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using two UAVs (Unmanned Aerial Vehicles). The state variables are estimated, based on measurements
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the stability of the system, while guaranteeing null steady-state position and estimation errors. The
vertical velocity is also estimated since there is no sensor on-board the UAVs capable of providing this
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images acquired by the UAV front camera. The controllers and estimators resort to linear and optimal
control techniques, as the Linear Quadratic Regulators and Kalman filters. The proposed control system
is validated both in simulation and experimentally, resorting to a commercially available quadrotor
equipped with an Inertial Measurement Unit, an ultrasound height sensor, vertical and frontal cameras.
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1. Introduction

In the last decades, the interest in Unmanned Aerial Vehicles
(UAV) has increased. The spectrum was so large that it became
necessary to provide a classification and taxonomy for drones.
Drones are flying robots which include unmanned air vehicles
(UAVs) that fly thousands of kilometers and small drones that fly
in confined spaces [1].

For this study, according to [1] the air vehicle used is a MAV
(Micro or Miniature Air Vehicle) rotary wing quadrotor, VTOL
(Vertical Take Off and Landing) and LASE (Low Altitude, Short-
Endurance).

The development and wide commercialization of these types of
vehicles turned their use very popular. They can operate in highly
constrained environments with multiple hostiles obstacles and im-
possible to reach by humans. For these reasons, they became very
useful for a wide range of civil and military applications, such
as environment monitoring, surveillance, search, and rescue mis-
sions or transportation of cargo. One of the major limitations on
the available models is in terms of payload carrying capacity and
range, being required the cooperation of several of these vehicles
for several applications.
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The problem of load transportation has been addressed in re-
cent works. In [2] the problem of transport of a suspended load
by a multirotor aircraft is addressed. In [3][4] the cooperation of
multiple UAVs is used for load transportation. In [5] collaborative
load transportation using multiple UAVs is presented. Load trans-
portation has also been done effectively in [6] with experimental
results. In [7] cooperative load transport force control is addressed.
However, most of these works, besides [6] do not involve experi-
mental validation or play with a single UAV. The drone autonomy
and battery sizing are addressed in [8].

The manipulation of a towed cable system resorting to an aerial
vehicle has been studied in [9]. A control method for the trans-
portation of tethered known loads with a single quadrotor is pro-
posed in [10], resorting to a Mixed Integer Quadratic Program fo-
cusing on aggressive maneuvering. Methods to tackle applications
where the load is unknown are proposed, both for the estimation
and the control of the height of a single quadrotor in [11]. Meth-
ods for cooperative manipulation and transportation using multiple
aerial vehicles based on quasi-static models are proposed in [12],
focusing on the position and orientation control of a payload with
six degrees of freedom. The same problem is addressed in [13],
studying the dynamics of cooperative manipulation resorting to a
complete dynamical model for the cases when the payload is con-
sidered to be a three-dimensional rigid body.

In this paper, a method for collaborative load transportation is
proposed. It is assumed that the length of the load is greater than
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the distance between both UAVs as shown in Fig. 2, thus a config-
uration is envisioned where longitudinal forces are small, and thus
will be neglected in the modeling phase and later rejected by the
control system. Moreover, the air flow cross disturbance can also
be neglected due to the above mentioned geometry.

A position control loop using LQR (Linear Quadratic Regulator)
is proposed for the rear UAV, and for estimation a linear Kalman
filter is considered. The motion sensors used are a gyroscope, a
magnetometer, an ultrasound sensor and a downward pointing
camera for optical flow computation proposes, all usually available
on-board a UAV. The on-board Inertial Measurement Unit (IMU)
allows the measurement and estimation of the height, attitude an-
gles, accelerations, angular, and ground velocities.

Comparing with existing works, in [2] the problem of transport
of a suspended load by a multirotor aircraft is addressed, how-
ever without cooperation between robots. [3] and [5] present a
relatively similar approach to our work, but lacking experimental
results. Comparing to [4] also a non collaborative approach is pro-
posed with the same controller to all vehicles. In [6], load trans-
portation using helicopters with experimental results, is presented,
but the paper is mainly focused on the system integration of multi-
ple sensors and networks lacking details about the estimation and
control strategies. [7] presents a study of cooperative transporta-
tion using aerial manipulators, the problem is very interesting but
the paper lacks experimental validation. In [9] differential flatness
is exploited for the control of one UAV with a towed load, where
the generalization to multiple vehicles is not immediate, nor the
collaborative approach pursued in the present work. [10] presents
effective load transportation with experimental validation resort-
ing however to a single quadrotor. [11] presents load transporta-
tion with load mass estimation, however involving no cooperation
among robots. In [12][13] solutions for the cooperative manipula-
tion and transportation of loads with aerial robots are proposed.
The planning and control are solved for all vehicles thus departing
from the collaborative approach, focus of the present work.

