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Abstract: Multirotor Aerial Vehicles (MAVs) have been the subject of many academic studies and have attracted a lot of
attention from industry in recent years. MAVs have flight capabilities such as hovering, Vertical Take-Off and Landing
(VTOL) and agile maneuvering capability, which cannot be achieved by conventional fixed wing aircraft. However, such
vehicles have limited autonomy, which results in flights of at most some minutes. A sub-category of aerial vehicles is
tethered MAVs, which are anchored at a fixed point by a cable. While this limits their motion, it can also works as a power
line, providing electrical power to the vehicle and enhancing its flight autonomy. This paper presents a hovering analysis
of a tethered multirotor under external disturbances. The vehicle is an octocopter with flat configuration. The cable
consists of a series of elastic elements with the mass elements lumped at the nodes. The controller is based on a saturated
state feedback control. The model was evaluated through numerical simulations using MATLAB/Simulink. The vehicle
performed a hover flight and was subjected to external disturbances in order to emulate ambient wind. The results for
the tethered MAV were compared with the MAV flying freely without cable. The tethered MAV presents improved hovering
capability when compared with the vehicle without cable, due to the tension exerted by the cable, which provides a better
robustness to exogenous perturbations.
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1. INTRODUCTION

Multirotor Aerial Vehicles (MAVs) have been the subject of many academic studies and have attracted a lot of attention
from industry in recent years. MAVs have flight capabilities such as hovering, Vertical Take-Off and Landing (VTOL)
and agile maneuvering capability, which cannot be achieved by conventional fixed wing aircraft. Some drawbacks of
multicopter vehicles are the reduced endurance, which hardly exceeds some minutes, and limited payload. In face of that,
tethered MAVs have been introduced to the aerospace sector as a possible alternative. The tether, even though limiting
the vehicle flight range, can be used for data transmission and power supply during operation, which improves the vehicle
endurance.

The capability of quickly reaching high altitudes for communication and surveillance operations is crucial for a variety
of missions. Therefore, tethered multicopters would take over a niche that fixed-wing UAVs! and tethered aerostats cannot
fulfill currently. Incidentally, tethered multicopters are easily set up and are able to operate in an efficient way for long
periods at altitudes of some meters above the ground, with no halt in data transmission, which flows through the cable.
Moreover, electronic equipment such as radars, antennas and cameras can be added to the vehicle.

In academia, research works on tethered multicopters are still rare by the present day and there are few companies
and institutions that have invested in the development of such vehicles. The first references to consider the tethered
configuration are found in Schmidt and Swik (1974) and Rye (1985). Some applications of this kind of configuration are
found in aerostats Khaleefa et al. (2014) and robot satellites Nohmi (2009). The work in Papachristos and Tzes (2014)
presents a navigation strategy in partially mapped environments. This strategy is applied to the collaboration between an
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UAV and an UGV 2, in which power is provided to the former by a cable connecting the two vehicles. The work Sandino
et al. (2014) presents a control strategy for tethered helicopters in hover and a model for the tether in which viscosity is
taken into consideration, where the authors use a combination of classical PID control laws. The use of the cable tension
in the tethered configuration for improving the stability at hover under disturbances is still a topic not deeply explored in
the literature. The works related to this topic are only Sandino et al. (2013b) and Sandino et al. (2013a). Another topic of
research is modeling and control as presented in Castro et al. (2015) and Castro et al. (2016b).

This paper presents a hovering analysis of a tethered multirotor under external disturbances. The vehicle is an octo-
copter with flat configuration and a tether attached to its center of mass. The cable consists of a series of elastic elements
with the mass elements lumped at the nodes. We consider the drag force acting on both vehicle frame and tether. The
position control is based on a saturated state feedback control law.

This paper is organized as follows: in Section 2 we present the tethered configuration model, in Section 3 a control
system is proposed, in Section 4 we present the simulation results and Section 5 presents the conclusions.

