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I. INTRODUCTION

This document is a technical attachment to [1], a paper
which provides a study and a methodology for landing and
takeoff using a passive tether attached to the aerial platform.
This document includes a proof of the flatness of the output
y fL (in Section II) and extended results of the experiments
not included in [1] because of page limits (in Section III).

The reader interested in the analysis and control of tethered
aerial vehicles is also referred to [2], [3], where flatness,
controllability and observability is studied, to [4] where the
case of a moving base is thoroughly analyzed, and to [5], [6]
where the case of multiple tethered vehicles is investigated.

A. Aerial physical interaction

Tethered aerial vehicles constitute an example of aerial
vehicles physically interacting with the external environment.
For the reader interested in this rapidly expanding and broad
topic we also suggest the reading of [7], where a force
nonlinear observer for aerial vehicles is proposed, of [8],
where an IDA-PBC controller is used for modulating the
physical interaction of aerial robots, of [9], [10] where fully
actuated platforms for full wrench exertion are presented,
of [11]–[13] where the capabilities of exerting forces with
a tool are studied, and finally of [14]–[16] where aerial
manipulators with elastic-joint arms are modeled and their
controllability properties discovered.

II. DIFFERENTIAL FLATNESS WITH RESPECT TO y fL

Let us consider the output y fL = [y fL
1 y fL

2 y fL
3 y fL

4 ]T =
[ϕ δ fL ψR]

T ∈R4. In this section we shall demonstrate that
the tethered system in [1] is differential flat with respect
to y fL . For this purpose the state and the inputs have to
be written as an algebraic function of the output and its
derivatives.
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We get directly that q= [y fL
1 y fL

2 ]T and q̇= [ẏ fL
1 ẏ fL

2 ]T . Then
from (4) in the paper, we can write fR and zR as an algebraic
function of y fL and its derivatives as:

fR =
∥∥fR(y fL , ẏ fL , ÿ fL)

∥∥ , zR =
fR(y fL , ẏ fL , ÿ fL)

‖fR(y fL , ẏ fL , ÿ fL)‖
, (TR.1)

where fR =−mRp̈R(y fL , ẏ fL , ÿ fL)−mRgzW−y fL
3 d(y fL). Equa-

tion (TR.1), together with y fL
4 , let us define the attitude of

the vehicle as a function of y fL and its derivatives. In fact,
given y fL

4 we can define x′R = Rz(y
fL
4 )e1, where Rz(y

fL
4 ) is

the rotation matrix describing the rotation of y fL
4 along zW .

The attitude is computed creating an orthonormal basis out
of x′R and zR, given by RR(y fL , ẏ fL , ÿ fL) = [xR yR zR] where,

yR =
zR×x′R
‖zR×x′R‖

, xR =
yR× zR

‖yR× zR‖
.

Differentiating RR(y fL , ẏ fL , ÿ fL) and using (2) of [1], we can
write ωωωR and τττR as a function of y fL and its derivatives.
Finally, we were able to write state and inputs as a function
of y fL and its derivatives, thus proving the differential flatness
of the system with respect to y fL .

III. EXPERIMENTAL VALIDATION

In this section we show the main results of an experimental
campaign aimed at validating the efficacy of our method for
the problem of landing (and takeoff) an aerial vehicle on a
sloped surface.

The vehicle for our experiments is a Mikrokopter quadro-
tor weighting about 1[Kg] and having a maximum thrust
for each propeller of 6[N]. We built a simple sloped surface
based on a structure made of steel bars fixed to the ground
by heavy loads. The vehicle is equipped with a light cable
ending with a triple hook at its extremity. The other end of
the link is attached to the vehicle as close as possible to its
center of mass. The link has a length of 1[m] and a mass of
less than 0.01[Kg], thus negligible w.r.t. the vehicle one.

To hook the free extremity of the link to the structure, we
placed an horizontal slack cable passing through the anchor
point pA (a priori decided). A simple maneuver lets the
vehicle hook the horizontal cable resulting tethered to the
anchor point, as it is shown in Fig. 6.
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The controller, fully implemented in Matlab-Simulink,
sends the desired rotational speed of each propeller at a
frequency of 500[Hz]. The communications with the robot
and the PC are done through a physical serial cable.

