x coordinate will in
general be different between the two systems. The control parameters
are tuned to make the robots responses as similar as possible. The
step responses are showed in figure 4.7. The fully actuated platform
shows a rise time t, 19, = 5.56s and an overshoot of 0.12%, while the
underactuated platform is charachterised by t; 19, = 5.71s and no
overshoot. From gigures 4.8 and 4.9, the required control signals can
be observed. Due to its full actuation properties, the tilted hexacopter
is able to maintain constant height and move in the x direction without
applying any torque. On the other hand, the coplanar hexacopter must
perform a 0 rotation to move along the x direction. Due to this rotation,
the vertical component of the body frame thrust force is reduced, and
the robot needs to exert a higher force during the transient in order to
maintain constant height.

Similar results can be observed in figures 4.10, where a y coordinate
step reference of 2m is considered, and the other controlled variables
are set to 0'. The fully actuated platform’s response is charachterized
by t 19 = 5.56s and overshoot of 0.12%, whereas the coplanar drone’s
response shows t; 9, = 5.7s and no overshoot. The corresponding
input signals can be observed in figures 4.11 and 4.12.
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Figure 4.7: UAVs responses to a 2m step reference along x
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Figure 4.12: UAVs torque inputs for a 2m step reference along y

Up to now, the cartesian and 1 responses of the two mutirotors have
been compared. However, the fully actuated UAV is able to change
its orientation with respect to the p and 0 angles independently from
its cartesian position. Therefore, the control parameters relative to
those two additional degrees of freedom need to be tuned. The goal
is to obtain p and 0 responses comparable with those achieved for
the cartesian and \{ coordinates. For the p and 6 dynamics of the
tilted multirotor, step references of 45° are considered. The responses
can be observed in figures 4.13 and 4.15, respectively. The p response
is charachterised by a rise time t, 19, = 5.54s and an overshoot of
0.051%, while the 0 response shows a rise time t, 9, = 5.32s and
overshoot 0.042%. As previously established, those rotations cause
motion along the y and x direction, respectively, if the correponding
force component is not compensated. The control inputs needed to
perform a p rotation on the spot are showed in figures 4.14, while
the inputs required for a 0 rotation maintaining constant position are
showed in figure 4.16. Given that the cartesian setpoint has been set
to ppr = 07, the UAV nedds to apply nonzero forces to maintain the
desired position.
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Fully Actuated Platform Under Actuated Platform

088 0 0 12 0 0

Kp,ap 0 08 0 Kp 0 148 0
0 0 085 0 0 085

1.7 0 0 10 0 0

Kp,«p 0 1.7 0 Kp 0 109 0
0 0 16 0O 0 16

095 0 0 159 0 0

Kp,oap 0 105 0 Kp, 0 0 15 0
0 0 038 0 0 038

1.8 0 0 167 0 0

Kp,ouap 0 19 0 Kp,o 0 15 0
0 0 15 0 0 15

Table 4.1: UAVs Control Parameters

4.2 FH SIMULATIONS

After the single UAV platforms are tuned, the tracking controllers are
implemented and tested on the flying hand and the UAM. For the
flying hand, the drone’s mass and inertia are substituted with the full
robot mass mi,¢ and the total inertia tensor Ii,¢, according to the
control laws described in 3.16 and 3.18. Since the actuation properties
of this robot are entirely provided by the UAV, the control problem
for the system reduces to a control problem for the drone. Given the
full actuation of the system, a feedback linearization with PD action is
considered.