The main contribution of this work is an experimental valida-
tion of a control and navigation architecture for collaborative load
transportation using UAVs.

This paper is organized as follows: the problem addressed in
this paper is described in Section 2. The physical model consid-
ered is presented in Section 3. The system dynamics is presented
in Section 4. The solution for the control problem is proposed in
Section 5, and the solution for estimation is presented in Section 6.
In Section 7 experimental results are presented and analyzed. Fi-
nally, some concluding remarks are presented in Section 8.

2. Problem statement

For control systems design regarding the collaborative trans-
portation of loads with two UAVs, the controllability property plays
a crucial role, alongside the observability property which measures
how well systems internal states can be inferred from knowledge
of its external outputs. The controllability and observability of a
system are mathematical duals. A deeper survey can be found in
[14]. For the envisioned solution both properties must be verified.
The main goal is to control the UAVs 3D inertial position and ori-
entation with respect to a reference North-East-Down (NED) frame.
The two quadrotors to be considered are denoted as the front (F)
and rear (R) UAV, which configuration is presented in Fig. 2.

Given the difficulties proving the system controllability and ob-
servability when considering the two UAVs as an ensemble with
one common state space, a different approach is exploited. In this
approach, the following project approach is considered:

e The front UAV is piloted by an operator;
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e The relative position and orientation between both UAVs is
controlled by the rear UAV, using only on-board sensors;
e The load is rigid.

Regarding the control of the front UAV position and orientation,
externally to the rear UAV, a control system for the front UAV was
designed. The front UAV will be able to follow the operator ref-
erences, and therefore stably follows the trajectory autonomously.
The control systems were designed resorting to optimal control
techniques, namely, LQRs, which requires full state feedback. To re-
duce the noise impact present in the system measurements, and
to ensure the full state feedback, discrete linear Kalman Filters are
designed.

The relative position between both UAVs is the primary state
to control since the system’s stability relies on this. Poor control
of the relative position may lead to undesirable oscillations and
twisting forces which can turn the system unstable resulting in
the crash of both UAVs. The rear UAVs frontal camera is used to
estimate the relative position, velocity and orientation with re-
spect to the rear UAV body-fixed frame. The relative velocity can
be computed resorting to optical flow techniques or resorting to a
complementary filter upon the relative position estimation.

Then, concerning the estimation of the relative velocities upon
the position measurements, will be designed and implemented
complementary filters.

3. Physical model

The physical model is obtained relative to the NED inertial
frame, expressing the rigid body dynamics of the quadrotor in the
body-fixed frame. A more detailed description of the quadrotor
physical model without a load can be found in [15]. In order to
distinguish both UAVs, index subscripts g and g are used to de-
note the rear and front UAV, respectively. Let XnN,YEg,Zp be the
NED inertial frame major axis, Xg,YRr,Zg be the Rear UAV NED
frame major axis, Xf,Yf,Zf be the Front UAV NED frame ma-
jor axis, v = (u, v, w)T represent the linear velocity vector in the
East-North-Up (ENU) inertial frame, 5 = (¢, 6, ¥)T denote the ori-
entation vector of the body-fixed frame with respect to the inertial
frame in terms of Euler angles, and the body-axis angular rate vec-
tor be described by € = (p,q,)7.

4. System dynamics

The mathematical derivation of the non-linear model of the
system in this work follows [16,17], resorting to the Lagrange-
d’Alembert’s principle. However, instead of computing the inertial
position of the UAVs upon the position of the payload, the system
dynamics are derived expressing the position of the payload in a
function of the UAVs position, and taking into consideration the
same assumptions.

4.1. Euler-Lagrange equations

Consider n UAVs connected to a payload via mass-less links
modeled as a rigid body as depicted in Fig. 3. This figure is similar
to Fig. 2 but generalized to n UAVs.

The variables regarding the payload are represented by the
index subscript 0, and the variables related to the ith UAV are
denoted by the index subscript i, which is assumed to be an ele-
ment of the set Z= {1, ---,n}. The dynamical model is derived by
choosing a NED inertial frame {é;, €, €3} and body-fixed frames
{bj1,bj2,bj3} for 0 < j<n.

For the inertial frame, the third axis e3 points downward along
the gravity vector, the other axis is chosen in order to form an or-
thonormal frame. The origin of the jth body-fixed frame is placed
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Fig. 3. System configuration for n UAVs.

at the center of mass of the UAV for 1 < j <n. The third body-
fixed axis bj3 is normal to the plane defined by the center of the
UAVs rotors, and it points downward.