In order to retrieve the state of the system we use a motion
capture system to measure the position and the yaw angle of
the vehicle with a frequency of 120[Hz]. The linear velocity
is computed by the numerical derivation of the measured
position. Notice that, when the link is taut, the motion capture
system emulates two encoders that measure ϕ and δ , and a
magnetometer for the Yaw. Finally we used an on-board IMU
(accelerometer and gyroscope) to complete the measurement
of the attitude estimating the remaining Euler angles, Roll
and Pitch, and the angular rate, ωωωR.

A. Sinusoidal trajectories

In order to validate and test the performances of the
proposed hierarchical controller we tried to track some highly
dynamical trajectories showing the ability to independently
track ϕ and ϑA, at the same time.

In particular we shall show the results of the control action
for three different sinusoidal trajectories: 1) sinusoidal tra-
jectory with time varying frequency on ϕ while keeping ϑA
constant, 2) sinusoidal trajectory with time varying frequency
on ϑA while keeping ϕ constant, and 3) sinusoidal trajectory
with fixed frequency on both ϕ and ϑA.

The first two tests are done firstly to see that the proposed
controller can track a desired trajectory on ϕ or ϑA, indepen-
dently. Secondly we want to show which is the maximum
feasible frequency for both dynamics.

In the first experiment we fixed the desired ϑ d
A at 15[◦].

In this way we assured a sufficiently high tension in order
to limit nominal negative tension value during the experi-
ment. The desired sinusoidal trajectory ϕd(t) starts with a
frequency equal to ωϕ = 2π

4

[ rad
s

]
and it increases linearly

until the value of about ωϕ = 4π

5

[ rad
s

]
for which the system

becomes unstable. From Fig. 1 one can see that the tracking
of ϕ and ϑA degrades with the increasing of the frequency
of the sinusoidal trajectory.

The second test is the dual, indeed we propose a sinusoidal
desired trajectory with varying frequency on ϑA while keep-
ing a desired constant ϕd = 45[◦]. For what concerns the
frequency of the sinusoidal desired trajectory ϑ d

A (t), it starts
from a value of ωϑA = 2π

6

[ rad
s

]
and increase up to a value of

about ωϑA =
8π

9

[ rad
s

]
. After that, as it is possible to see from

the plots in Fig. 2, the tracking error becomes very high.
However, the system remains always stable.

Finally we gave as reference a sinusoidal trajectory on
both ϕ and ϑA. The two signals have different frequency
and phases, in particular ωϕ = 2π

4

[ rad
s

]
and ωϑA = 2π

6

[ rad
s

]
,

respectively. The results can be seen in Fig. 3. As one can
see the trajectories are both tracked with a sufficiently small
error. This analysis finally shows that the proposed controller
is able to independently track sufficiently slow time varying
desired trajectories on both ϕ and ϑA, with small tracking
errors. We did not report the results of the tracking of δ

because they are analogous to the ones related to ϕ .
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Fig. 1: Tracking of a sinusoidal input on elevation with varying
period with fixed attitude
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Fig. 2: Tracking of a desired sinusoidal trajectory of ϑA with
varying frequency and fixed ϕ .

B. Landing with the free-flight approach

In this paragraph we describe the results obtained trying
to land on a surface tilted by 30[◦] using the free-flight
approach. In particular we want to show that using a classical
position controller is not possible to land on such sloped
surfaces. Indeed, as demonstrated in the paper, this is pos-
sible only using a maneuver based approach, for which the
landing is achieved only carefully planning the trajectory and
precisely tracking it.

The dynamic of the experiment is quite simple. The
vehicle starts in free-flight condition and tries to land on
a desired point of the surface following a simple descending
trajectory along zW . Finally, the robot switches off the motors
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Fig. 3: Tracking of a desired sinusoidal trajectory on both ϕ and
ϑA with fixed period.

(a) Desired landing position on the
surface.

(b) Desired landing position below
the surface. The picture shows the
vehicle the instant before crashing
on the surface.

Fig. 4: Landing with the free-flight approach.

when the surface is reached.
Giving as desired position a point on the surface, the

vehicle touches it with only two landers and remains in
an almost hovering condition (see Fig. 4a). Then, when the
motors are switched off the vehicle hits the surface with the
others two landers and slides down along the surface.