The flying hand cartesian trajectory tracking response can be seen from
figure 4.17, while the attitude dynamics can be observed in figure 4.18.
The cartesian response is characterized by negligible tracking error,
while in the attitude response only the 6 angle exhibits a transient
error. It can be noticed that the robot achieves asymptotic tracking of
the desired trajectory. The input forces and torques generated to follow
the desired trajectory are showed in figures 4.19 and 4.20, respectively.
The only nonzero torque component of the input vector T, is Tg. This
is to be expected, since the only rotation required by the trajectory is a
0 rotations in order to properly position the end effector. On the other
hand, it can be noticed that the force input vector has a nonzero x
component even when translation in the x direction are not performed.
This force is needed to maintain a constant baricenter’s x coordinate
when the body frame rotates.
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4.3 UAM SIMULATIONS
The UAM response to the decentralized controller is showed in figures

4.21 and 4.22, respectively. From 4.21, a constant offset in the last
segment of the UAV trajectory with respect to the desired one can

be observed. Moreover, the 1\ angle exhibits a divergent behaviour.

Finally, it can be noticed that the link trajectory presents large errors
when the platform is moving along the x axis, only being able to
achieve tracking in the last two phases of the trajectory.
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4.3 UAM SIMULATIONS

The tracking errors are due to several causes. First, the link closed
loop dynamics might be too slow to properly compensate the reaction
torques induced by the UAV motion, causing a large tracking error eq
when the robot moves in the x direction. Moreover, the link motion
generates reaction torques on the multirotor, which are responsible
for the constant offset observed in the cartesian trajectory. Finally,
when the system slides along the y direction with the link at a fixed
angle, the center of gravity of the full system no longer lies on axis
zp. Therefore, the forces applied by the drone propellers generate
additional force torques, which cause the 1 angle to diverge from
its desired value. The input UAV forces and torques, and the input
link torque can be observed in figures 4.23, 4.24 and 4.25, respectively.
It is immediate to notice that the multirotor torques are close to an
impulsive signal of extremely large height. This is due to the trajectory
having tight time requirements, and resulting in expensive control
signals. Those requirements also affect the manipulator behaviour. In
fact, by observing the control signal Ty in figure 4.25, two peaks can be
noticed. The time instants at which those peaks appear coincide with
the time instants at which the tg impulses occur, and they correspond
to the time instant at which the robot starts to move along the x
axis, and the time instant at which the robot starts to position its end
effector.
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Figure 4.23: UAM thrust force
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4.3.1  UAM Tracking with Slower Trajectory

The main reason for the poor performances obtained by the UAM are
the tight time requirements imposed by the desired trajectory, a first
improvement consists of relaxing those constraints. In particular, the
two critical phases of the trajectory, i.e. the x and y translation phases,
now require 20s to complete. The cartesian and 1 responses to the
new, slower desired trajectory are reported in figures 4.26 and 4.27,

respectively.
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Figure 4.27: UAM 1 and q coordinates considering slower trajectory
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The constant cartesian offset is not reduced, and the 1 angle response
still exhibits a divergent behaviour. The only improvement provided by
the relaxation of the time constraint is a reduction in the tracking error
eq when the UAV moves in the x direction. However, by looking at
the new control signals in figures 4.28, 4.29 and 4.30, it can be noticed
that the UAV input torques are reduced by an order of magnitude,
thus resulting in a much lower control effort for the robot to complete
the trajectory.
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4.3.2  UAM Tracking with Integral Action

It is evident that slowing the critical phases of the desired trajectory
results in less expensive control actions, however it does not solve the
convergence issues previously discussed. A possible solution consists
of implementing the integral action in the controller. In particular, the
integral contribution has been added to the cartesian error dynamics,
to the attitude \{ controller and and in the q generalized coordinate
control law. The integral gains have been chosen as K; = diag(8$,8,0),
K1y = 3 and ky,q = 15. The UAM response to the controllers imple-
menting the integral action is showed in figures 4.31 and 4.32. For this
simulation, the slower trajectory has been considered as reference for
the system. It can be noticed that, in the last phase of the trajectory,
after a small transient the robot’s cartesian trajectory converges to the
desired one, thanks to the integral action in the cartesian error dynam-
ics which rejects constant disturbances. Moreover, the 1 tracking error
presents a bounded and negligible constant steady state error instead
of the divergent behaviour. The generalized q coordinate tracking er-
ror is also bounded when the UAV platform moves in the x direction,
with eq = 0.11°. However, since in this stage of the trajectory the goal
is to correctly position the UAV, it is reasonable to tolerate larger end
effector errors.

