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Abstract

This paper presents a novel bilateral shared framework for a cooperative aerial transportation and manipulation system
composed by a team of micro aerial vehicles with a cable-suspended payload. The human operator is in charge of steering
the payload and he/she can also change online the desired shape of the formation of robots. At the same time, an obstacle
avoidance algorithm is in charge of avoiding collisions with the static environment. The signals from the user and from the
obstacle avoidance are blended together in the trajectory generation module, by means of a tracking controller and a filter
called dynamic input boundary (DIB). The DIB filters out the directions of motions that would bring the system too close to
singularities, according to a suitable metric. The loop with the user is finally closed with a force feedback that is informative
of the mismatch between the operator’s commands and the trajectory of the payload. This feedback intuitively increases
the user’s awareness of obstacles or configurations of the system that are close to singularities. The proposed framework is
validated by means of realistic hardware-in-the-loop simulations with a person operating the system via a force-feedback

haptic interface.

Keywords Cooperative aerial transportation - Shared control - Teleoperation - Unmanned aerial vehicles

1 Introduction

The topic of aerial transportation and manipulation has
recently gained a lot of consideration in research [39,
41, 50, 54], both thanks to the technological maturity of
unmanned aerial vehicles (UAVs) and to the broad range of
applications that could benefit from it. Evidence of this is
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the success of several research projects, such as ARCAS!,
AEROARMS? and FlyCrane.

Developing a (semi) autonomous aerial transportation
and/or manipulation system requires solving several chal-
lenges. Firstly, it is necessary to devise ways for one or
more UAVs to interact with objects while considering their
limitations in terms of payload capacity and flight time
duration. Additionally, the complexity of such an inter-
connected system requires advanced models and control
strategies. Various technical solutions have been proposed
to tackle this problem. The first and perhaps most intu-
itive approach is to equip a single, large sized UAV with
a serial arm [23], thus granting it the capability to grasp
and move objects. However, this solution has limited appli-
cability as it cannot be used in narrow spaces or indoor.
Hence, recent research has been focusing primarily on using
micro aerial vehicles (MAVs), multi-rotor systems in partic-
ular. Researchers have successfully demonstrated the use of
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ad-hoc lightweight manipulators mounted on MAVs [22, 28,
55, 64], however the additional mass of these robotic arms
drastically reduces the available payload of these vehicles
thus compromising their usefulness for transportation.

The limited payload capacity of MAVs can be overcome
by using the combined effort of several of them to
cooperatively transport a single load [28]. One solution in
this regard is to have a rigid formation of MAVs that are
physically attached to the load via a special gripper or
similar mechanism [32, 38, 40]. Another approach is to
equip the MAVs with a special tooltip and let the UAVs
grasp the object by exerting contrasting forces, as in a flying
hand [16, 47]. However, this last method requires the object
to have planar surfaces for the grasp and it allows only
for very limited changes in the shape of the formation of
robots during operations. A flexible floating transportation
structure can be achieved by replacing the rigid links that
connect the MAVs to the load with cables (see Fig 1). This
idea has some attractive properties:

1. cables are very light thus, allowing to carry heavier
objects;

2. the formation of robots is flexible, provided that
spherical joints are used to attach the cables;

3. cables-supported transportation does not rely on contact
forces to hold the object thus preventing the risk of
“losing grasp” of the load;

4. with enough cables/MAVs it is possible to control the
full 6-DoF pose of the load.

The scientific community has recently shown a considerable
interest in studying these flying cable-suspended systems,
focusing in particular on modeling and developing suitable
planning and control strategies.

However, the question of how to bring a human oper-
ator in the control loop to maneuver the system, which is
important for the applicability of this system, has only been
marginally addressed. As explained in numerous publica-
tions [14, 26, 42, 57, 61], the concept of human-in-the-loop
is pervasive in aerial robotics because UAVs lack the auton-
omy and intelligence to cope with unpredictable/unplanned

Fig. 1 Concept of an aerial
cooperative transportation
system for a cable suspended
payload with a human operator

situations and to perform complex tasks in possibly chal-
lenging environments. The presence of a human operator
is a way to endow the system with advanced intelligence
and decision making capabilities, until the gap with higher
levels of autonomy [48, 59] is reduced. Moreover, as men-
tioned by Dietrich et al. [6], obtaining outdoor autonomous
flight authorizations from legal authorities can be prob-
lematic. Therefore, including a human operator is also a
practical way to simplify the deployment of UAVs in real
applications. Despite the advances made in recent years
in terms of the autonomy of aerial robots, there is evi-
dence that reliance on a human operator is still fundamental
in real-world applications. Skorobogatov et al. [59] pub-
lished a study in 2020 on the utilization of multiple UAVs
in different applications showing that fully autonomy is
not yet viable in the real-world. For the specific case of
a cable-suspended cooperative aerial transportation sys-
tem, to the best of our knowledge, so far there is only
one study from Prajapati et al. [51] that has focused on
including a human operator in-the-loop. In [51], a person
acts as a pilot who steers a single MAV while the oth-
ers move according to a leader-follower paradigm. Yet,
this is done without haptic feedback and with very limited
autonomy.

In the spirit of assisting the human operator in the task
and increasing the autonomy of the system, we propose a
novel shared control framework for an aerial cooperative
transportation system with cables (see Fig. 1). The proposed
framework is designed to let a human operator steer the
pose of the carried load with the assistance of a collision
avoidance algorithm. The interface also lets the user modify
online the shape of the robots’ formation. A novel filter,
called dynamic input boundary (DIB), is introduced to
blend the commands from the user and from the collision
avoidance module. Lastly, a force feedback interface is
designed to close the loop with the user in order to increase
his/her situation awareness. The proposed method leverages
the model and kinematic decomposition derived in [35] to
separate the motion of the load from the changes in the
MAVs’ formation.

>

in-the-loop giving commands (a commands
translation indicated by the red SRS e
arrow)
duummmms
haptic feedback

Human operator
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The rest of the paper, is organized as follows. In
Section 2 we provide a review of previous works related
to our research. In Section 3 we recall the model of
the cable-suspended aerial transportation system from
[35], with a description of the kinematics and dynamics.
Section 4 provides a detailed description of the novel
shared control architecture. In Section 5 we present the
results of simulations performed with an haptic joystick that
demonstrate our solution. Finally, Section 6 concludes the
paper with some observations regarding future directions of
research beyond this work.

2 Related Works

In the last decade, the problem of cooperative manipulation
of a payload suspended via cables by unmanned multi-
rotor vehicles has been an active topic of research. In
[43, 44] the authors describe and solve the inverse and
forward kinematics of such a system to determine the
configurations of the quadrotors that correspond to static
equilibria of the payload while respecting the constraint
of non-negative cable tensions. The desired motion of
the payload is then achieved by navigating through
successive static equilibria, assuming that the trajectory is
sufficiently slow. This approach is extended in [11] by a
planning strategy that, given a series of desired waypoints
for the payload, generates a sequence of optimal robot
configurations corresponding to static equilibria of the load.
Another strategy for cooperative aerial transportation of
a cable suspended load is described and experimentally
validated with unmanned helicopters in [2, 37], but it is
based on the assumption that the load is a point mass, i.e.,
its orientation is not controlled. Full 6-dimensional aerial
manipulation of cable-suspended load is addressed in [33]
with the FlyCrane, an architecture for aerial towing that uses
three quadrotors, each one of them connected to the load
via two cables. The authors then adopt a cost-based motion
planning that includes constraints on the cable tensions as
well as on the thrust of the robots. All the papers mentioned
so far either base their results on a quasi-static model of the
system or (partially) neglect the dynamics of the payload.
The complete dynamics of the payload has been considered
in [60] where the authors first prove that the system is
differentially flat and then demonstrate with an experiment
that considering the full dynamics in the controller improves
the tracking accuracy. This approach requires high order
derivatives of the load and the specification of the tensions
of some cables up to the fourth derivative. However, it is
not easy to predict how changes to these tensions affect the
trajectories of the MAVs.

Several papers have proposed distributed controllers for
this problem. In [34] it is presented a distributed controller

based on an incremental nonlinear dynamic inversion that
does not require global positioning but rather relative
measurements. In [62] the authors propose a master-
slave paradigm where the master agent is commanded
remotely while the single slave complies with an admittance
controller. This approach does not rely on communication
nor on the knowledge of the relative positions between
agents and load. A leader-follower approach is also used
in [15], however this is framed in a more general setting
not limited to aerial robots. The role of internal forces in
a communicationless cable-suspended aerial transportation
system is investigated in [63], albeit only in the case of
two robots. The problem of limited communication has also
been explored in [52], with a focus on trajectory planning.
There the authors combine a global motion planner that
generates offline a sequence of waypoints with a local
motion planner planner that yields online references for
the vehicles without requiring continuous communication.
Robustness is the focus of [29, 53, 56], which propose
controllers that account for perturbations and modeling
uncertainties.

More recently, researchers have highlighted the similar-
ity between these aerial cooperative transportation systems
(ACTS) and cable driven parallel robots (CDPR). This par-
allelism was made explicit in [35], which first describes an
ACTS as a CDPR with reconfigurable winches and fixed
cable lengths, and then introduces a geometric decompo-
sition of the kinematics to provide an interpretation of
the internal motions of the system. The authors of [7, 9]
analyze the wrench capability of an ACTS, expanding pre-
vious studies on wrench feasible workspaces for CDPRs by
accounting also for the thrust limits of the MAVs propellers.
This wrench analysis is combined in [8] with a modified
version of a controller developed for discretely reconfig-
urable CDPRs. The parallelism between ACTS and CDPR
is even more pronounced in [30], where the MAVs of the
transportation system are equipped with actuated winches.

One facet of cable-suspended cooperative aerial systems
that has been only marginally addressed is how to enable a
single human operator to maneuver the transported object
in an intuitive way. Intuitively, it would be infeasible for a
single person to independently steer all the robots at once.
The complexity of such a system, where the object to be
controlled is actuated by several independent robots via
flexible connections, makes it ideal for a shared control
strategy that splits the responsibility of the task between one
person and an autonomous subsystem.