Let x; € R3 be the position of the center of mass of the ith UAV
with respect to the inertial frame. The attitude of the ith UAV is
defined by R; € SO(3), which represents the rotation matrix that
rotates the ith body-fixed frame into the NED inertial frame. The
special orthogonal group is given by SO(3)={R e R3*3 | RTR =
RRT =1, det(R) = 1}. The mass and the inertia matrix of the
ith UAV are defined as m; ¢ R and J; € R3*3, respectively. The
ith UAV generates a total thrust — f;R;e3 with respect to the in-
ertial frame, where f; € R is the total thrust magnitude, and
é3=[0 0 1]" € R3 defined with respect to the inertial frame.
The ith UAV also generates a moment 7; € R3 with respect to its
body-fixed frame. Therefore, the control input of this system cor-
responds to {fi, Ti}1<i<n-

The inertial position vector of the center of mass of the payload
is defined as xp € R3, and its attitude is given by Ry € SO(3). The
mass and the inertia matrix of the payload are denoted by mp € R
and J, € R3*3, respectively. The point on the payload where the
ith link is attached is denoted by p; R3, and it is represented
with respect to the Oth body-fixed frame. The other end of the
link is attached to the center of mass of the ith UAV. The direction

of the link is represented from the center of mass of the ith UAV
toward the payload is defined by the unit-vector q; € S2, where
S?={qeR? | |q|| = 1}. The length of the ith link is defined as
I; e R. Since the links are assumed to be rigid, the inertial position
vector of the center of mass of the payload is given by:

X0 =X — Rop; +1iq; (1)
The standard dot product is denoted by a-b=a’b for all a, b €
R3. The hat map ~: R3® — SO(3) is defined by the condition that
ab=axb for all a,b € R3.
Since the inertial position of the mass center of the payload is
given by (1), through the computation of its time derivative the
linear velocity of the payload is given by:

X=X — RP1 + liq; (2)

4.2. Kinematic equations

For the UAVs, links and payload the kinematics equations are
given by:

4 =i x q; = ®;q;
Ro=RoQ, Ri=R:®



T. Bacelar, J. Madeiras, R. Melicio et al.

where @; € R? is the angular velocity of the ith link satisfying
the condition that q; - @w; = 0. €; and ¢ € R3 are the angular
velocities of the ith UAV and the payload expressed with respect
to its body-fixed frame, respectively.

4.2.1. Kinetic and potential energies

The kinetic energy of the system is composed of the transla-
tional kinetic energy and the rotational kinetic energy of the pay-
load and UAVs, is given by:

n
7= gmalil 30080 20 Y gl 4 a0
(5)
The gravitational potential energy of the system is given by:
n
U=—moges-Xo— Y miges - X; (6)

i=1
Based on the Lagrange-d’Alembert principle, after tedious

derivations, the Euler-Lagrange equations of motion can be ex-
pressed by:

[mil + qiq,‘TmOi| (% — ges) +moq;q] Rop;Ro =mol;| ;> q;

+m0qi‘IiTR0§%pi +u;
JiRi+ Qi x JiQi=1; (8)

|:]0 —mop;Rq:q] Roﬁl}ﬂo
~ . ~ 9
—mop; Ry q;q] (% — ges) + R0 J R0 ®
= —mop; Ry (ill®i 1 q; + ;9] RoR3p;)
moli@; = mo(—q;% + q;RoR0p; — §;Rop; R0 + £G;e€3) (10)

The influence of the Coriolis effects and the provided angular
moments are given by:

mv =mg + REF° — v x @ (11)

where g = (0,0, g)T is the gravity vector with respect to the in-
ertial frame, m accounts for the total mass (rear UAV mass plus
uncompensated load mass), g is the gravitational acceleration, Rlzg
is the rotation matrix responsible for rotate the UAV body-fixed
frame into the NED inertial frame is presented in (12). F& corre-
sponds to the total force applied in the UAV in terms of a vector
with respect to the body-fixed frame presented in (13). Here f3
is the actuation force vector, gg is the rotation matrix that ro-
tates the NED inertial frame into the body-fixed frame, and t is
the tension force applied to the UAV which is assumed to be ap-
proximately null.

cyrco —cOsyr S0
CHSY —csOsyr  cyrcg +sysfsgp  cOso (12)
—SYrs¢p — cyrcepsd  cOsyrsd —cyrsgp  cOcg

F5=f5 + RE(v x ) +t (13)
Replacing (13) in (11):

RE(p) =

mv =mg + £ (14)

where fZ =RLf5.
The angular behavior which takes into consideration Coriolis ef-
fects influence is given by:

JR=—-Q@x JR+T (15)
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where J is the inertia matrix and 7 is the torque vector that re-
sults from a combination of differences between the thrust forces
generated by each of the four rotors.