The control inputs produced by the controllers exploiting the integral
contribution can be observed in figures 4.33, 4.34 and 4.35. No signif-
icant difference can be observed in the UAV inputs with respect to
those in figures 4.28 and 4.29, relative to the response to the slower
trajectory.
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Figure 4.34: UAM input torques with integral action

Considering the results just presented, it is possible to claim that
adding the integral contribution in the control laws makes the system
more robust, and perfect cartesian asymptotic tracking can be achieved,
while the 1 angle presents a negligible steady state error. Convergence
for the q generalized coordinate is also obtained. To understand these
phenomena, it is important to notice that the controllers for the UAV
and the link manipulator are developed separately, in fact this is an
instance of decentralized control, where the link motion is treated as a
disturbance to be rejected by the multirotor and vice versa.
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Figure 4.35: UAM link input torque with integral action

4.3.3 UAM Tracking with Model-Based Compensation

The addition of the integral contribution in the controllers improves
both the convergence properties of the system and the required control
effort. However, this strategy does not exploit full knowledge of the
dynamical model 2.26. The dynamic coupling between the two bodies
are considered to adjust the attitude control law, as in 3.14. The integral
contribution is therefore removed from the error dynamics equation.
The UAM response to the model-based controller to the slow trajectory
are reported in figures 4.36 and 4.37. It is immediate to notice that
the model-based control law yields perfect cartesian tracking of the
desired trajectory. This is achieved thanks to the exact compensation
of the disturbances, up to the first order, on the UAV generated by
the link motion. This can be accomplished by adding to the UAV
controller feedback on the link angular position and velocity. The {»
response presents a behaviour similar to that of the controller imple-
menting the integral action, where the steady state error is bounded
and negligible. The generalized q coordinate also presents closed loop
dynamics similar to that of the previous simulation, with a bounded
error eq in the x translation phase of the trajectory, and convergence
to the desired value afterwards.

The control inputs generated by the model-based controller are showed
in figures 4.38, 4.39 and 4.40. Those are comparable with the signals
generated considering the controller with integral action of the previ-
ous section, reported in figures 4.33, 4.34 and 4.35.
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The implementation of the model-based attitude compensation in
the UAV controller solves the cartesian convergence problem and
yields perfect tracking of the desired trajectory. The 1 tracking error is
bounded and negligible, and the link generalized coordinate error eq
is bounded in the x translation phase and convergent to zero for the
rest of the trajectory. Since the multirotor uses feedback information on
the link’s current angular position and velocity, and the manipulator
has access to the drone’s current pose and velocity, this can no longer
be considered as a decentralized control scheme.
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Figure 4.38: UAM thrust force with model-based compensation
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Figure 4.40: UAM link input torque with model-based compensation

4.4 QUANTITATIVE ANALYSIS

So far, only a qualitative analysis of the controllers” performances
has been discussed. In this section, a quantitative analysis of the
robots responses is carried out. Concerning the UAM robot, only
the controller implementing the integral action anf the model-based
attitude dynamics compensation are discussed, since those are the two
approaches for which stability has been achieved.

4.4.1  Performance Indexes

The flying hand robot is fully actuated, in fact the control problem for
this system has considered the full robot pose defined in R®. On the
other hand, the UAM is underactuated, and its five controlled variables
are the cartesian UAV position, the 1 angle and the link generalized
coordinate q. Since the error and input vectors are defined over vector
spaces of different dimensions, a direct comparison of the two is
impossible. Instead, the magnitude of the error and input vectors are
compared. As performance indexes, the maximum, minimum and
mean value of those vectors are selected. However, those puntcual
indexes do not account for the fact that the UAM is given a slower
trajectory, and therefore takes more time to complete the task. If
time is a critical factor to determine the robot performance, different
indexes need to be defined. The choice adopted in this work consists
of computing the total control effort for the trajectory. By definint as
trn the total duration of the task for the flying hand, and defining
tuam the total duration of the task for the UAM, the total control
effort can be computed as
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tr
Utot = Jo lu|dt (4.1)

where k = {FH, UAM}. This performance index penalizes longer execu-
tion times, since the input vector norm is a positive quantity integrated
over a larger time interval.