Shared control has been widely researched in aerial
robotics [12], because it represents a promising way to
accelerate the adoption of UAVs in real world applications
where the presence of a human supervisor is often manda-
tory. Jiang et al. [21] demonstrate an application of shared
control in the case of a single UAV, using a hysteresis

@ Springer
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switch as a blending function. In [26] the authors intro-
duce a collaborative force-feedback scheme in which a
person tele-operates a formation of MAVs that is mod-
elled as a deformable objects. Human commands and other
commands generated by artificial potentials are summed
together to generate the reference velocities to be tracked
by the robot. A different shared control architecture for a
formation of MAVs is proposed in [13], where the com-
mands of the two subsystems are separated in orthogonal
spaces so that they can never interfere. The shared con-
trol paradigm is lifted to the planning level in [36] where
a human operator is tasked to manipulate the planned path
for a single MAV and his/her commands are blended with
other assistive commands via a null-space projector. These
examples of shared control are however limited to UAVs not
physically interacting with objects. In the more challenging
case of cable-suspended cooperative aerial transportation,
which has emerged only recently, the investigation of how to
include the human operator in the task is still in its infancy.
So far this problem has only been studied in [51] as a clas-
sical teleoperation problem, where the human operator acts
as a pilot that maneuvers a single robot of the formation in a
leader-follower paradigm, without haptic feedback nor other
forms of assistance.

With respect to the state of the art in research we propose
a shared control framework tailored for an ACTS with
a cable-suspended load. The main characteristics of this
architecture are:

1. Tt contains an obstacle avoidance term to assist the pilot.

2. It exploits the internal motions of the system [35]
to separate both the operator’s and the autonomously
generated commands in two terms: commands that steer
the load and commands that modify the formation of
MAVs.

3. TItintroduces the dynamic input boundary (DIB), a novel
mechanism for dynamically blending the inputs for the
payload based on a measure of the distance of the
system from singular configurations. The inputs that
affect the shape of the formation are instead mixed by a
closed-loop control like approach.

4. A force-feedback is rendered on the haptic device based
on the mismatch between the operator’s command and
the executed motion.

The proposed framework is validated with hardware-in-the-
loop simulations using an haptic joystick.

3 System Model

In this paper we consider an aerial cooperative transporta-
tion system composed of:

@ Springer

1. arigid body (payload), tasked to follow a trajectory in
a n-dimensional task space, with n < 63;

2. m > n quadrotors that are connected to the payload via
cables (one cable per UAV)*.

In this system, as illustrated in Fig. 1, the i-th cable is
attached at one end to a point B; on the payload (onboard
connection) and at the other end it is attached to a point A;
on the quadrotor (moving anchor). Both ends behave like
spherical joints, i.e., they are free to rotate. Following the
state of the art [7-9, 35, 56] we make two assumptions:

Assumption 1 The anchor A; is coincident with the center
of mass of the i-th quadrotor.

Assumption 2 The cables are massless, inextensible and
always taut (straight lines and constant cable length).

With this setting, we introduce the model of the system
as described in [35].

3.1 Kinematics

In this section we study the differential kinematics of the
system and derive a mapping between the motion of the
payload and the motion of the anchors (i.e., of the UAVs).
This mapping is used in our framework (Section 4.2)
to translate the desired trajectory of the payload into a
reference trajectory for the quadrotors. Let us represent the
pose of the payload with the vector x, = [p! vI]T €
SE(3) where p € R3 is the position and v = (¢ 6 1//)T €
SO(3) is the orientation (roll-pitch-yaw angles) of a
reference frame Fp fixed on the load w.r.t. an inertial world
frame Fw (see Section 2). The orientation is alternatively
represented as the rotation matrix WRp from Fp to Fy.
Velocity and acceleration of the payload are denoted as
¥ = [p7 &@'17 and ¥ = [p7 ®T17, where w and @
are the angular velocity and acceleration of the rigid body
in ]—"W5 . The position of the end-point of the i-th cable,
i.e., the moving anchor A;, is described in Fy by the
vector a; € R3 (see Fig. 2). The position vectors of all
the anchors can be stacked together in the more compact

. T .
representation x = [al .- al] € R¥. Our goal is

to find a mapping that relates x,, ¥ and ¥ to x, x and
X- These are the signals that define the trajectories of the

3The configuration space of the rigid body is SE (3), but the task might
not fully specify position and orientation of the load.

4Even though from a static analysis [43] three quadrotors are enough
to suspend the payload in any configuration, to be able to apply any
wrench to the load we need at least m = n + 1 robots or else m = n
robots but using gravity as a virtual robot pulling the payload.

Note that X, # X since @ # V.
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Fig.2 Kinematics: the red arrows show the loop-closure constraint for
the i-th cable

system and that are used by the controller discussed in
Section 4.3.

Under Assumption 2 the generic i-th cable satisfies a
loop closure constraint (see Fig. 2):

l; =pini=a; —p—"Rp"b; (1)
——
b;
where

—  Pb; € R3is the position of B; in Fp andb; = WRp’b;
is the same vector expressed in Fyy;

— 1; € R3 is the vector from B; to A; expressed in Fy
and it is factorized into the unit vector n; € S? (cable
direction in Fy ) and the scalar p; > O (cable length).

Equation 1 can be written for all the cables in the
following compact form

Np=x-§&, ()
where

- p= [/01 s ,Om]T € R™ is the vector of cable lengths;

- X = [alT a,{,]T € R is the previously defined
vector of anchor positions;

- &=1,x19p+ [blT b;]T is the vector of stacked
positions of the connection points B; in Fw, with ®
being the Kronecker product and 1,5 being a vector
with m entries all equal to 1;

- Ne€ (Sz)m (cables configuration) is the 3m x m block
diagonal matrix of cable directions

nj
N=| 3)
ny
By differentiating Eq. 2 twice we have
Np=x—¢ @)
Np =34 )

where we used Assumption 2 to impose p = p = 0,,x1.
Since the cables directions nq, ..., n; are unit vectors,
their derivatives are given by pure rotations. Indicating with
®1, ...y, the angular velocities and with @, ..., ®,, the
angular accelerations of the single cables, we can express N
and N as

N =WN (©6)
N = WN +WN @)
where W, W € R¥3™ are the following block diagonal
matrices

[(bl]x
W =

[@1]x
W: s

[@m]x (@]

®)

with [e], being the skew-symmetric matrix operator.

Remark 1 (Forward Kinematics) Given the payload pose,
the forward kinematics Eq. 2 cannot be uniquely solved
because in order to determine the position x of the anchors
it is also necessary to specify the direction of the cables N.
In general, Eq. 2 can be solved either with an optimization
algorithm that implicitly chooses N according to some
metric or by assigning N. In the architecture presented in
Section 4 we only need to solve the forward kinematics to
generate the reference trajectory, therefore we can assign
the initial value N and then integrate it with the signals N
and N that are obtained from Eqs. 6 and 7 by assigning the
matrices W and W in order to achieve a desired behaviour.

Equations 2, 4 and 5 provide a relation between motion of
the anchors (x, x and )) and motion of the load (implicitly
expressed by &, )‘,-' and 5) However, from Eq. 4 and 5 it
is not immediately evident how the motion of the anchors
relates to the motion of the payload. This explicit relation
was provided in [35] through a geometric decomposition of
the trajectories Eqs. 4 and 5 of the anchors. Here, we recall
that result:

Proposition 1 For the cable suspended payload with fully
movable anchors and fixed cable lengths, the decomposition
X =Xr+ Xicand ¥ = X + X of the anchors velocity
and accelerations into a component in the m-dimensional
range space R(N) of N (denoted by e ) and a component
in the 2m-dimensional null space K(N) of N (denoted by
o) yvields

xR, N) = Jpx )
Xic(®, N, N) = Jcx + Np (10)
¥R N,N)=Jr¥—NNTNp (1)
Xx@& N,N,N)=Jgci+Np+NN'Np (12)

@ Springer
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where
I3 —[b1]x
Jr = NNT | : : (13)
I3 —[bmlx
I3 —[bi]x
Je = (I — NNT) | : (14)
I3 —[bm]x
Proof The proof is reported in [35]. U

This result shows that, given the current state of the kine-
matic system, the motion of the payload uniquely defines
the motion of the anchors on R(XN), but not on JC(N). The
motion of the anchors on KC(N) requires to assign also the
derivatives N and N of the cables configuration. The inter-
pretation of this fact is that only the motion of the anchors
on R(N), i.e., along the cables instantaneously affects the
motion of the payload whereas the 2m degrees of freedom of
the anchors on /JC(N) can be used to assign internal motions
that change the configuration of cables without moving the
payload. We will leverage this geometric decomposition as a
foundation to build our shared control architecture discussed
in Section 4.

Remark 2 (Apparent acceleration) The term N NTN p in
Egs. 11 and 12 is the apparent acceleration due to the rotation
of the cables represented by N. Indeed, this term recalls
the well known expression of centrifugal acceleration in a
rotating frame with N as the angular velocity of the frame
and N p as the position from the center of the frame.

Remark 3 (Connection to CDPRs) The model presented
here is similar to that of a classic cable driven parallel
robot (CDPR). In a CDPR with fixed anchors, each cable
is associated with only one degree of freedom, the cable
length. The relation between motion of the payload and
variations in the cable length is given by (see [25])

p=Jk. (15)

Clearly, for this system there is only one degree of freedom
per cable (cables length) which can only cause an instanta-
neous motion directed along the direction of the correspond-
ing cable. Indeed, the kinematic relation Eq. 15 resembles
Eq.9 and in factitis J = N r Jr, where the term N T essen-
tially restricts the degrees of x from three per cable to one
per cable.

3.2 Dynamics

In this section we describe the dynamics of the system
composed of payload and UAVs. We will model these

@ Springer

components separately and show their interaction through
the cable forces. This model is used by the controller
to determine the required cable tensions for the desired
payload dynamics and, consequently, the control inputs for
the UAVs.

3.2.1 Payload

We consider the payload as a single rigid body with fixed
mass and subject to gravity and to the forces exerted by
the cables, and we describe it using the classical model
commonly adopted to represent the end-effector in cable-
driven parallel robots [24, 25, 45]. The derivation of this
model can obtained using the Newton-Euler or Euler-
Lagrange methods, as shown in textbooks [10, 58], and can
be found in previous works in literature [1].