5. Control

In this Section the system design is detailed. First, the LQR is
introduced followed by the controllers design for both UAVs.

5.1 LQR

Consider the following linear time-invariant (LTI) dynamical
system presented in (16). Vector x is the n x 1 state vector and
vector u is the m x 1 control input. The control input is defined to
be the state feedbacks as shown in (17).

X =Ax+Bu (16)

u=—Kx (17)

J= /(XTQx+uTRu)dt (18)
0

The state feedback control gain matrix that minimizes the
quadratic cost function is denoted as K, as solved by Kalman in
[18], presented in (18). In cost function J, the matrices Q and R
determine the relative importance of the errors in the states or
in the control action, respectively. In (18) Q and R matrices are
defined with units such that the cost function has an energetic in-
terpretation. The values used on these matrices result from a trial
and error procedure during real time (or simulated) tests with the
vehicles such that the dynamic performances (settling time and
tracking errors) reach a good compromise for the users. The con-
trol vector u(t) is assumed to be unconstrained. The infinite time
quadratic optimal control problem relies on the minimization of
the cost function J. The optimal gain matrix for the infinite time
quadratic optimal control problem is linear and is given in (19).
The matrix P in (19) must satisfy the algebraic Riccati equation
presented in (20).

K=R'B'P (19)
ATP+PA—PBR'B'P+Q=0 (20)

The optimal state feedback control gain matrix K is given by
substituting the matrix P obtained by solving the (20) into (19).

5.2. Controllers design

This subsection presents the position and orientation control
design for both UAVs. The position control is responsible for main-
tain the UAV over a desired position.

The position controller for both UAVs is designed and imple-
mented of over an internal attitude control. Since this attitude
inner loop is assumed to be significantly faster than the outer
loop, the system’s planar motion can be interpreted as a domi-
nantly second-order system.

The UAVs are controlled by giving the following set of inputs:

e uy front/back bending angle, assuming negative values bending
forward and zero on the horizontal plane;

e uy left/right bending angle, assuming negative values bending
leftward;

e U, vertical speed;

e uy angular speed around the yaw axis.
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5.2.1. Front UAV

For the front UAV, the objective is the design of an autopilot
external control loop by giving as input the desired inertial posi-
tion and orientation values, denoted as rf, in order to maintain
the UAV in the desired position. This autopilot is responsible for
translating the input references into thrust forces to be generated
by each rotor, resorting the inertial position, body-fixed frame ve-
locities, Euler angles and rates, measured using sensors installed
on-board.

5.2.2. Rear UAV

The control system for the rear UAV could also be a commer-
cially available autopilot, however controllability would be com-
promised. Thus, for the rear UAV, the objective is the design of an
external control loop by giving the desired relative position and
orientation values between both UAVs in respect to the rear UAV
body-fixed frame, in order to maintain the rear UAV over the de-
sired relative position while orientated with respect to the desired
relative orientation.

The full dynamical model of the configuration proposed is de-
rived from the Lagrangian mechanics, modeling the payload as a
6 degree of freedom rigid body and the cables which attach the
payload to the UAVs as mass-less rigid links. The cables are as-
sumed to be always stretched. The controllers proposed are de-
signed based on a linearization of these dynamics under some
simplifying assumptions, e.g. neglecting the load torque. Since it
is meant to control the rear UAV relative position and orientation
with respect to its body-fixed frame, and assuming that both UAVs
share the same dynamics, the dynamical system upon which it is
meant to base the control design can be represented by:

MV = f5 — £
Prel = Vrel (21)
2=Cp,

where v, = VF — Vg, Pre; = Pr — Pg, and C is the output matrix.
Since f% is the front UAV actuation force vector, f% is assumed as
an external disturbance. The relative attitude angles are depicted
as Nrer-

An external control loop is designed taking into consideration
that p,e, Vi, and 7,,, can be measured resorting to the motion
tracking system. The external control loop expects a reference rel-
ative position and orientation, and combines these references with
the sensors measurements in order to obtain the desired roll, pitch,
angular velocity around the yaw axis and vertical velocity, which
are the attitude inner loop set of inputs. The inner attitude control
loop is responsible for prescribing these inputs into individual ro-
tors velocities. The control system architecture is depicted in Fig. 1.