2. TETHERED CONFIGURATION MODEL

This Section presents the multicopter model and tether model, which together describe the dynamics of the tethered
multicopter configuration.

2.1 Multicopter Model

Consider a octocopter and three Cartesian coordinate systems (CCS), as illustrated in Fig. 1.

Figure 1: Cartesian coordinate systems.

The body CCS S £ {XB, VB, Zp} is fixed on the vehicle structure with its origin at the vehicle’s center of mass
(CM). The reference CCS Sg = {XRr, Yr, Zr} is fixed on the ground at point O; its Z-axis is aligned with the local

vertical. The CCS of the tether 5’% £ {X%7 Y%, Z!r} is fixed to the cable structure.

The attitude kinematics equation in quaternions q is given by the following differential equation Wertz (1978):

q=Qq, (1
where
10 —wT
Q= 2 LJ —[wx}] ’ @

w 2 [w; wyws]” € R3 is the Sp representation of the angular velocity of Sg w.r.t. Sg and [wx] is the cross-product
matrix of w, i.e.,

0 —Ww3 w2
[wx] 2 | ws 0 —w1 | . 3)
—W?2 w1 0
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The attitude dynamics is described by the Euler equation:
F—h+wxh, )

where T £ [11 T2 Tg]T € R? is the Sp representation of the total control (propeller) torque and h £ Jw e R3 is the Sp
representation of the vehicle’s angular momentum; I € R3*3 is the vehicle’s inertia matrix w.r.t. Sg. It is assumed that
the vehicle has a symmetrical structure so that I can be written as

I 0 0
I=(0 L 0f. ®)
0 0 I3

The translational dynamics model is obtained from the Newton’s Second Law as

0
.1 D F
r=—fv+ 0 +*+*t, (6)
m g m m

where r £ [r; 7o 73]T € R3 is the position of the CM w.r.t. Sg, v = [v1 vo v3]T € R? is the unit vector perpendicular
to the plane of rotors, f is the magnitude of the total thrust, g is the gravity acceleration, m is the mass of the vehicle,
D 2 [d; 0 0]T € R? is the drag force w.r.t. Sg and F; € R? is the force from the tether w.r.t. Sg. The drag force
component is given by:

1 .
dl = §paierAo|ra|2 (7)

where pg;, is the air density, Cy is the drag coefficient, A, is the octocopter section area and r, is the relative velocity
between the wind and the center of mass of the vehicle. These parameters are shown in Tab. 1.

Table 1: Parameters of the octocopter, Castro ef al. (2016a).

Parameter | Value Units

Mass m 2.132 Kg

Gravity acceleration g 9.796 m/s?
Section area A, 0.0185 m?
Drag coefficient Cq 0.98

Inertia component in Xp I 0.0628 | Kg/m?
Inertia component in Yy I 0.0762 | Kg/m?
Inertia component in Zp I3 0.1014 | Kg/m?

2.2 Tether Model

The tether model was constructed from studies of submarine cables Buckham ef al. (2003) and validated in Lambert
et al. (2003). The following model was described to have aeronautical applicability in several works, for example, in the
references Coulombe-Pontbriand (2005); Howard (2007); Nahon et al. (2002) and Azevedo et al. (2013).

The cable is discretized into a series of elastic elements with the mass elements lumped at the node, capable of
deforming in the axial direction, as illustrated in Fig. 2. The first node is considered to be always attached to point O,
while the last node is fixed at the center mass of the vehicle.

Internal forces are generated from the cable elastic behavior. The internal elastic tension is assumed to be linear with
strain, acting only at the axial direction, being for the jth cable element:

TI = EA& (8

where TV is the elastic tension, E is the effective Young’s modulus, A is the segment cross section and €’ is the strain for
that element given by:

_H-l

e -
%

9

where 17 corresponds to the stretched length while I7 corresponds to the unstretched length.
Internal damping forces were also considered, being linearly dependent with the tether element velocity, given by:
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Figure 2: Elements and nodes of the tether.