Let us indicate with m p the mass of the payload, with
P Jp the 3 x 3 inertia matrix w.r.t. Fp, and with cp =
[ex cy cZ]T € R3 the displacement vector from the origin of
Fp to the center of mass of the payload expressed in Fy .
Additionally, we denote with € I¢ the inertia matrix of the
payload w.r.t. a frame of reference attached that is oriented
as Fp, but placed on the center of mass of the payload.®
Using this notation, the dynamics of the rigid payload pulled
by the cables, as shown in [24, 25, 45], is

Bp(xy)i + Cp(xy, X)X — gp(xy) = JR(N) Nt (16)
where

— Bp(xy,)X is dependent on the acceleration and repre-
sents the inertia of the system, with

[ mplz mplepll
Bplry) = |:mP [cplx  Hp } ’ a7
Hp ="RpCIc"Rw +mplcplxlepll (18)

— Cp(xy,x)x describes the centrifugal and Coriolis
effects, with

19)

Cp(xy. 0)i = |:mP [@plx [@p]x CP]

[wplx Hp wp

— gp(xy) is the gravitational effects that are dependent
only on the configuration of the system, i.e.,

gp(x) =[00 —mpg —mpcyg mpeig 0] (20)

—  Jr(N)T Nt is the wrench exerted on the payload by
the cables, being ¢t = [t1, ..., ] € R™ the vector

5The derivation in [1] is for the more general case of cables with
non-negligible mass and variable length. However, these terms can be
discarded to fit the case-study considered in this manuscript.

"This vector is typically expressed in Fp where it is constant, i.e.,
Pep. Moving to F is straightforward, i.e., cp = WRpPep.

8The inertia matrix €I is transformed to world coordinates as
WRpCIc PRy.
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of tensions of the cables. Substituting the definitions
Egs. 3 and 13 in the matrix NTJR(N), we see that this
takes the form

nl e nm
JRNIN=| 1 @1

by xny - by, xXn,

which corresponds to the wrench matrix that maps the
cable tensions to wrenches applied on the end-effector
in cable-driven parallel robots [18].

Note that in the case in which the origin of the frame Fp is
coincident with the center of mass of the payload, the vector
¢, is identically null and thus the expressions Egs. 17 to 20
are simplified.

One important remark about the model Eq. 16 is that the
cables cannot push the payload, but only pull it. Namely,
the tensions f1, ..., f,, must be positive. More in general,
following the classic formulation from cable-robots [24], we
assume the following constraint

Opx1 <t <t=<t (22)

where the upper bound # depends on the physical properties
of the cables and actuators, and the lower bound ¢ is chosen
high enough to prevent cable slackness in accordance to
Assumption 2.

3.2.2 Quadrotor UAV

To model the (underactuated) 6 DoF dynamics of the i-th
UAV connected to the cable we consider a north-west-up
body frame Fp, that is attached to the center of mass A;
of the robot. The dynamics of the i-th UAV depends on its
mass m; and on the diagonal inertia matrix J; w.r.t. the body
frame, and has the well known form [26]

m;d; = —m;ges +1;" Rp,e3 — n;t; (23)
Ji Qid’Qi = inQi x Ji inQi +¢&; 24
where

- o, is the angular velocity of the UAV in body frame;

— "Ry, is the rotation matrix of the body frame w.r.t. Fy
and e3 = [00 1]7;

— —t;n; is the reaction force applied by the cable on the
UAV’s center mass;

— J; is the inertia matrix of the UAV w.r.t. Fp,;

— 1; € R is the thrust control input in body frame and
¢ € R3 is the attitude torque control input.

Remark 4 (Reaction from the cable) We can divide the
translational dynamics of the i-th UAV into two compo-
nents, parallel and orthogonal to the cable direction r;. With
the same approach used in Section 3.1, applying the projector

operators TR = R; niT and mic = (I3 — n; nl.T) to Egs. 23
and 24 gives

mRd; = —m;gnRes + urR" Ro €3 — nit; )
mimd; = —m;gmuxes + tirr,vCVRQie3 .

Equation 25 shows that the cable tension enters the
translational dynamics of the UAV only along the cable
direction. Namely, only the motion of the quadrotor along
the cable applies a wrench on the load, in accordance with
the spatial decomposition of the kinematics. This effect is
related to Assumption 1. In practice, the anchor may A; may
not be coincident with the center of mass of the i-th UAV
and in this case the reaction from the cable would also apply
a torque on the UAV. In the results presented in Section 5 we
demonstrate the effectiveness controller derived using the
model Eq. 24 even when Assumption 1 is not fulfilled.

4 Shared Control Architecture

The shared control architecture that we have designed for
the aerial cooperative transportation system is based on the
model described in Section 3 and it follows three principles:

— There is a single human operator who is in charge of
steering the load, i.e., commanding translations and
rotations. This commands are given without the person
having to directly control any of the MAVs. However,
we want to give the person the ability to modify the
shape of the formation, if needed. Different reshaping
motions are possible but, for the sake of keeping the
user interface simple, we consider a single reshaping
function that coordinately rotates the cables upwards
(formation shrinking) or downwards (formation blos-
soming) relatively to the load. Even though this form of
reshaping is simple, in practice it can be used to make
the formation of robots more compact when traversing
a narrow passage, or more open in order to increase the
cable forces for better stability.

— Automation assists the human operator in the form of
an obstacle avoidance module based on artificial poten-
tials. This module is meant to help particularly in the
phases that require precise navigation and positioning
in narrow passages or amidst static objects. This choice
is motivated by the consideration that such a trans-
portation system is not expected to operate with high
dynamics and to avoid fast moving objects.

— A force feedback increases the situational awareness of
the operator by encoding how the system is tracking
her/his commands. For this purpose, the input device
used by the operator must be actuated to be able to exert
forces.
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The shared control architecture that we propose is
composed of four subsystems (see Fig. 3):

— Inputs Provider - this subsystem produces the
inputs that eventually generate the trajectories for the
payload and MAVs. Following the criteria previously
established, the inputs come from two sources: i) the
human operator, who steers the load and can change
the desired shape of the formation, and ii) an obstacle
avoidance algorithm, that is responsible for avoiding
collisions with the static environment.

— Reference Trajectory Generator - this subsystem
blends the inputs from the user and from the collision
avoidance, and generates the reference trajectories for
the payload and for the UAVs. This mapping is based
on the kinematic model from Section 3.1 and leverages
the geometric decomposition presented therein.

— Closed Loop Controller - this subsystem generates the
control inputs for the UAVs with the goal of achieving
accurate trajectory tracking for both the load and the
robots. The controller is based on the dynamic model
from Section 3.2.

— Haptic Controller - this subsystem closes the loop
with the user by rendering on the input device a force
feedback that encodes the mismatch between her/his
input and how they are executed by the system. This
feedback is not only based on the motion of the payload,
but it also encodes how the MAVs are tracking the
desired formation.

4.1 Inputs Provider

There are two sources that, independently from each other,
provide the inputs for the trajectory generation subsystem.
Here we describe these sources and the signals they output.

4.1.1 Human Inputs

The primary role of the user is to steer the payload. For
this purpose, we map the axes of an actuated input device

Fig.3 High-level overview of
the proposed shared control
architecture

Provider |

wobs,17|~ - Wobs,m
|

Inputs r Reference Trajectory
Generator

nternal Motions | Nye 7. Nyer

|
Generator

(see e.g., Fig. 9b) to the signal &y pun = [P}, Vinl €
R®, where p,,,, is a translational velocity and ¥, is a
rotational velocity expressed as roll-pitch-yaw rates. We
map the degrees of freedom (DoF) of the input device
to a velocity because this does not limit the workspace
and it is easier to use than an acceleration mapping.
Additionally, it is more intuitive for a person to control the
orientation of a system in terms of roll-pitch-yaw angles
rather than commanding angular velocities. Nevertheless,
the conversion from the roll-pitch-yaw rates vj,,, to an
angular velocity in @y, in Fy is trivial, therefore when
needed we will use the signal xp,, = [p[mn w,{mn]T
instead of Xy pmn-

The user is given the freedom to control the vertical
angles of the cables w.r.t. the payload (elevation angles),
thus effectively changing the shape of the formation of
MAVs. Formally, let us express the direction of the generic
i-th cable in the frame Fp by using polar coordinates, i.e.,

cos Pn; cos Pa;
cos Pnisinfa; |,
sin PT],'

P

n; = (26)

where ©n; and Po; are the elevation and azimuth angles
respectively. Going from this representation in the local
frame Fp to the world frame is a matter of a rotation, i.e.,

Pn; = PRy n;. The second input given by the human is
then an angular rate P Nhmn that is broadcast to all the cables,
ie., Pi]hmn,l =...= Pﬁhmn,m = Pﬁhmn-

4.1.2 Collision Avoidance Input

For the collision avoidance input we assume that the
load/cables/MAVs system is approximated by a finite
number of simple shapes (see Fig. 4a) and that there is an
obstacle provider that supplies the distances and relative
directions of these shapes w.r.t. to any nearby obstacle.
We do not investigate how this information is estimated
because this is not the focus of the manuscript and there
is a rich body of research on this topic, e.g., [17, 49].

' Closedloop
Controller

|
|
Xrefs Xreﬁ )“Cref I
|
|

ITask Space tr |joint Space T"“le‘ Physical
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X X | |
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(a)

Fig.4 a) Example of the approximation of the system as a collection
of simple shapes. The payload is approximated by the green sphere, the
—i-th cable is approximated by the blue spheres and the i-th UAV is

Using distance-based artificial potentials we generate the
obstacle avoidance inputs: a translational velocity p,
that acts on the payload, and a set of angular velocities
@obs,15 - - -, Wops,m that act on the cables and UAVs.
Formally, these signals are computed as

. 1
Pors = 15, Yo D UG 27
SjEP OkEO
1
Oobsi = 7w D >, (FUGdjxni) ;- (28)
ICil
Sjec,' 0,0
where

— P, C; and O are the set of shapes approximating
payload, cables (including the UAVs) and obstacles,
respectively;

- djk € Rypanddj; € S? are the distance and and unit
direction from the shape S; to the obstacle Oy;

— U :R" — R is the artificial potential (see Fig. 4b for
an example);

— [Ij is the distance from the center of the shape §; to the
connection point B; of the i-th cable (see Fig. 4a).

Intuitively, the reactive term Eq. 28 acts on the payload,
changing its translation speed to avoid collisions with
the environment. On the other hand, the reactive terms
Eq. 28 act individually on each cable/MAV, modifying
the corresponding orientation and thus changing the
overall configuration of the cables, without instantaneously
affecting the payload.