Since the relative position control design is based on the rear
UAV body-fixed frame, the relative position tracking errors with
respect to the NED frame are given by:

ep="rp— Rgprel (22)

where 1, = (x4, ya,24)T is the desired relative position reference
vector between both UAVs in respect to the rear UAV body-fixed
frame, and Rg is the rotation matrix that describes the rotation of
the NED frame into the rear UAV body-fixed frame.

Therefore, the inner control loop input vector is computed as
follows:

Uy Kx 0 0 Vrel
uy (=1 0 Ky 0 |ep—Kyyz| Mg (23)
U, 0 0 K, Iy
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where Ky, Ky, and K, are the position optimal gains, and Ky, is
the optimal gain matrix suppressing the gains regarding the posi-
tion states.

Resorting to relative position in respect to the NED frame, the
relative yaw orientation from the rear to the front UAV can be
computed as:

Y= vp + tan! (L) (24)

Therefore, the orientation input control vector for the rear UAV
is presented in (25).

Uy, :Kl/,(rw —1/fr) (25)
6. Estimation

Vertical and ground velocities are estimated based upon posi-
tion measurements, resorting to complementary filters, as detailed
in [19].

6.1. Relative position and orientation filter (frontal camera)

In order to estimate the relative position, velocity and orienta-
tion between the two UAVSs, the filter architecture proposed in [20]
was exploited. The filter presents a Visual-Aided landmark posi-
tioning system together with an IMU using complementary filters.
Using a landmark tracking system using color feature recognition
based on the Mahalanobis distance, position and attitude relative
to a target are retrieved via the algebraic Robust solution to the
Perspective-n-Point (RPnP) [21]. The measurements obtained are
then fused with the optical flow available on-board.

The following state-space representation describes the position
kinematics using the body velocity as input:

Y I —ARk][x] [ARk}
= + Vi +
|:b":|k+1 |:0 I bV k 0 ’
AR, 07[n,
0 I ny k

where x is the position in the inertial frame, v is the velocity
in fixed-body frame coordinates, R denotes the rotational matrix
from the body-fixed frame {8} to the inertial frame {Z} placed at
the landmarks plane, b, represents the velocity bias that accounts
for the velocity of the moving target model uncertainties and er-
rors in the optical flow estimate, and n, and n, denote zero-mean
Gaussian white-noise that accounts for disturbances in the position
and in the velocity bias, respectively.

The position observer, with uniformly asymptotic stability proof
[20], is given by the following nonlinear feedback system:

X _[1 —AR(]| & ARy
|:13v:| = [0 I ]|:b:,i| +[ 0 ]"k+
k-+1 k

Ry (Kix—1)+Ry_1 | o1 5
[ Ko, ( } Rir (%~ &)

(26)

(27)

where K1y, and K3p, are the Kalman gains computed for the sys-
tem presented in (26) with R, =1, which are proved to be the
optimal gains for the filter (27). The relative body velocity v,¢ is
then estimated as:

Vretk = Vi — by (28)

For the purpose of not losing the target, one requirement is that
the rear UAV should always try to focus the center of mass of the
front UAV. With that in view, the control reference in yaw for the
rear UAV has to be given in terms of the relative position as:
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Fig. 4. UAV - Parrot Ar.Drone 2.0 quadrotor.

— =1 ( Yrel
ry =tan (ﬁ) (29)
where J,¢ and X, are the relative position X in (27).

The measurement of the position filter presented in (27) is
given by a landmark target consisting of 6 markers. The landmarks
are placed in the same plane, and a YCbCr color segmentation via
Mahalanobis distance is used for the segmentation of the markers
from the background. After segmenting the markers, the respective
centroids are computed and, the RPnP technique is used, providing
the position and orientation of the camera relative to the land-
mark’s target plane. Only the position in X and Y-axis, and the yaw
angle, from the tracking system, is exploited as a measurement for
filtering.

7. Experimental setup and results

This section describes the UAV under study, the respective
physical model and the tools used in order to implement the pro-
posed solutions. This information is mandatory for a better under-
standing of the UAV to be used in regard to its specifications and
limitations.

7.1. UAV

The model used for this study is a Parrot Ar.Drone 2.0. An im-
age of the model is depicted in Fig. 4. The Parrot Ar.Drone 2.0 is
equipped with four “inrunner” brush-less motors of 14.5 W and
a maximum rotation speed of 28500 rpm, each controlled by a
ATMEGA 8-bit micro-controller. The motors are controlled through
PWM (Pulse Width Modulation) commands in a range from 0% to
100%. Two rotors rotate clockwise, while other two rotors rotate
counter-clockwise. The UAVs are equipped with an ARM Cortex
A8 1 GHz 32-bit processor with 800 MHz TMS320DM(C64X and
a DDR2 1 GB at 200 MHz RAM, operating under Linux 2.6.32 OS.