4.4.2  Performance Comparison

The error and input vector norm for the flying hand with respect to
time are showed in figure 4.41. Comparing the error norm over time
with the cartesian and Euler angles responses in figures 4.17 and 4.18,
it is immediate to understand that the only contribution to the error is
due to the transient response to the desired 6 rotation. On the other
hand, the shape of the input norm signal can be approximated by the
sum of the inputs f, and fy in figure 4.19. In fact, the most difficult
action for the flying hand consist of maintaining constant height and
a constant position when the body frame is rotated.
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Figure 4.41: Flying Hand error and input vector norm

The error and input norm for the UAM implementing the integral
action are showed in figure 4.42. Considering the error norm, it can be
noticed that the largest errors correspond to the end effector position-
ing phase and the translation along the y axis. By looking at the input
vector norm, it is immediate to notice that the most expensive actions
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correspond to the body frame rotations of the UAV.

In figure 4.43, the error and input vector norm for the UAM implement-
ing the model-based attitude dynamics compensation are reported.
Considering the error norm, it can be noticed that the first portion
of the signal (up to the robot’s motion along x) is identical to the
error norom for the system implementing the integral action. The
model-based dynamic compensation is in fact relevant when the link
dynamics influences the multirotor behaviour, that is, in the last two
phases of the trajectory, for which the error norm is smaller. Consid-
ering instead the input vector norm, no significant difference can be
noticed with respect to that reported in figure 4.42. The local maxima
of the input norm correspond with the UAV command torques for the
0 and p rotations.

In table 4.2, the performance indexes for the flying and the UAM
considering the integral action and the model-based attitude com-
pensation are reported. It can be noticed that, in terms of tracking
performances, the UAM has lower error norm compared with the
flying hand. The model-based compensation is the best approach ac-
cording to those performance indexes. Considering the input vector
norm, the two considered UAM control strategies yield identical mean,
maximum and minimum value. The minimum and mean input norm
are comparable with those achieved by the flying hand. On the other
hand, the flying hand presents a smaller maximum, and it is therefore
the better choice considering the required control effort. As previously
stated, those performance indexes to not take into account the time
needed by each robot to perform the desired task. To penalize the
slower system, the integral of the input vector norm over the time
interval needed to complete the task is considered. The flying hand
presents a total required control effort which is almost halved with
respect to that obtained by the UAM. The higher value associated with
both UAM control strategies is due to the longer time needed to track
the trajectory, and due to the integration of the impulsive components
of the torque input vector.

FH Integral UAM | Model-Based UAM
max(le)) | 0.0282 0.0114 0.0082
mean(le|) 0.0051 0.0024 0.0014
max(ju]) | 38.1056 60.5121 60.5121
min(jul) | 36.2542 36.2517 36.2517
mean(jul) | 37.1818 37.1812 37.1812
Joluldt | 1.04x10% | 201 x 103 2,01 x 103

Table 4.2: FH and UAM performance indexes
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In conclusion, from the results obtained it can be noticed that the
UAM is able to track the desired trajectory with lower errors with
respect to the FH, due to the additional DoF provided by the actuated
manipulator which allows higher precision. However, the UAM also
requires higher control effort and takes more time to track the desired
trajectory.
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The scope of this thesis was to analyze two different aerial manipula-
tor robots, with different actuation properties, and to design different
control strategies to explore wether a particular configuration presents
some advantages in terms of tracking performances and required
control effort. To overcome the disturbances due to the manipula-
tor motion, compensation algorithms have also been developed. The
control approaches presented in this work are tested in a simula-
tion environment exploiting MATLAB and Simulink. The main key
points and final results of the thesis are summarized and discussed
in the following, and some ideas on possible related future works are
expressed.