4.2 Reference Trajectory Generator

The role of this subsystem is to take both the human and the
collision avoidance inputs and blend them to generate the
reference trajectories for the payload and for the quadrotors.
As represented in Fig. 5, there are two generators for these
trajectories: one for the internal motions and one for the
motions that produce the desired trajectory of the payload.

|
10 I U(djr) = cot(z) +2— 5

. I

= | with

S5 1 s

= . = S
|
0 1
0 1 1 1.5 2 3

min 6Jk 6max

approximated by the red sphere. b) Example of a distance based poten-
tial function that is zero when 8 > &,4x and approaches infinity

when 8 j approaches 6,,;, from the right side

4.2.1 Internal Motions Generator

The internal motions generator receives the signals P Nhmn
and ®eps,1, ..., Wobs,m and uses them to update the
configuration of the cables, i.e., the shape of the formation
of MAVs. To illustrate how this is done, let us denote the
reference configuration of the cables tracked by the system
as Nyefr. Nyer is initialized to a starting configuration that
is chosen for the specific use case and then it is updated
online according to Eq. 6 and 7, where the derivatives N, r
and Ny, r are given by Eq. 8. This procedure requires the
assignment of the angular velocity and acceleration matrices
Wyer and W,ef in Eq. 8. We design these matrices as a
combination of two terms, one due to the obstacle avoidance
and the other due to the user’s input:

Wref = Wobs + Whinn

. . . . (29)
Wref = Wobs + Whinn

The term W, is directly obtained by plugging the signals
@obs,1s - - -» Wops,m 1N Eq. 8. Similarly, the term Wubs is
obtained from the signals ®@ps.1, - - . , ®@pbs,m Which are not
readily available but can be computed through numerical
differentiation and filtering.

The two terms Wj,;,,,, and Whmn based on the user’s input
are less straightforward. Firstly, the signal £ 7,5, ; is filtered
to produce the smooth reference signals © Ndes.is P Ndes.i and
P fides.i- Filtering a possibly discontinuous and unbounded
signal to produce a smooth and bounded trajectory is a
common procedure often referred to as input shaping.
Many such methods exist in literature, and we refer the
interested reader to Appendix A for a brief description
of the specific method we adopted in our experiments.
For uniformity of notation we introduce a similar notation
for the desired azimuth angles, even though they are not
modified by the user. Therefore we have P Odesi = const
and P Udes.i = P Odes,i = 0. Lastly, using well known
changes of coordinates we express the desired azimuth and
elevation angles, velocities and accelerations from the frame
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Fig.5 Reference trajectory
interface

- + N’r‘ef,NTef

Filtering +

> N’r'cf = W’!'(if (wh'rn’ru,i + w()b.S,i)N’!'(if

Wobs,iDifferentiator| wops,i

> Nref = Wref (‘bh'mn,i + ‘bobs,i)Nref '—>

+ Wref(whmn,i + wobs,i)Nr'ef . -
Nref
Whmn,is
. whmn,i
Input Ndess Tdes>
shaping Tldes IConfiguration
—> + > tracking [« -
Pﬁhm,; hange o controller Nref? Nref
frame
pbolar coord
to N N’”ef
Noies internal motions generator
. \/ 3 payload trajectory generator
Pobs
{Osm}—’ DIB = Inpgt - = >
Thnn fUD[B shaping Ly,.efy Lref, Lref

Fp to the world frame Fw . These new signals are denoted
aS Ndes.i> Ndes,i and fjges.i, for the elevation, and oges.i,
Qdes.i and dges,; for the azimuth. Note that the even though
the azimuth angles P Oges,i in Fp are constant, the angles
Qges,i expressed in Fy will change as the orientation of the

payload changes.
With this setting, the signals @p;,,; and @pmn i, With
i =1,...,m are computed as the output of a configuration

tracking controller

Whmn, i Z(ﬁdes,i + kn(na’es,i - 77ref,i)>nxy,i+

(koz (Oldes,i - aref,i))e?)
(30)
(bhmn,i :<ﬁdes,i + kn(ﬁa’es,i - i]ref,i))”xy,i"‘

f]des,i +k7] (ndes,i _nref,i)>ﬁx3r,i - adref,ie?a

where

—  Qrefii> Oref,i> Nref,i and Ter,; are extracted from N,.r
and Nref;

- ky, ky > 0 are gains;

— ej3 is one vector of the standard orthonormal basis I3 =

[e1 ez e3] ,
nref,i ny . . . .
- nyy; = ————and iy, ; is easily computed since
”nref,i Pyy||
Tire5,; is an internally available state of the system;
010
- Py=|-100
000
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Equation 30 implements a classic feedforward + PI con-
troller that, in absence of obstacles, makes N,.r converge to
the desired configuration Ny, specified by 1ges,i and ges. ;-

4.2.2 Singularities

In Section 4.2.1 it was discussed how the human operators
can command internal motions, i.e., motions that only
change the configuration of the cables without directly
affecting the motion of the payload. However, it must be
noted that these internal motions may have an indirect effect
on the payload as well. This has to do with the concept of
singular configurations:

Definition 1 (Singularity) A singularity for the aerial
transportation system is a configuration N of the cables
in which the dimension of the set of feasible wrenches
W(N) = {Jr(N)TNt e R" : 0,,x1 <t <t <t} shrinks,
i.e. dim(W(N)) < n.

The reduction in the set of feasible wrenches mentioned
in the definition of singularity may be due to two different
factors:

— The cables are oriented in such a way as to make
the wrench matrix N7 J (N) singular. For example, if
all the cables are vertical, no horizontal force can be
applied on the payload.

— Even when the wrench matrix N7 Jg(N) is not
singular, singularities can occur due to constraint
Eq. 22, which limits the range of viable cable tensions.
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Figure 6 shows an example of a singular configuration
in which N7 J (N) is full rank.

It is important to prevent the system from reaching a
singular configuration because this would limit the wrench
that can be exerted on the payload via the cable forces. In
particular, the internal motions may lead to a singularity in
two different ways:

The elevation command from the user drives the system
to a singularity Depending on the initial configuration of
the cables, the user can potentially steer the system to a
singularity with the elevation rate command P Nhmn- TO
illustrate this possibility, consider for simplicity the example
illustrated in Fig. 7. The system starts in a configuration
with the elevation angles of the cables all set to the same
value, specifically n; = 40° (Fig. 7 left). The user,
commanding P Nhmn could drive these angles to be n; ~ 0°
(i.e., the cables are near horizontal, see Fig. 7 bottom right).
This is a singular configuration because it is not possible to
exert vertical forces on the payload. Similarly, the operator
could steer the elevation angles to become n; &~ 90° (i.e., the
cables are near vertical, see Fig. 7 top right), in which case it
would not be possible to exert lateral forces on the payload.
In both cases, the wrench matrix N7 Jz(N) would lose
rank. However, this problem can be prevented by limiting
the range of elevation angles that can be controlled by the
user, so that the manifold of reachable configurations does
not contain singularities. With respect to the example shown
in Fig. 7, it would be reasonable to impose 0 < n, =
n <n; < /2, with n, and 7; suitably chosen. This i 1s the
solution adopted in the results presented in Section 5 and it
is implemented via the input shaping method described in
Appendix A.

Fig.6 Example in which, even
though the wrench matrix

NT J(N) is full rank, the
system is at a singularity. The
black arrows indicate the
direction of the forces exerted
on the payload. There is no force
that can pull the payload to the
right, because the two quadrotor
on the right are aligned vertically

TOP VIEW

The obstacle avoidance acting on the cables drives the
system to a singularity As the operator steers the sys-
tem near obstacles, the obstacle avoidance reaction on the
cables may lead the system to a singularity. To understand
how this could happen, consider the example illustrated in
Fig. 8, which depicts a transportation system with 4 robots
and the task is to control the payload’s position (n=3).
Assume that the operator is steering the payload towards
a narrow gap in a wall (Fig. 8a). The configuration of the
cables in Fig. 8a is the one desired by the user. As the robots
move, the cables closer to the wall, i.e., the ones pulling
the object, are pushed away from the obstacle by the arti-
ficial forces (Fig. 8b). As a consequence, the actual force
that can be exerted in the direction of the wall (red arrow)
is reduced w.r.t. the desired configuration (the one shown in
Fig. 8a). If the human pilot keeps steering the object to the
right eventually the system reaches a singularity in which
the cables pulling the object become vertical (Fig. 8c). In
this situation, even though the wrench matrix Jgr (N YN
has full rank, it is not possible to exert on the payload
forces towards the right because there are no cables that
can pull in that direction. Preventing this kind of situation
where the obstacle avoidance causes to reach a singular-
ity is not trivial. On one hand, limiting the action of the
obstacle avoidance with a maximum deviation of a cable’s
orientation from its desired state would hamper the abil-
ity to avoid collisions. On the other hand, although this
mechanism is caused by the obstacle avoidance, it is the
operator’s commands to the payload that push the system
close to the static obstacles in the environment. Therefore, pre-
venting this phenomenon requires a solution that takes into
consideration both the operator’s commands to the payload
and the obstacle avoidance action on the cables. We present
such a solution in the next section, in the form of a filter that
blends the inputs from the operator and obstacle avoidance.

SIDE VIEW

&8

gravity
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Fig.7 Example of how the
operator command * 1}, could
drive the system to a singular
configuration. Left) The system
starts with all the elevation
angles n; = 40°. Top-Right)
The operator drives the cables to
become nearly vertical, i.e.,

n; = 90°. In this case it is not
possible to exert lateral forces
on the payload. Bottom-Right)
The operator drives the cables to
become nearly horizontal, i.e.,
n; = 0°. In this case it is not
possible to exert vertical forces
on the payload

4.2.3 Payload Trajectory Generator

The payload trajectory generator takes the signals X j,,, and
P,ps and generates as output the reference trajectory for
the payload. Its core component, as shown in Fig. 5, is the
dynamic input boundary (DIB), a system that blends the two
inputs and filters out their contribution along the directions
where the achievable force (or torque) is too small w.r.t.
the one expected according to the desired configuration
Nges. This heuristic stems from the observation made in
the previous section, that these directions are those where
the system is close to a singular configuration (see example
in Fig. 8). Hence, by blocking the commands along those
directions the DIB prevents the user from driving the system
to a singularity. The second purpose of the DIB is to

- x

()

Fig. 8 Example of the system approaching a singular configuration.
The red arrow indicates the maximum force that can be exerted on the
payload towards right. a) The user is steering the payload to the right,
towards a passage between some obstacles. b) The obstacle avoidance
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Starting coniiguration

Near vertical singularity

Pﬁhmn >0

Near horizontal singularity

allow the haptic feedback to capture changes in the cables’
orientation caused by the obstacles. This point will be
discussed in Section 4.4.