Pi=d fgm (10)

where d is the damping coefficient and r3 1 is the velocity of the jth element.
The elements are also subjected to external disturbances, namely: aerodynamic drag and its weight. Aerodynamic
drag components in jth element are given by Buckham et al. (2003):

—— (11)
(71.0)% + (73,4)?

. 1 o
di = 7§paircddcl{¢fp|rg,T|2

= 12)

; 1 S
A1 = —5poir Cad el i 1P ———
(M) + (4,

; 1
d%,T = —531gnal(r3 T)pazrcdd L fq| Tl2 (13)

where p,;, is the air density, C; the tether drag coefficient, d. is the diameter of the cable and rj s the relative velocity
between the wind and the center of the tether element, f, and f, are load functions that accounts for the non-linear breakup
of drag between the tangential and normal direction and they are obtained from Azevedo et al. (2013).

The weight of each element is evaluted by product of the tether linear density by its unstretched length times the local
acceleration of gravity.

The mass matrix for a given tether element, written in the tether’s referencial, is given by:

4 mi 0 0
MZF = 0 m/ 0 (14)
0 0 mi

where m7 is mass of the element.

In ordem to solve Newton’s second law for each node of the cable it is necessary to convert all forces evaluted to the
reference system. Also, the mass matrix must be written in the reference system. Considering that half of the mass of
each element that is attached to a node composes the node’s mass, this expression is given in the reference system by:

M}{ _ §R(J+1)M(J+1)R(]+1)T n QR%%M(J)R%% (15)

where Rg% is the rotation matrix that transforms from the tether system to the reference system.
Applying Newton’s second law and solving for each node, one obtains:

) 7 7 % % 1 i % % 7
Mii" = (T + Pty — (T +P)+§(D“+D +m'tg+m'g) (16)
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Table 2: Parameters of the tether model, Azevedo et al. (2013).

Parameter | Value | Units
Diameter de 10e=3 m
Linear density A 28¢~2 | Kg/m
Young modulus E 2 GPa
Damping coefficient d 650 Kg/s
Drag coefficient Ca 0.98
Tether length L 10 m

The parameters values that have been used in this study for simulation purposes are listed in Tab. 2.
The resultant force vector of the interaction tether-multicopter, for o CM represented 7 is given by:

F, = —(T" +P" — D" — m"g) (17)
3. CONTROL SYSTEM

The multicopter control strategy presented in this section is described by Santos et al. (2013).
Define the total thrust vector f € R? of the octocopter to be:

£2 fv. (18)

Define the inclination angle ¢ € R of the octocopter to be:

0 £ cos s, (19)

Note that ¢ consists of the angle between v and Zg (see Figure 3).

\%
' AZR
P
& oM
/ Vi2
o= T—];nu "

Figure 3: Relationship between the normal unit vector v and the horizontal acceleration 1.

Letrgy £ [Td,1 Td,2 rd73]T € R? denote the position desired for the octocopter and define the corresponding tracking
error #9 € R3 by

F2r—ry. (20)

Let omax € R be the maximum allowable values of the inclination angle ¢, fiin € R and fiax € R be, respectively,
the minimum and the maximum allowable values of the total thrust magnitude f. The solution to the problem of position
control is to find a feedback control law for f, which make r — rq or r — 0, while respecting the constraints fuin < f <

fmax and ¢ < pnax. The control position is partitioned into control height and horizontal position control.