In order to make the attitude parallel to the surface,
one can try to move the desired landing point along the
normal to the surface. Placing the desired landing point
above the surface, the vehicle will fly in the desired position
without even touching it. On the other hand, placing the
desired landing position below the surface, we obtain a result
opposite with respect to the desired one. In fact, trying to
reach the desired position the vehicle tilts toward the surface
(see Fig. 4b) instead of adjusting the attitude according to
the plane. Moreover, at a certain moment of the experiment,
the two landers in contact with the surface loose the grip and
the vehicle crashes on it.
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Fig. 5: Tracking of the desired landing maneuver. In the plot of ωωωR,
the solid and opaque lines correspond to the filtered and unfiltered
data, respectively. f n

L is the nominal stress given by the particular
trajectory, whereas f̂L is the estimated stress from the knowledge
of the model, state and inputs.

In general we also noticed a high flight instability when
close to the surface due to aerodynamic effects.

C. Landing with passive-tethered approach

The goal of the experiment is to automatically land the
robot on a surface, tilted by 30[◦]. The maneuver starts with
the vehicle in a free-flight configuration and consists of five
phases (see Fig. 6):

(a) approach to the anchor point making the hook in
contact with the anchoring horizontal cable,

(b) hook the horizontal cable,
(c) stretch the link making it taut,
(d) track the desired trajectory yϑAd(t),
(e) turn-off the propellers after the landing.
Although not necessary, the global maneuver is done

moving on the plane PM , in order to simplify the phases (a-
c). During phases (a-c) the vehicle is controlled by a standard
position controller. In particular, to make the link taut, we
simply give as reference a position that lies outside the sphere
Sl(pA). In this way the vehicle pulls the link while trying
to reach that unreachable position. As soon as, at time t0,
the link is taut (detectable using a threshold in the position
error) the controller presented in Sec. V of [1] is activated
and a simple trajectory yϑAd(t) is used as reference. Given
the parameters of the system, in order to achieve the landing
conditions, from Sec. III of the paper it results that:

ϕ
? =−21.3[◦], δ

? = 0[◦], ϑ
?
A = 30[◦].

During the maneuver, ψ?
R is set such that the frame of the

vehicle is turned by 45[◦] with respect to the link. Since the
link is not perfectly attached to OR, the tension creates an
extra torque on the body that is properly compensated in



(e)(d)(c)(b)(a)

t = −5[s]t = −10[s] t = t0 = 0[s] t = 3[s] t = 12[s]

Fig. 6: Sequence of images of a real experiment. On the left bottom corner we show a zoom of the anchor point and the hook circled in
red. The vehicle is attached by a cable to a pole from the top for security reasons and to connect the robot to the PC by a serial cable.
Notice from Fig. (d) that this cable is always slack and does not perturbs the motion of the robot.
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Fig. 7: Tracking of the desired takeoff maneuver from a slope with
30[◦] of inclination using an optimal trajectory.

order to improve the tracking performances, a sensor based
calibration [17] of these parameters is left as future study.

In Fig. 6 and 5 the results of the experiment are shown. At
time tL the surface is reached with a stable and safe maneuver
thanks to the existence of inclined equilibria (see [1]) and
the motors are turned off. Additionally, after tG, one can see
that the vehicle, thanks to the tether, does not slide on the
surface.

D. Takeoff with passive-tethered approach

After the landing we also performed the dual maneuver:
takeoff from a sloped surface. The robot starts from a plane
with an inclination of 30[◦] with motors off. First of all,
we noticed that thanks to the tether the vehicle does not
slide along the surface, differently from the case without the
tether. After increasing the rotational speed on the propellers,
the vehicle, using the proposed controller, follows a simple
trajectory reaching a position far enough from the surface.
At this point a standard position controller is activated and,
following a simple position trajectory, the robot is able to

detach the hook from the horizontal anchoring cable. In
Fig. 7 we report the results of such experiment where one can
see that the desired trajectory is well tracked. We report just
the data relative to the maneuver while tethered, since the
data from the trajectory tracking with the position controller
are considered not very relevant.

In conclusion, using the proposed method it is possible
to both takeoff and land from any surfaces with different
inclinations. Furthermore, it is important to notice that it
is possible to attach and detach the hook from the anchor
completely autonomously passing from a free-flight to teth-
ered condition and vice versa. This lets the method be easily
applied for real tasks.
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