In order to formally describe the DIB, let us define the
direction of the translational and rotational inputs as

i’hmn+i70bs 3 " "
dtrn = ”I”hmn'i_i’ubxll lf ”phmn + pOb‘Y ” # 0
0341 otherwise
N G31)
mn 1
drot — ) T@nmnl if ”whmn ” 7é 0
0351 otherwise

We also introduce two functions that are based on the dynamic
model Eq. 16 and describe the maximum force and torque

starts acting by pushing away the two closest MAVs. ¢) The two MAVs
on the right have been pushed so much that their corresponding cables
are almost vertical (near singular configuration). In this state it is not
possible to exert on the payload a force oriented towards the right
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that can be exerted on the payload along a certain direction
d € R? and in a certain configuration N € (Sz)m, ie.

f(d, N) = max (0, d” [I5 053] Jr(N) Nt )
t(d, N) = max (0, d” [03,5 ] Jr(V)TNE) - (32)

witht <t <t

With these definitions, the DIB’s translational and rotational
outputs are defined as

dirn, N,

O3t if L irn: Neep) _
. _ f(dtrna Ndes) 33
Ppip = and f(dtrna Nes) 75 0 (33)

Phmn + Pops  Otherwise

t(dyor, N
03, if TWror, Nrey) < €ror
_ T(druts Nes) 34

@WDIB = and t(dyor, Nges) # 0 4

®pmn  Otherwise

with €4y, €0 € (0,1). Together, Eqs. 33 and 34
implement a novel mechanism that blends the commands
given to the payload by the human operator and the obstacle
avoidance. This mechanism takes into account the changes
of configuration caused by the obstacle avoidance to filter
out motions that could lead to singularities and which are
identified by a reduction in the attainable force or torque.

Finally, the piecewise continuous output of the DIB is
filtered with an input shaping method to produce the smooth
reference signals X, X,or and ¥,.r. Details on this input
shaping method are provided in Appendix A.

4.3 Closed Loop Controller

The controller takes the reference trajectories (Xy ,ef,
xrefs jéref) and (Xreff Xrefs Xref) and computes the
commands for the UAVs. To tackle this problem, we adopt
the dual-space control approach with tension distribution
presented in [35]. This controller is composed by two
elements:

i)  atask space controller that computes the wrench to be
applied on the payload and maps it to a feasible set of
cable tensions;

i)  a set of joint space controllers that compute the inputs
for the quadrotors subject to the required forces from
the cables.

4.3.1 Task space controller

The task space controller is implemented as a classic closed-
loop inverse dynamics control,

fr=Brz+Crx —g;

.. .o * iy (35)
Z=Xref + Ki (xref - x) + K2 (x"»ref - x")

where K1, K, are suitable diagonal matrices of positive
gains. The vector f, € RO is the desired wrench applied
to the payload. Following the dynamic model derived in
Section 3.2.1, applying this desired wrench on the payload
means finding a vector of cable tensions £, such that

f,=Jk Nt,. (36)

Provided that the system is not in a singularity, thanks to
the DIB, and that the required wrench is feasible, then the
required vector of cable tensions £, is obtained by inverting
Eq. 36. In practice this assumption can be guaranteed by
restricting the payload and cables configurations to the so-
called Wrench-Feasible-Workspace (WFW) [4], i.e., the set
of configurations in which, for any wrench in a desired set
there is a tensions vector that solves Eq. 36 and satisfies
Eq. 22. Furthermore, provided that the required set of
wrenches contains a neighborhood of the origin, the wrench
matrix J7TZ N has full rank [19]. If the system is not
redundant w.r.t. the task, i.e., m = n, then if the desired
wrench is feasible there is only a single solution to the
problem Eq. 36. However, in practice it is much more
common to assume that the number of cables is greater than
the dimension of the task space, i.e., m > n, because: i)
using more robots allows to increase the weight that can be
carried, and ii) having more cables gives more flexibility
to change the configuration of the system and extends
the wrench feasible workspace. In the redundant case, the
solution to relation Eq. 36 is not unique but it lies in the
m — n dimensional null space of the wrench matrix J7€ N.
One specific solution would be the one obtained by the
pseudo-inverse of the wrench matrix, i.e.,

t=(EN) 1, @37

Solution Eq. 37 corresponds to the vector of cable tensions
with the minimum Euclidean norm, but this is not guaran-
teed to satisfy the constraints Eq. 22 even if the wrench
[, is feasible. In fact, some of the cable tensions found by
Eq. 37 may be even negative. In the redundant case, instead
of using Eq. 37 we look for a solution of the following
optimization problem

t; = arg min% (¢ — Z(oz))T (tr —t@) (39)

teR™
with f(@) =t +a (f—1t), a €0, 1] (39)
subject to J7§ N t, = w, 40)
t—t, <0 (41)
t,—1t<0 42)

The parameter « is used to modulate the kind of solution
that we are looking for. When o = 1 we try to find a solution
to Eq. 36 that is as close as possible to the maximum
cable tension, which could lead to a more rigid formation,
whereas when @ = 0 we want the solution to be as close

@ Springer



40 Page 14 0f 29

JIntell Robot Syst (2021) 103: 40

as possible to £, which could help reducing the effort of the
MAVs. In our simulations we always set « = 0.5, which
means that we look for the solution to Eq. 36 that is furthest
away from the tension limits. It is important to remark
that the solution of this problem exists if the wrench w, is
feasible. As stated beforehand, in practice this is verified
if the range of configurations achievable by the cables are
chosen so that the Wrench-Feasible-Workspace contains the
range of wrenches expected for the application. In practice,
if a feasible solution is not found we keep the last valid
vector of cable tensions, yet this situation never occurred in
our simulations.

Since the optimization problem Egs. 38 to 42 is well
studied in the literature of cable-driven parallel robots
(under the name fension distribution) and since this specific
problem is not the focus of this framework, we do not
go into the details of how to solve it. One of the many
methods existing in literature can be used, e.g., [24, 46].
Nevertheless, the interested reader can find in Appendix B
a few more details on how in practice we reformulate the
optimization problem Eqgs. 38 to 42 so that it can be solved
more efficiently.

4.3.2 Joint Space Controller

We implement the tracking controller for quadrotors that
is detailed in [26]. This controller has an inner/outer
loop structure. The slower outer loop position controller
computes the thrust input and determines the desired roll
and pitch commands as

1 .
© = g oy (" il = i = [ty

sin(0;,) | _ mT /.. (43)
|:Sin(¢i,r) = T_l< [J’i]l;z = [n tr,i]m)
Y =diref + ki (@irer — ai) + ko (@i rer —ai)
where a; and a;,.r are the subvectors of x and Xref
corresponding to the i-th UAV (similar definitions for a;,
d;, etc.), [¥]1:2 is the subvector of ¥ formed by its first
two components (analogous meaning for [¥]3), k1 and ko
are positive gains, v; = [¢; 6; I/Ii]T are the roll-pitch-yaw
angles describing the orientation of the quadrotor in Fy and
T [COS(Wi)/COS(@) sin(y;)/ COS(¢i)]
sin(;) cos(¥;)

The faster inner loop attitude controller computes the

torque input as

¢i=Ji((— ke Qg +kpE iy —v0)) (44)

where v; ;- are the desired roll-pitch-yaw angles, k4, k), are
positive gains and E(v) is the well known matrix that gives
the mapping v = E(v) < w, . The stability of the controller
is proven in [26] for near-hovering configurations.

@ Springer

4.4 Haptic Controller
The operator to command X, = [ j);mn co;mn]T using
an actuated input device, i.e., a joystick that can exert
forces through its end-effector on the hand of the operator.
Assuming gravity compensation, the model of such an
actuated input device is

Bup(@)§+Cupq,9)§ =tup+ fup (45)

where ¢ € R® is the configuration vector representing the
3D position and orientation of the tip of its end effector,
Brp(q) € RO*6 is the positive-definite/symmetric inertia
matrix, Cyp(q,q) € R6%6 is the Coriolis matrix, and
Tup, fep € RO are the control and human wrenches,
respectively. The configuration of the input device is
mapped to the command x, by direct scaling

thn = )VHDq (46)

where Ap € R®*® is a diagonal matrix of positive scaling
factors.

The purpose of the haptic feedback interface is to render
the command force t g p in order to provide an information
of how the payload is following the operator’s command.
Namely, we desire the force feedback to be representative
of the mismatch between the executed velocity and the one
specified by the operator (Xp,,,), i.e.,

thp = kg — ks ([5’;’””] - [({’)D (47)

with k1 > 0 and k> > 0. The command force is composed
by a damping term (it can be made very small, to improve
transparency) and by the information term. It is well known
from the literature that the implementation of such a control
action can be particularly challenging due to problems such
as delays and packet losses. It is not our interest to study
the implementation of Eq. 47, noting that there are several
state of the art approaches to do it. We used the passive set-
position modulation algorithm which ensures passivity of
the closed teleoperation system and we refer the interested
reader to [27] for further details. We must point out that the
physical device used in our simulations (see Fig. 9b) only
has three actuated degrees of freedom. Due to this practical
limitation we allowed the operator to control alternatively
either the position or orientation of the payload, receiving
back the corresponding feedback.

Assuming that the payload tracks accurately the refer-
ence trajectory, the main information conveyed by the feed-
back Eq. 47 is the mismatch between the user commands
and the tracked reference. In order to give an interpreta-
tion to this mismatch we must discuss its causes. From the
design of the command interface in Section 4.2, there are
three causes for the mismatch:
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1. The commands given by the human are passed through
shaping filters that cause slower transients in the
reference trajectory and such difference is captured by
the force T g p. For example, if the operator commands
a sudden change of direction to the load he/she would
feel a resistance on the input device that will disappear
as the reference velocity catches up with the command
Xpnmn- This kind of reaction provides a very intuitive
and simple means to inform the pilot of the limits of the
system and can be interpreted as a ’virtual inertia’.

2. Another source for the mismatch is the obstacle
reaction p,,;, that pushes the payload away from nearby
obstacles with an intensity that increases monotonically
as the distance decreases (see Fig. 4b). The operator
would therefore feel this reaction as a resistance on the
input device whenever he/she is driving the payload
towards a close enough obstacle.