This UAV is also endowed with an inboard IMU, a 720p 30 fps
HD frontal camera capable of HD video recording, and a QVGA 60
fps vertical camera for ground velocities measurements resorting
to optical flow techniques.

The inboard IMU is composed by a 3-axis gyroscope with an ac-
curacy of 2.000 degree/s, a 3-axis accelerometer with an accuracy
of £50 mG, a 3-axis magnetometer with an accuracy of 6 degrees.
This IMU allows the measurement of the height, attitude angles,
accelerations, ground velocities, and angular velocities. Moreover, a
pressure sensor with an accuracy of £10 Pa, an ultrasonic trans-
mitter, and an ultrasonic receiver are also present on-board.

In Fig. 5, the experimental setup is shown. The Parrot Ar.Drone
2.0 is controlled via WIFI in a range of 50 m, having its own net-
work defined as an access point. Parrot also provides a dedicated
free app for the control of the quadrotor, live video streaming,
making films, and taking pictures.

In order to implement the control systems designed for the two
UAVs, the AR Drone Simulink Development-Kit V1.1 (DevKit) pro-
vided in [22] is used. This Devkit provides Simulink based models
for the WIFI communication between both UAVs and a terminal,
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for instance, a personal computer. Here the control system is im-
plemented in external mode. These Simulink models allow sending
a combination of attitude (desired angles) and vertical speed com-
mands as input control commands to the Ar.Drone embedded atti-
tude inner control loop, and reading the states available upon the
state reconstruction from the sensor data also built in the embed-
ded electronics simultaneously. The state reconstruction provides
estimations of the altitude, attitude angles, ground velocities.

For the experimental implementation of the control systems
proposed, it is required to work in discrete time. The selected
sample time for the controllers and filters is 0.065 s, taking into
consideration the slowest sensor built in the UAV, namely, the ul-
trasound which operates at a minimum sample time of 0.04 s.
Therefore, the Qualisys system used as ground truth to the rela-
tive position and orientation is also set to work at a sample time
of 0.065 s.

In order to reduce the ultrasound signal interferences between
both UAVs, resulting in conflicts on the altitude estimation of both
subsystems, one of the UAVs was set to operate at a different signal
frequency. The reference distance along the longitudinal direction
for the relative position was set to 3.5 m.

The rear UAV, which is responsible for regulating the relative
position, the controller was designed aiming a faster response than
the front UAV, in order to compensate more efficiently the delay
present in the system.

A video showing the collaborative load transportation reported
in [19] can be found in https://youtu.be/QIUf5pb1flw, but using a
motion capture system. In this work, the motion capture system is
only used for ground truth purposes.

7.2. Step analysis

The LQR controller gains for the front and rear UAV were cal-
culated using the weighting matrices presented in Table 1 and
Table 2, and are presented in Table 3 and Table 4.

In Fig. 6 the experimental results regarding the consequent unit
step responses are presented. Here, the unit step responses for the
XYZ directions regarding the front UAV present a settling time (5%)
is at 5.4 s, 5.6 s, and 8.9 s, respectively. The maximum overshoot
is 3.8 cm, 3.6 cm, and 0 cm for the XYZ directions. The rela-
tive position between both UAVs along the XYZ directions settles
at 6 s, 6 s, and 8 s, respectively. The maximum relative position
errors between both UAVs along the XYZ directions are 35 cm,
22 cm, 43 cm, respectively. These errors are relatively high dur-
ing the transient response but remain much lower when steady
state is achieved after around 12 s. The fact that a collaborative
approach is pursued, where the commands or references by the
human operator are not known in advance, leads to errors that are
relatively higher during the transient response but they decrease
when the steady state is achieved. The severity of those errors is
directly related to the aggressiveness of the human commands. The
simulated step responses provide reasonable good approximations
compared to the real response, in the sense that they converge to
the reference with stability. The dynamics of these responses vary
because of several reasons like non-perfect cross coupling terms,
properties mismatch, simulated and real noise, non modeled non-
linearities like turbulence resulting from both drones working close
together as well as payload dynamics. These discrepancies are
more evident in Fig. 6(c) which is the one that corresponds to the
direction of the movement.

The control performance regarding the control of the relative
position is presented in Table 5. For the evaluation of the perfor-
mance is analyzed the settling time of the relative position regard-
ing a 5 cm criteria mentioned before, maximum relative error and
the root mean square error.
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Fig. 5. Experimental setup.
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Fig. 6. Step-analysis experimental results. From left to right, top to bottom: (a) X Position, (b) X Relative Position, (c) Y Position, (d) Y Relative Position, (e) Z Position, (f) Z
Relative Position. (For interpretation of the colors in the figures, the reader is referred to the web version of this article.)