3.1 Height Control

Letrs € R, v3 € R, and rq,3 € R denote the vertical projections of r, v, and rq, respectively. Consider the minimum
fmin > 0 and maximum fi,. > fumin allowable values for the thrust magnitude f. Assume that m, g, and vz # 0 are
exactly known. The altitude feedback control law is given by Santos ef al. (2013)

fmin7 a3 < fmin
f = as, a3 S [fminvfmax] ) (21)
fmaX7 ag > fmax
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with
m .
ag = v (9 — ki (rs —raz3) — karz) . (22)

The above control law respects the total thrust magnitude constraint fi,;, < f < fmax and is such that if fi;, < ag <
fmax, then the vehicle altitude r3 responds to the altitude command rg4 3 as if it were governed by a second order linear
time-invariant model. The gains k; and k, are design parameters and have effect of proportional and derivative actions,
respectively.

3.2 Horizontal Position Control
A& T 2 2 T 2 2 . -
Letrip = [r1 r2]" € R?, vig = [v1 v2]" € R?, and rq 12 € R? denote the horizontal projections of r, v, and rq,

respectively. Consider the maximum allowable value ¢y, > 0 for the inclination angle ¢. Assume that m and f # 0 are
exactly known. The horizontal-position feedback control law is given by Santos et al. (2013)

v 12, ||a12H S sin (bmax (23)
12 sin (bmaxugﬁw ||a12H > sin (bmax ’
with
m .
iz £ —7 (k3 (r12 —ra,12) + ka¥i2] . (24)

The above control law respects the inclination angle constraint ¢ < ¢, and is such that if ||az|| < sin @max, then
rio responds to the horizontal position command rg 12 £ [rd71 ng]T as if it were governed by a pair of second order
linear time-invariant models. The gains k3 and k4 are design parameters and have effect of proportional and derivative
actions, respectively.

The control law (23) provides the horizontal projection vi2 of the normal vector v. Since v is a unit vector, one can
thus write

Vi2
V= . 25
Wemd =)
Therefore, equations (21) and (25) give together a solution f = fv to the local control problem of the octocopter.

4. SIMULATION RESULTS

The multicopter dynamics is integrated by using the fourth order Runge-Kutta method with time step of 7' = 0.002 s.
The initial position is r = [0 0 0]"m. The mass of vehicle is m = 2.132 kg and the gravity acceleration is g = 9.796
m/s2. The parameters k1, ko, k3, and k4 of the local position control laws are tuned for a time response with overshoot of
M, ~ 0.02 m and peak time of ¢, =~ 2 s. The simulation was ran for 10 seconds, and the following bounds were selected:
Pmazx = 300» fmaa: =40Ne fmin =2N.

The vehicle was commanded to the hover position in r = [0 0 10]"m and simultaneously a wind disturbance was
added in the direction of the X axis. The disturbance has a sinusoidal shape with amplitude range 3,5,7,9 [m/s] and
constant frequency of 0.5 [Hz]. Four different scenarios were evaluated with the aforementioned wind velocities.

The simulations provided a comparison between free and tethered flight. The control error was quantified by the root
mean square error, given by:

ERMS — \/;[(error x)2 + (error y)? + (error z)2]. (26)

Figure 4 presents the position tracking error of the hover flight. We can note that the greater the disturbance amplitude
is, the greater will be the control error for the free flight vehicle. On the other hand, the tethered vehicle seems to be less
sensitive to the variation of the perturbation.

Figure 5 presents the geometry of the tether using 9 nodes. To obtain this image it was applied a constant wind
velocity disturbance to the vehicle. It is evident that increasing the wind velocity the catenary-like shape of the tether is
more apparent. Moreover, we can note that the position of the last node lowers along the ZR axis as the velocity increases.

5. CONCLUSIONS

This work has presented the modeling and control of a tethered MAV configuration. Numerical simulations showed
that, when compared with the traditional vehicle in free flight, the tethered configuration has a better performance under
external disturbances. The tether reduces the position error amplitude, improving the robustness of the vehicle. For
future work, we consider an improved aerodynamic model for the vehicle, the control design for the tether tension and a
pertubation model that corresponds to actual wind profiles in outdoor environments.
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Figure 4: Root mean square error for different wind velocities.
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