3. The DIB can be a cause of the mismatch. This mech-
anism, defined by Egs. 33 and 34, cancels motion
commands that would lead the system in a singu-
lar configuration. To understand its effect in terms of
force feedback we refer the reader once again to the
example illustrated in Fig. 8. The operator is command-
ing the system between some obstacles and whenever
the reconfiguration caused by the obstacles exceeds a
predefined limit the input from the user is cancelled.
When this happens the translational mismatch is exactly
— Pnmn and the operator feels an opposing force, like
a virtual wall, pushing away from the obstacle. This
force informs the user that this direction of motion is
infeasible because it leads the system to a singular-
ity. Namely, even though the force feedback is only
computed on the mismatch in the payload trajectory,
the presence of the DIB allows it to be informative
also of the obstacle avoidance reactions applied on the
MAVs/cables that bring the system close to a singular-
ity. Note that the piecewise continuous velocity X prp
is passed through an input shaping filter that yields a
smooth reference. Therefore the feedback caused by the
DIB is continuous.

The effect of the DIB is similar to the dynamic kines-
thetic boundary (DKB) proposed in [20]. Both solutions
allow normal operations in absence of obstacles and
limit the inputs of the user when approaching the envi-
ronment, but there are some conceptual differences
between the two approaches. On one hand, the DKB
projects the environment into hard boundaries of the
input device workspace and, as a consequence, it limits
the inputs of the user. On the other hand, the DIB uses
an opposite perspective because it cancels out the inputs
and, as a consequence, it produces a feedback on the
actuated input device. Moreover the action of the DIB

is not based directly on the distance from the obstacles
but rather on the configuration of the system.

5 Simulations

The proposed shared control architecture has been tested in
simulation. All the parts of our shared control framework
have been implemented in Simulink, using standard block
and Matlab functions. On the other hand, the physical
system is not simulated by numerically evaluating the
kinematic and dynamic models derived in Section 3. Rather,
we used SimScape’s Multibody simulation environment for
3D mechanical systems. In SimScape, mechanical systems
are created by connecting together masses with joints and
other elements. At each time step in Simulink simulation,
SimScape Multibody formulates and solves the equations of
motion for the complete mechanical system by applying the
external forces and torques (including gravity) and imposing
the constraints originated from the connection of its parts.
The cooperative transportation system in SimScape consists
of three main elements:

— Payload: It is implemented as a single rigid body,
namely a box with uniform density and weighing 1.5
kg. In the controller we use the exact values of mass and
inertia matrix of the payload that are measured using
SimScape’s inertia sensor.

— MAVs: The physical model of the robots is available
from MATLAB Central file exchange 9 [5] and it is
created in CAD (see Fig. 9a). As for the payload, the
mass and inertia matrix of the MAV were measured
using SimScape’s inertia sensor. However, in the
controller we utilize the exact value fore the mass
(0.7368 kg) but not for inertia matrix. There are two
main reasons for this choice. Firstly, in practice it is
not hard to measure the mass of a quadrotor using a
scale, but estimating its inertia matrix is less trivial
and more prone to errors. Secondly, the frame Fp,
that is used in Section 3.2.2 to model the dynamics
of the MAV is supposed to be co-planar with the
propellers and coincident with the principal frame of
inertia, however this is not true in the SimScape model.
In practice, the measured principal inertia matrix of the
UAV is J,, = diag(0.005095, 0.005217, 0.009955)
whereas the one we used in the controller is J, =
diag(0.005131, 0.005185, 0.009955), where small
off-diagonal terms have been set to zero.

https://www.mathworks.com/matlabcentral/fileexchange/
48052-simulate-quadrotor-in-simulink- with-simmechanics
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Fig.9 Simulation setup. a)
Physical/simulation of the drone
in Simscape. The anchor where
the cable is connected is
indicated with a yellow sphere.
The magenta sphere indicates
the center of mass of the drone.
b) Input device used in the
simulations. The device has 3
actuated axes. In the simulations
we use the position of the tooltip
(3 DOF) to command either
translations or rotations of the
payload and the two buttons to
control the internal motion
(orientation of the cables)

— Cables: SimScape provides out-of-the-box an element
that models an ideal cable, without mass and inexten-
sible, that is fixed at two points by means of spherical
joints. These two points are one on the payload and the
other on the bottom of the MAV (anchor). Note that the
anchor does not coincide with the center of mass of the
MAV (see Fig. 9a) as it is hypothesized in Assumption
1, thus making the simulation more realistic.

The loop with the shared control algorithm in Simulink is
closed by inserting SimScape sensors that measure the state
of the robots and payload, with Gaussian noise added to the
measurements. Concerning the controller, we empirically
set the minimum and maximum tensions that can be exerted
by each cable to 0.1 N and 10 N, respectively.

With this setup we perform two sets of simulations. In the
first simulation we focus on assessing the behaviour of the
proposed shared control with the human-in-the-loop. The
input device used by the operator is a SensAble (Geomagic)
Phantom Omni haptic device (see Fig. 9b). This device
has six continuous axes, but only three are actuated (the
wrist axes are passive), hence we performed two different
simulations with the human operator in-the-loop. In the first
one, the three actuated axes are used by the operator to
control the position of the payload (signal p,,,,,) while its
desired orientation remains fixed (i.e. vy, = 03%1). In the
second one, the desired position of the payload is fixed (i.e.
Pumn = 03x1) and the three actuated axes are mapped to
rotations of the payload (signal vy,,,). In both simulations
the operator is allowed to change the configuration of the
cables by using the two buttons on the pen tooltip that are
mapped to the fixed rotation rates P Nhmn = 0.1 rad/s.

In the second simulation we investigate the robustness
of the system to external forces that could represent wind
or other disturbances acting on the system. In this second
simulation the operator gives no commands and the payload
is tasked to remain in a fixed pose in order to better evaluate
the impact of the disturbances. We encourage the reader
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to watch the videos of the simulations before reading the
detailed discussion of the results presented hereinafter.

5.1 Human-in-the-loop (HIL) Simulations
5.1.1 Translation Commands

This simulation mimics a transportation task in which the
operator has to pilot the payload from the initial position
p = (15, 0, 4) [m] to a goal location defined as a box
centered in p = (—15, 5, 1) [m] while keeping the orienta-
tion fixed to v = (0°, 0°, 0°). In order to reach the goal the
payload must be carried through a narrow passage between
two walls. This non trivial setting allows to demonstrate
the combined effect of user’s commands, obstacle avoid-
ance and DIB. Figure 10 shows four snapshots from the
simulation. Starting from the initial configuration (Fig. 10a)
the user drives the payload towards the narrow passage
where the obstacle avoidance starts changing the forma-
tion (Fig. 10b). Eventually, the DIB stops the motion of
the system and the operator uses the reconfiguration com-
mand ? 5y, to group the robots closer, enter the passage
(Fig. 10c) and finally reach the goal (Fig. 10d).

Let us now inspect how the reference trajectory genera-
tion worked during the execution of the task. The inputs for
the payload from the user py,,,, and from the obstacle avoid-
ance p,,, are shown in Fig. 11a and Fig. 11b, respectively.
The plots show that the user commands translations along
all the three Cartesian axes. Note also that p, is not null
only at around 40s, which corresponds to the time when the
payload is transported over the transversal obstacle in the
middle of the passage as shown in Fig. 10c. The total input
Phmn + Pops (Fig. 11c), is then passed through the DIB.
The DIB operates by blocking the inputs when the condition
S, Nref)/f(dtrnv Nyes) < €rn = 0.92 s verified. We
see in Fig. 11d that the ratio f(dsrn, Nrer)/ f(dirn, Naes)
(blue line) remains always above €, (red line) except for
a short interval approximately between 17s and 21s. This
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Fig. 10 Screenshots of HIL
simulation with translational
commands: the user steers the
payload (yellow box) suspended
via cables (red lines) amidst
some obstacles (brown walls) to
reach the goal (magenta box).
(a) Start ( = 0s); (b) The
obstacle avoidance pushes away
the two cables closer to the
walls, thus activating the DIB

(t = 19 s); (c) The user changed
the configuration of the cables
thus being able to pass between
the walls (¢t & 39 s); (d) The
goal is reached (# ~ 65 s)

v,

©

is the moment when the user first tries unsuccessfully to
push the payload through the passage, because the forma-
tion is to large to pass in the gap and it is blocked by the
collision avoidance. During this interval the DIB filters the
inputs and the signal pp;p is set to zero (see Fig. 11e).
Finally, the input shaping method filters pp;p producing
the smoother reference velocity p,.; (see Fig. 11f). The
other side of the trajectory generation concerns the inter-
nal motions of the system. Figure 11a shows the elevation
command 7, given by the user. We see that the user
increases the elevation angle at around 20s, when the system
is blocked at the entrance of the passage (situation shown
in Fig. 10b). By doing so, the footprint of the formation
reduces to the point that it fits the passage, the obstacle
avoidance effect vanishes and the DIB filtering action stops.
Afterwards, when the formation successfully crosses the
passage (around 55s), the user decreases again the eleva-
tion angles. Besides the user input, the internal motions of
the formation are determined also by the obstacle avoid-
ance acting on the cables and MAVs. To understand how
this obstacle avoidance affected the system we look at the
elevation and azimuth angles of the formation (see Fig. 11h
and 11i). From Fig. 11i we see that when the DIB is active
(between 17s and 20s) the reference azimuth angles for two
cables deviate from the user given desired values. This devi-
ation is the effect of the obstacle avoidance that pushes
two of the MAVs away from the walls in the environment
(Fig. 10b). Similarly, we observe deviations in the azimuth
and elevation angles of four cables during the traversing of
the narrow passage (Fig. 10c) due to the obstacle avoidance
reacting to the lateral walls.

In terms of task execution, the load tracks the the ref-
erence position accurately (see Fig. 12a) while keeping the

(b)

(d)

orientation error below 0.3° in roll, pitch and yaw (see
Fig. 12b). We report also the tracking performance of one
of the quadrotors (they are all comparable). Without loss of
generality we select the first UAV and Fig. 12c¢ shows that
the reference trajectory is followed accurately. Finally, we
report the attitude of the UAVs during the execution of the
task in Fig. 12d to 12f.

Now we inspect the force feedback produced by the
haptic controller to close the loop with the user. This
force feedback, shown in Fig. 13a, is informative of the
mismatch py,., — p. In particular, by looking at the
signals in the trajectory generation pipeline (Fig. 11),
we can observe that the force feedback has three main
sources (or equivalently gives three main pieces of
information):

1. The DIB, which generates an intense cue between 17s
and 21s. This mechanism allows the user to perceive
the obstacles that deform the formation ‘too much’. In
particular, we can see that while the user is pushing
in the negative x direction (see Fig. 11a), the force
is opposite. This also demonstrates how the DIB,
besides impeding the motion of the system towards
singularities, further helps preventing reaching them by
giving a force feedback that pushes the user away from
the obstacles and, consequently, away from the singular
configuration.