Table 1 Table 2
Front UAV LQR weighting matrices. Rear UAV LQR weighting matrices.
X Position Y Position Z Position X Position Y Position Z Position
Q diag(3,1,1,0) diag(3, 1, 1, 0) diag(3, 1) Q diag(3,1,1,0) diag(3, 1, 1, 0) diag(3, 1)
R 520 220 25 R 430 180 20
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Fig. 7. Intermediary filter experimental results. From left to right, top to bottom: (a) X Position, (b) X Relative Position, (c) Y Position, (d) Y Relative Position, (e) Z Position,

(f) Z Relative Position.

Table 3
Front UAV experimental LQR gains.
Gains
X Position [—0.0753 ~0.0978 0.2009 0.0480]
Y Position [0.1156 02323 0.0794 0.0156]
Z Position [0.3425 0.0688]
Table 4
Rear UAV experimental LQR gains.
Gains
X Position [0.0828 0.1063 —0.2183 —0.0519]
Y Position [—0‘1277 —0.2526 —0.0870 —0.0169]
Z Position [—0‘3823 —0‘0781]
Table 5
Step analysis - rear UAV experimental performance.
Settling time (5%) Max. error ~ RMS error
X Position 11s 42.2 cm 23.29 cm
Y Position 6s 22 cm 10.45 cm
Z Position 8s 43 cm 20.25 cm

7.3. Intermediary filters

For the front UAV, the LQR controller gains, computed consid-
ering the state Q and input R weighting matrices presented in

Table 1, are presented in Table 3. For the rear UAV, the LQR con-
troller gains are computed considering the state and input weight-
ing matrices presented in Table 2, and are shown in Table 4. The
experimental results concerning the design and implementation of
the low pass intermediary filters and complementary filters are
presented in Fig. 7. Here, the results in the XYZ directions regard-
ing the front UAV present a settling time (5%) is at 8.0 s, 10.5
s, and 10.0 s, respectively. The maximum overshoot is 0 cm, 4.1
cm, and 0.7 cm for the XYZ directions. The control system perfor-
mance concerning the relative position is evaluated resorting to a
5 cm settling time criteria, maximum relative error and the root
mean square error, which results are presented in Table 6. The set-
tling time criteria assume that the relative position error settles for
values less than 5 cm.

For the X Position the prediction failed, where is noted a signifi-
cant reduction to less than half of the settling time concerning the
relative position error. This reduction can be justified by the de-
mand for a response too aggressive for the control system designed
for the rear UAV. Nevertheless, the implementation of the low pass
filter restricted the frequency bandwidth of the system, resulting
in lower frequency responses less demanding for the rear UAV to
track, since the rear UAV actuators and control system present lim-
ited frequency bandwidth. This fact may also explain the slightly
unexpected increase of the root mean square error, alongside the
maximum relative error that remained equal.

7.4. Position and orientation filters results

In this section, is presented the experimental results concerning
the implementation of the position and orientation filter presented
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Fig. 8. Position and orientation filter experimental results. From left to right, top to bottom: (a) X Position, (b) X Relative Position, (c) Y Position, (d) Y Relative Position.

Table 6
Intermediary filters - rear UAV experimental performance.
Settling time (5%) Max. error ~ RMS error
X Position  5's 27.0 cm 14.19 cm
Y Position 8s 22.0 cm 11.70 cm
Z Position 10s 38.8 cm 19.39 cm

previously. Here, the relative position and orientation are esti-
mated resorting to rear UAV front camera. Therefore, the motion
tracking system only is used to provide ground truth measure-
ments, since all the estimation process is being done resorting only
on-board sensors installed on the UAV. The position filter in use is
designed only for estimations along the X and Y directions, thus
only is presented the results regarding steps in these directions.
The height is set to be constant during the experimental flights,
being controlled resorting to altimeter measurements.

The front UAV integrates its ground velocities corrected by its
yaw angle to estimate its position. Thus, since it is controlled
the estimated position based only on optical flow measurements
where noise is present, the position estimation gradually starts to
drift.