5.1 FINAL REMARKS

Aerial manipulation has been a topic of great interest among academic
institutions and industrial companies. Indeed, equipping a multirotor
with a manipulator exploits the drone’s agility and maneuverabil-
ity and extends the range of possible applications, making it able to
perform manipulation tasks in flight. However, the control problem
for those kind of systems presents several issues. In particular, the
single UAV model is highly nonlinear, and it is usually linearized or
simplified by neglecting some components. Furthermore, the presence
of a manipulator attached to the drone generates coupling effects
in the dynamics of the system. In this work, two aerial manipulator
with different actuation capabilities, namely a flying hand and an un-
manned aerial manipulator, have been studied. Considering the flying
hand, the actuation properties are defined entirely by the multirotor
base, which consists of an «f3 tilted hexacopter. The tilt angles for
the propellers are chosen in order to guarantee full actuation for the
drone. Consequently, the flying hand is also fully actuated. A feed-
back linearization scheme has been developed to design a tracking
controller for this robot. On the other hand, the unmanned aerial
manipulator is an underactuated system, despite the robotic arm pro-
viding an additional degree of freedom to the underactuated platform.
A decentralized UAV control scheme combined with a feedback lin-
earization arm controller has been developed, however it shows poor
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tracking performances due to the arm dynamics influencing the UAV
dynamics, and large input signals. To overcome those issues, different
strategies are explored. First, a more robust strategies includes the
integral action on the UAV cartesian and attitude dynamics, and in the
link control law, to reject the disturbances caused by the manipulator
motion. Afterwards, the fully coupled dynamical model of the multiro-
tor plus drone is exploited to exactly compensate the arm disturbances
affecting the UAV attitude dynamics. Both strategies allowthe robot
to complete the desired task with lower tracking errors and control
effort. In terms of tracking performances, the UAM presents lower
error vector norm with respect to the flying hand. However, it is the
most expensive system in terms of time and control effort.

5.2 FUTURE WORK

In this work, control startegies yielding stability for both the fully
actuated flying hand and the underactuated UAM have been devel-
oped. Those approaches have been tested on a simulation environment
(MATLAB and Simulink). Possible development of this work include:

¢ Testing on more accurate and experimental setups: in this thesis,
each control design was tested in a simplified environment. In
order to better asses the performances of the robots and to better
understand the systems behaviour and responses, validation
test could be performed on a more physicaly accurate simulator
such as Gazebo [18]. Followin the same reasoning, the control
schemes could be tested in real world experimental setups.

¢ Even actuation properties: in this work, the flying hand was
a fully actuated system, while the UAM has beeen revealed
to be an underactuated system. Under actuated systems are
usually more difficult to control and are limited in their ability
to solve a desired task, due to their dynamic constraints resulting
in less degrees of freedom to exploit. Adding an independent
degree of freedom to the UAM would allow a wider range of
possible solutions to complete a desired task, and would allow
the implementation of more efficient control strategies.

¢ Implementing different control strategies: for the flying hand,
a feedback linearization scheme with PID action has been exam-
ined, while for the UAM a position and 1 controller has been
developed neglecting the presence of the robotic link, and later
adjusted to improve the robot’s performances. However, many
different control architechtures could be designed and tested to
try to further improve the system efficiency.

* Considering different manipulation task: in this document,
only the task of tracking a desired trajectory has been consid-
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ered. Aerial manipulator are able to perform a wide range of
tasks, such as trasporting or manipulating an object during flight.
Different scenarios, where the robot interacts with the environ-
ment, could be considered to carry out a similar analysis of the
tracking performances and input effort requirements of aerial
manipulators similar to those examined in this work.
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