2. The input p,,,, which generates a spike at around 40s.
This informs the user of the obstacles too close to the
payload. In particular, the obstacle is below the payload
and the force feedback is then in the opposite direction.

3. The input shaping, which produces smaller cues because
the filtering of pp;p introduces slower transients in the
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Fig. 11 HIL simulation with translational commands: the vertical
dashed lines delimit the interval when the DIB is active. (a) User

input py,.,.; (b) Obstacle avoidance input p,,; (c) Total input input
Phmn T Pobs (d) Ratio % that determines the DIB activa-

tion; (e) DIB output pp;p; (f) Reference velocity p,..; obtained from

reference trajectory. This information can be easily
interpreted as a ’fictitious’ inertia of the system.

Finally, we can verify that the additional objectives con-
cerning distance from the obstacles and cable forces have
been satisfied throughout the execution of the task. Firstly,
the minimum distance between the cables/robots and the
obstacles is always above the minimum value 0.3m (see
Fig. 13b). This value was arbitrarily chosen for the sim-
ulation, but it can be increased/reduced by modifying the
artificial potential functions that generate the inputs of the
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the input reshaping of pp;p; (g) User input P Nhmn; (D) Desired (black
dashed lines) and reference (continuous lines) elevation angles of the
cables; (i) Desired (black dashed lines) and reference (continuous
lines) azimuth angles of the cables

obstacle avoidance. Secondly, the forces measured at the
cables always satisfy the constraint 0.1N < #; < 10N (see
Fig. 13c¢).

5.1.2 Rotational commands

This simulation mimics a manipulation task in which the
operator is asked to rotate the payload from the initial
orientation v 03, to the goal orientation v
(12°,12°,44°) while keeping its position fixed to p
(0, 0 4) [m]. The task is not trivial due the presence

~
~
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Fig. 12 HIL simulation with translational commands: the vertical
dashed lines delimit the interval when the DIB is active. (a) Actual
(solid) and reference (dashed) position of the payload; (b) Actual

of columns that limit the motion of the cables. Figure 14
shows four snapshots from the simulation. Starting from the
initial pose (Fig. 14a) commands a counter-clockwise yaw
rotation to reach the goal yaw, however the execution of this
command drives some cables/robots towards the columns.
(Fig. 14b). Eventually, the DIB stops the motion of the

yaw angles [deg]

40 60 20 40 60
time [s]

®

(solid) and reference (dashed) orientation of the payload; (c) Actual
(solid) and reference (dashed) position of the first UAV; (d)-(f) Roll,
pitch and yaw angles of the UAVs

system and the operator uses the reconfiguration command
P fmn to group the robots tighter and reprise the yaw
rotation (Fig. 10c). Finally, the user also drives the payload
to the target roll and pitch orientation (see Fig. 14d).

Let us now inspect how the reference trajectory genera-
tion worked during the execution of the task. The inputs for
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Fig. 13 HIL simulation with translational commands: the vertical dashed lines delimit the interval when the DIB is active. (a) Force feedback; (b)
Minimum distance between the cables/robots and the obstacles; (c) Cable tensions
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Fig. 14 Screenshots of HIL simulation with rotational commands:
the user rotates the payload (yellow box) suspended via cables (red
lines) amidst some obstacles (brown walls) to reach the goal orien-
tation (magenta box). (a) Start (t = 0 s); (b) The user commands a

the payload from the user vy, are shown in Fig. 11a. We
can observe that the user uses all the commands, i.e., roll,
pitch and yaw rotations. Unlike the previous simulation,
there is no obstacle avoidance input on the payload since in
our architecture the obstacle avoidance does not act directly
on the orientation of the payload. The rotational input passes
through the DIB which blocks the commands when the con-
dition t(dyor, Nyef)/T(dror, Naes) < 0.88 is verified. We
see in Fig. 15b that the ratio t(d,or, Nyef)/T(@ror, Naes)
(blue line) remains always above €,,, (red line) except for
a short interval approximately between 3s and 5s. This
moment corresponds to the initial yaw rotation, when the
formation is too large and the obstacle avoidance stops
some MAVs are from colliding with the columns Fig. 14b.
Additionally, we observe that when the user gives no com-
mands, i.e., the direction d,,; is not defined, the ratio
T(dror, Nref)/T(dror, Naes) is set to 1. As a result of the
DIB activation the rotational trajectory is set to zero. In
Fig. 15c we show directly the signal v,.r produced by
passing the output of the DIB through the input shaping
method, which removes the discontinuity that would be oth-
erwise present when the DIB is first activated. For what
concerns the internal motions, we show the operator’s com-
mand Pﬁhmn in Fig. 15d. We see that the user increases
the elevation angle at around 5s, when the obstacle avoid-
ance stops the motion of the MAVs that are too close to
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counter-clockwise yaw rotation and some cables are pushed away by
the obstacle avoidance, thus activating the DIB (¢ = 4 s); (c) The user
changed the configuration of the cables thus being able to continue the
yaw rotation of the payload (¢ ~20 s); (d) The goal is reached (7 ~35 s)

the columns (see Fig. 14b), thus resulting in the activation
of the DIB. By squeezing the formation, the user manages
to free the MAVs that were blocked by the columns, thus
resulting in the deactivation of the DIB and the reprisal of
the task. Afterwards, the user opens up the formation again
at around 20s. We can now look at the plots of the azimuth
and elevation angles of the cables, in Fig. 15¢ and 15f, to
get a better understanding of how the shape of the forma-
tion is modified by the user command P Nhmn and by the
obstacle avoidance terms @,ps,; acting on each cable/MAV.
We see that the reference elevation angles follow accurately
the desired values specified by the user. On the other hand,
the reference azimuth angles for some of the cables deviate
from their desired values at around 3s. This deviation is due
to the obstacle avoidance that prevents the MAVs/cables to
collide with the columns when the user is first commanding
the yaw rotation (Fig. 14b). The mismatch of the azimuths
vanishes once the user squeezes the formation.

In terms of task execution, the payload remains in
a fixed position (see Fig. 16a) while tracking the the
reference orientation (see Fig. 16b). We report also the
tracking performance of one of the quadrotors (they are all
comparable). Without loss of generality we select the first
UAV and Fig. 16c shows that the reference trajectory is
followed accurately. Finally, we report the attitude of the
UAVs during the execution of the task in Fig. 16d to 16f.
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Fig. 15 HIL simulation with rotational commands: the vertical dashed
lines delimit the interval when the DIB is active. (a) User input vp,;

(b) Ratio % that determines the DIB activation; (c) Refer-

ence velocity v,y obtained from the input reshaping of ¥ p; p; (d) User

Now we inspect the force feedback produced by the
haptic controller. This force feedback, shown in Fig. 17a,
is informative of the mismatch vy,,,,, — v Since the obstacle
avoidance does not modify directly the orientation of the
payload, in this case we see that the feedback has two main
causes:

1. The DIB, which generates an intense cue between 3s
and 5s. Just like in the previous simulation, this cue
pushes the user away from the obstacles and, conse-
quently, away from the singular configuration.

2. The input shaping, which produces larger peaks at

around 30s. These peaks are due to the fact that,
unlike the translational case, for rotational commands
the implemented input shaping imposes a saturation on
the maximum roll and pitch angles (more details in
Appendix A).

Finally, we can verify that the additional objectives con-
cerning distance from the obstacles and cable forces have
been satisfied throughout the execution of the task. Firstly,
the minimum distance between the cables/robots and the
obstacles is always above the minimum value 0.3m (see

input P fpmn; () Desired (black dashed lines) and reference (contin-
uous lines) elevation angles of the cables; (f) Desired (black dashed
lines) and reference (continuous lines) azimuth angles of the cables

Fig. 17b). This value was arbitrarily chosen for the sim-
ulation, but it can be increased/reduced by modifying the
artificial potential functions that generate the inputs of the
obstacle avoidance. Secondly, the forces measured at the
cables always satisfy the constraint 0.1N < #; < 10N (see
Fig. 17¢).

5.2 Robustness to external disturbances

The previous simulations illustrated the behaviour of the
system with a human-in-the-loop. Now, to demonstrate
the robustness of the system, we assess its behaviour
in presence of external forces that are applied to the
payload and MAVs to mimic the effect of wind or other
disturbances. For this purpose, we consider a hovering task
without any obstacles nor inputs from the human operator
and focus on analyzing the deviations from the desired
state induced by the external forces. Since in SimScape
the cables are modelled as ideal connections (they have
fixed length and are massless), the physical environment
cannot simulate vibrations nor compression/elongation of
the cables. Despite these limitations, the physical engine
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Minimum distance between the cables/robots and the obstacles; (c) Cable tensions
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Fig. 18 Effect of a lateral force
in a hovering task. The magenta
overlay indicates the nominal
hovering condition without
external forces applied, whereas
the yellow cables and payload
and the red/black quadrotors
indicate the stable configuration
reached by the system with the
applied disturbances (indicated
with cyan arrows). a) Snapshot
from D1, when lateral force of
amplitude 5N is applied only to
the payload. No forces are
applied to the MAVs. b)
Snapshot from D2, when a
lateral force of amplitude 5N is
applied to the payload and
forces along the same direction
and magnitude 2N are applied to
the MAVs

can simulate lateral oscillations induced by wind, which is a
major concern for such a system. To increase the difficulty
of this test we consider external forces with different
profiles (step and sinusoidal) and we apply these forces
either to the payload alone or both to the payload and robots.
This choice follows the intuition that a disturbance that is
not applied uniformly to all the parts of the system (payload
and MAVs) may induce more pronounced oscillations of
the cables.

The simulation is divided in four parts, in which different
disturbances are considered:

DI1. a step force directed along the X in Fw and with
magnitude 5N is applied to the payload (see Fig. 18a);

D2. a step force directed along the X in Fy and with
magnitude 5N is applied to the payload and a step
force directed along the X in Fw and with magnitude
2N is applied to every MAV (see Fig. 18b). The
different magnitude of the forces is representative of
the different mass of the payload (1.5 kg) and MAVs
(approximately 0.75 kg). Namely, the forces applied
to payload and MAVs correspond to approximately
one third of their weight.