Due to the UAV limitations in terms of payload carrying capac-
ity, the target to be placed on the front UAV upon which is meant
to estimate the relative position and orientation has to be rela-
tively small. Thus, the camera was only able to take measurements
on the target until a maximum relative distance of 4 m. How-
ever, since it meant to measure the movement of the front UAV, an
abrupt maneuver may lead to the domain where the camera is not
able to take measurements of the target. Therefore, the desired rel-
ative distance along the longitudinal direction X was set to 2.5 m
instead of 3.5 m. This change leads to more accentuate altimeter
inferences and air-flow cross disturbances, resulting in poor per-
formance of the control system. The altimeter inferences induce in
poor measurements of the height directly influencing the optical
flow measurements which resort to the estimation of the height.

For the front UAV, the LQR controller gains, computed consid-
ering the state Q and input R weighting matrices presented in
Table 1, are presented in Table 3. For the rear UAV, the LQR con-
troller gains are computed considering the state and input weight-
ing matrices presented in Table 2, and are shown in Table 4. The
experimental results concerning the design and implementation of

Table 7
Position and orientation filter - rear UAV experimental performance.

Maximum error

88.8 cm
22.6 cm

Settling time (5%)

X Position 106 s
Y Position 9.0s

Root mean square error

34.78 cm
12.54 cm

the intermediary filters and position filter are presented in Fig. 8.
The control system performance is evaluated resorting to a 5 cm
settling time criteria, maximum relative error and the root mean
square error, which results are presented in Table 7. The settling
time criteria assume that the relative position error settles for val-
ues less than 5 cm.

The results presented denote very similar properties to the re-
sults presented in Fig. 7. Along the Y direction, the front UAV
position settles at 10.2 s presenting an increase of 2.2 s, and the
rear UAV settles the relative position at 9.0 s presenting a max-
imum relative position error of 22.6 cm and an increase of the
root mean square error to 12.54 cm. Along the X direction, the
front UAV position settles at 10.6 s presenting an increase of 2.2
s, and the rear UAV settles the relative position at 7.0 s presenting
a maximum relative position error of 88.8 cm and an increase of
the root mean square error to 34.78 cm.

The deterioration of the control performance is due the fact
that the control system is now only dependent on on-board sen-
sors installed in the quadrotor, and the rectangular shape placed
at the top of the front UAV. Since the target developed for this ap-
plication presents a rectangular shape and is placed aligned with
the front UAV referential frame, the inertia of the quadrotor gets
compromised. The target has almost no thickness, presenting al-
most null variations on the inertial regarding the X direction which
is directly related to the roll angles that governs the movement
along the Y direction. However, the rectangular shape of the tar-
get induces a significant increase of the inertial concerning the Y
direction, resulting in a more accentuated poor control system per-
formance when compared to the result presented in Fig. 7, since
the pitch moment to be generated by the rotors has to be sig-
nificantly higher. Nevertheless, the results presented in Fig. 8 still
prove the feasibility of the control system designed to perform the
task, where the relative position converges presenting no steady-
state error and satisfactory performances having in mind the as-
sumptions done during the controllers’ design phase.
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The simplifying assumption to ignore the pitch and roll degrees
of freedom on the load is considered. The impact on the selected
control structure is revealed, for instance, in the Y direction as de-
picted in pictures 6(c), 7(c), and 8(c) or in the roll or pitch angles
of the load (not sensed in this phase of the work). However, if
more than two UAVs were used, these issues would not be present.
The general analysis is out of the scope of this paper and will be
addressed in future work. From the experimental results observed,
the coupling and the associated phenomena with the load were
revealed but the dynamic behavior of the relevant state variables
met the specifications set forth.

8. Conclusion

This paper presented a methodology for collaborative load
transportation by two quadrotors, given the state variables es-
timates, based on measurements from motion sensors installed
on-board. The control and estimation solutions were required to
ensure the stability of the system while guarantying a null steady-
state position and estimation errors. The vertical velocity has to be
estimated since there is no sensor usually on-board the quadrotors
capable of providing this measurement directly.

Further, in order to turn the system independent of a motion
tracking system to provide estimates of the relative position be-
tween the multiple UAVs, the UAVs, front camera is used in order
to provide these estimates. Therefore, the relative velocity between
the UAVs can be estimated upon these measurements.

The proposed solutions are presented based on linear control
and estimation methods. These solutions include classical and op-
timal control and estimation theory. The controllers and estima-
tors resort to linear and optimal control techniques, as LQRs and
Kalman filters, respectively.

The proposed control system is validated both in simulation
and experimentally, resorting to a commercially available quadro-
tor equipped with an IMU, an ultrasound height, vertical, and
frontal cameras, among other sensors. The simulation environment
models the noise present in the measurements provided by the
sensors, as Gaussian white-noise for the experimental implementa-
tion of the control system proposed. The observed results meeting
the specifications and from the Front UAV operator point of view,
the set of tests were satisfactory.
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