D3. two sinusoidal forces directed along the X and Y in
Fw and with magnitude 2N are applied to the payload;

D4. two sinusoidal forces directed along the X and Y
in Fw and with magnitude 2N are applied to the
payload, and simultaneously two sinusoidal forces
directed along the X and Y in Fw and with magnitude
IN are applied to each MAV.

The four sequences D1-D4 are separated by a period of time
of 5s with no external disturbances, so that the system can
reset to the nominal configuration. Note that the frequency
and phase for each sinusoidal disturbance (in D3 and D4)
is randomly sampled with uniform distributions in [0.5, 1.5]
rad/s for the frequency and [—m, ] rad for the phase.
This ensures that the disturbances applied to the payload
and MAVs are not coordinated, thus making the test more
challenging.

The results from the simulation are reported in the plots
in Figs. 19 and 20, where the four phases DI1-D4 are
highlighted with a grey background. For what concerns
the state of the MAVs we only plot the quantities from
one robot, because drawing all the signals would make
the graphs not readable. In particular, we show the results
from the MAV that displays the largest deviations in its
roll and pitch angles. Figure 19a and 19d show the forces
applied on the payload and on the MAYV, respectively.
As mentioned earlier, the sinusoidal disturbances have
different frequencies and phases, as it is noticeable in the
part of the graphs pertaining to D4. The effect of the
disturbances on the payload are visible in Fig. 19b and 19c.
We can see that despite the strong forces the payload is
stable, showing both in position and orientation bounded
deviations from the desired configuration. Moreover, when
the disturbance are removed the payload converges back to
the desired state. From the plots we can appreciate that the
payload remains stable in all sequences D1-D4. Curiously,
comparing the configuration of the payload in D1 and
D2 we observe that the position error is smaller in DI,
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Fig. 19 Simulation of hovering task with external disturbances. a) External force applied to the payload. b) Position of the payload. c¢) Orientation
of the payload. d) External force applied to UAV number 1. b) Position of UAV number 1. ¢) Orientation of UAV number 1

whereas the orientation error is smaller in D2. This can be = payload, hence the whole system translates but the cables
attributed to the fact that in D2 the MAVs are subjected to  do not change orientation significantly. Indeed, this is also
a force with the same orientation as the one applied to the  visible in Fig. 18, where in the case of D2 the cables are
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Fig. 20 Simulation of hovering task with external disturbances. a) Azimuth angles of the cables. The desired azimuth angles are indicated with
dashed black lines. a) Elevation angles of the cables. The desired elevation angles are indicated with dashed black lines
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nearly parallel to their original configuration (Fig. 18b),
whereas in D1 the orientation of the cables changes more
(Fig. 18a). This is confirmed by the plots of the azimuth
and elevation angles of the cables during the simulation,
in Fig. 20a and 20b. Finally, when sinusoidal forces are
applied to system we can observe bounded oscillations in
the position and orientation of the payload. As expected, the
oscillations are more pronounced in D4, when we applied
different sinusoidal forces to the payload and MAVs. The
position and orientation of the selected MAV are plotted
in Fig. 19e and 19f. We can observe that even when the
disturbances are applied to the payload alone (D1 and D3)
the MAV, being physically connected to it, is still affected.
In particular, its attitude is modified quite significantly in
order to compensate for the disturbances (see Fig. 19f), with
the pitch angle that reaches a maximum tilt of -35 degrees
from the nominal value of -15 degrees.

6 Conclusion

In this paper we have presented a novel solution for integrat-
ing a human operator in the control loop of a cooperative
aerial transportation system with a cable-suspended pay-
load. This is a problem that has not been addressed before
and, given the complexity of the system, it needs a spe-
cialized solution that is manageable by a single person.
Our framework is, to the best of our knowledge, the first
shared control solution tailored for the cooperative aerial
transportation system. The main feature of this paradigm
is that it relieves the user from having to monitor the indi-
vidual robots and allows him/her to focus on manipulating
the payload. The obstacle avoidance is an important ele-
ment to achieve this goal, because it allows the user to be
less precise in his/her controls while guaranteeing the safety
of the system. Similarly, we have provided a new mecha-
nism for coping online with the possible singularities that
are characteristic of this transportation system. The distinc-
tive characteristic of this mechanism is the fact that it is
embedded in the inputs blending of the shared control archi-
tecture and it requires no extra effort or additional training
to the user. All the elements of the proposed architecture
are also integrated by a bilateral interface that provides a
force feedback that informs the user of how the system is
executing the commands. Specifically, the force feedback
encodes information about i) how well the payload is track-
ing the commands, ii)presence of obstacles, and ii)closeness
to a singular configuration. In other words, through the force
feedback the user becomes immediately aware of the limits
of the system and of the automatic modifications injected by
shared architecture, which otherwise may not be immedi-
ately transparent from the user perspective. Lastly, we have

also formulated the architecture so as to exploit the internal
motions of the system, which is one of the big advantages
in using a system of robots connected by cables. We have
demonstrated via simulations that the framework allows a
single person to control such a transportation system even
in complex environments and with difficult manipulation
tasks.

In the future we plan to assess the framework with a user
study and further validate it with experiments. Additionally,
we believe that the proposed architecture can be extended
in several direction. Firstly, the current controller is based
on a model inversion, which is not robust to modeling
uncertainties and perturbations. We plan to investigate a
different strategy that does not require exact knowledge
of the parameters of the system, and reformulate the
controller in a distributed fashion with the feedback action
based on the measurements/estimations of the cable forces
and orientation. We also plan to move the shared control
architecture towards higher levels of autonomy by fully
automatizing the internal motions of the system so that
they optimize some desired criteria. In particular, we want
to investigate a predictive solution to control the shape of
the formation so that it optimizes a combined cost that
combines wrench capability, effort of the quadrotors and
distance from the obstacles.

Appendix A :Input Shaping

Many applications generally require a robot, be it a manipu-
lator or an autonomous mobile vehicle, to track a certain tra-
jectory. In most cases this reference trajectory is not known
a priori but it is generated online from a discontinuous input
such as a sequence of waypoints. The transformation from
the input to a smooth enough trajectory is achieved using a
variety of filters or input shaping methods [3, 31]. The aim
of all these approaches is not only to approximate the input
signals with smooth functions but also to guarantee that the
output trajectory complies with the constraints imposed by
the robot, e.g. velocity and acceleration limits.

The practical solution used in our framework to achieve
this goal consists of a combination of low-pass filters
together with a controller that ensures tracking of the
input signals subordinate to the constraints (see general
architecture in Fig. 21). The smoothing is realized by a
double low-pass filter to produce a C? signal denoted by
the subscript e; p. The tracking is achieved by two different
designs, one for the DIB output and one for the input 177,
(see Fig. 5). The difference in the two designs is that the
first only imposes limits on the maximum velocity and
acceleration of the reference trajectory whereas the second
also imposes limits on the range.
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Consider first the DIB filtering, restricting our discussion
to the translational for the sake of simplicity. The tracking
controller is defined as

Dref = sat (Prp+ke (Prp— Pref)) (48)

where k, > 0 and sat(e) is a function that imposes the limits

IBrerll < A
”pref” <V

From a practical point of view, Eq. 48 is implemented on
a computer with a fixed discrete sample time T. Using the
Euler forward method p,.. ¢ (k+1) = p,.¢(k)+T P,y (k) the
velocity constraint is easily transformed into an acceleration
constraint

. _i’ref(k)Tv(k)

JBreg OT 0D = 1oy )2 + V2
T
Prptkr(PLp—Pres)

1PrLp+kr(PLp—Prep)ll
unsaturated command Eq. 48.

In regards to F7zp, the controller must additionally
satisfy a limit on the maximum angle, i.e. anin < Pndes <
P fmax- For this purpose, a standard bang-bang strategy is
used, i.e.

where v(k) = is the direction of the

P . . P .
— Nmax if “Nges >0
P P Pig
and Ndes = 77min*2p de:r
P P min
Ndes = Nmax if " 1ges <0

P2
)

and Pnclexfpnmax+ P ches

2 nmax

otherwise

Sat(P ﬁLerkn (PﬁLP *Pildes))

(49)
where k; > 0 and sat(e) is a function that imposes the limits

P P
1" des |l < Nmax

P. P.
I ndes” = " Nmax

Appendix B: Tension Distribution

The problem of tension distribution, i.e., solving Eq. 36
when m > n, does not have a unique solution. Rather, if

@ Springer

dt controller

tracking | U, f U

the wrench matrix has full rank!?, the solution to Eq. 36 lies
in the m — n dimensional null space of the wrench matrix
J7€ N. In view of this property of the solution manifold, the
general solution Eq. 36 can be expressed in the form

tr=t,+1t

where £, is a particular solution of Eq. 36 and ¢, is the
homogeneous solution, i.e., a vector that belongs to the null
space of the wrench matrix. This decomposition can be
used to reformulate the optimization problem Eqgs. 38 to 42.
Consider the general solution of the problem expressed in
the following form

f = (J7§ N)'w,+Qx (50)

——
t) th

where () indicates the pseudo-inverse, Q € R"*"~" s a
matrix whose column form a basis of the null space of the
wrench matrix, and A € R™7" is a vector of coordinates
that indicates how we move on the manifold of the solution
starting from # ,. It is important to observe that the particular
solution obtained with the pseudo-inverse is the one with the
minimum Euclidean norm, however it may not be feasible
because it does not necessarily verifies the constraint on
the cable tensions. Nevertheless, by imposing that ¢ has the
structure Eq. 50, we can rewrite the optimization problem
Eq. 38 to 42 as

A* = argmin % (NA—n(a)T (NA=n(®)) (51)

subjectton — NA <0 (52)
NA—Ti<v (53)
where
_ T T
n@=t+af-1)=(JpN) w., acl01]  (54)
n=t-(JfN) w, (55)
ﬁ:i—(hg N)'w, (56)

The main advantage of this reformulation of the opti-
mization problem is that the dimension of the search space is

107f the required set of wrenches contains a neighborhood of the origin,
the wrench matrix J% N has full rank [19]
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decreased to m —n. Given the solution A* of Eq. 39, the opti-
mal cable tension is simply ¢} = (J7€ N)T w, + NA*. In the
simulations presented in Section 5 we solve the tension dis-
tribution problem using the reduced formulation Egs. 51 and
53. In particular we impose Lagrange optimality conditions
which, being the problem convex, ensure that a candidate
point is a global minima.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10846-021-01457-4.
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