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W N e

Abstract: This paper deals with the references generation for a team of unmanned aerial vehicles
tethered to a ground station for inspection applications. In order to deploy the team of vehicles
in a suitable location to cover the largest area, each vehicle is commanded to securely navigate in
an area of interest while it is tethered to another vehicle or to a ground station. To generate the
corresponding reference for each vehicle, we used a model predictive controller, which optimizes
the desired trajectory based on the mission-defined constraints. To validate the effectiveness of
the proposed strategy, we conducted a simulation and experimental tests with a team of consumer
unmanned aerial vehicles tethered to a ground station.

Keywords: tethered drone; multi-agent system; reference generator

1. Introduction

Unmanned aerial vehicles (UAVs) have been the center of interest between researchers
due to their extensive field of application. At an early research stage, researchers developed
algorithms for modeling and controlling different types of rotary-wing and fixed-wing
aircraft [1]. Later, in the last decade, these vehicles began to be used in different applications,
such as surveillance [2], transportation [3], and search and rescue missions [4,5].

Nowadays, UAVs can be classified in three different configurations [6]: rotary wing,
fixed wing, and VTOL. Multirotors are a type of rotary-wing aircraft and are mainly used
in tasks that exploit their versatility to carry out hover flight. The main disadvantages of
these kind of vehicles are their endurance, due to the high current draw by the electric
motors, and their low payload capability. Based on the type of application and the vehicle
configuration to be used, there exist alternative power configurations that have been
successfully implemented [7] to increment the endurance. A particular solution for rotary-
wing aircraft is the so-called tethered power supply [8].

A multirotor tethered to a power source in the ground through an electrical wire
allows the vehicle to increase its endurance providing unlimited power for long-time
flights, establishing a jamming-resistant secure communication, and even providing the
possibility to conduct 6G applications [9]. Moreover, the tether can be used for other
applications, such as self-localization [10,11], underwater mapping [12], enhancing the
hovering performance [13], and tether-guided landing [14].

One of the key aspects to be considered in order to use a tethered station is to con-
duct a power consumption analysis to determine the energy requirements for a specific
drone [15,16]. Furthermore, besides the power source, a winch system is required to control
the release and retraction of the tether cable.
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1.1. Related Work

The authors in [8,17,18] analyzed and implemented tension control algorithms to
maintain the tether cable taut. However, a disadvantage of the taut cable case is that the
generated tension due to traction directly affects the vehicle’s payload capability, decreasing
it significantly. A solution to avoid such a high tension is to leave the cable with a slight
extra length, allowing it to hang loosely [19,20]. Having the cable slack can affect the vehicle
dynamics due to the vibration behavior of the cable. In [21], this behavior was analyzed
numerically. In addition, in [22], the authors analyzed and compensated a flow-induced
force caused by a fluid-tethered aircraft.

Despite its long-flight endurance capability, a single vehicle tethered to a ground
station has a limited coverage area constrained to the cable length. Furthermore, in a
scenario where there is an obstacle through the planned path, the vehicle could elude
it, but the tether cable must remain straight in the X — Y plane to avoid any edge that
could damage the cable or disconnect it from the power source. A possible solution to
overcome this issue and to increase the covered area is to use a system of multiple UAVs.
However, this solution presents different challenges to be solved before using a team of
tethered UAVSs, such as to obtain a mathematical model of the whole system by considering
the tension produced by the cable, either in the case when it is proposed to be always
taut or it is considered that it can be hanging loosely. For instance, in [23], the authors
developed a simplified expression of the dynamics of a chain of multiple tethered drones
based on geometric mechanics by considering that the cable is mass-less and its elongation
is negligible. They proposed an active device controller for the tether which controls the
total cable length and tension due to traction.

When it is considered the cable is hanging loosely, a continuous evaluation of the
tether shape must be computed in order to prevent the cable from touching the ground [24].
On the other hand, because the main function of the tether is to transmit power to the
vehicle, depending on its size and weight, the cable mass becomes a crucial factor to
be considered, because it could introduce disturbances to the UAV. In [25], the authors
proposed an active winch system for a team of tethered drones in order to control the cable
length from one vehicle to the next one. Although they considered that each winch has a
variable mass as a function of the tether length, they did not consider the cable mass as a
perturbation, which would lead to undesired linear displacements.

When the team of tethered UAVs has been set up, the whole system can be considered
as a single entity that requires a path planner to command the team of vehicles to conduct
a mission altogether. The path planner is responsible for generating a path free of obstacles
for each UAV, starting from their initial position and taking them to a final target. Two types
of approaches have been proposed to generate the desired paths: (i) the offline approach,
where the reference path is computed at the beginning of the mission, and (ii) the online
approach, where the reference path is actualized every specific time. In [26], the path
planning incorporated the dynamics of the vehicle and used a nonlinear programming
solver, while in [24], a graph search algorithm was used for the path planning of a team of
tethered mobile robots. Working with a team of vehicles adds extra constraints to the system.
In [27], the Hungarian algorithm was used for the trajectory planning of multiple UAVs
with obstacle avoidance. Besides avoiding static obstacles, each vehicle was considered
as a dynamic obstacle, so the offline approach was not suitable in this scenario. In [28],
moving obstacles were considered and a collision-free navigation was based on the 3D
vision method. In [29], an optimal path was defined for each mobile robot, which takes into
account the sum of all the other paths. In addition, in the case of multiple tethered UAVs,
the tether is also a restriction for the linear displacement of each vehicle. In [23], the authors
used geometric control combined with model predictive control (MPC) to handle the
tension and the length of the tether at all times. The MPC approach was used to maintain
the tether taut [18]. The MPC, also known as a finite-horizon optimal control problem
(FHOCP) approach, was widely used with single untethered [30,31], single tethered [32-34],
and multi-tethered [23,25] UAVs due to its capability to deal with nonlinear constraints.
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In this work, we consider the perturbation caused by the mass of the tether cable and
propose a control algorithm to compensate it by computing both its shape as its tension
force at each point of attachment. We use the MPC [25] to compute the next position
reference for each UAV based on the closed-loop vehicle dynamics and the disaster zone
constraints. Furthermore, because the MPC approach is also known for being computa-
tionally demanding, we selected suitable objective variables to improve the computational
efficiency. For a more realistic scenario, in our proposal, we take into account both the cable
mass and its sagging.

1.2. Contributions

The main contributions of this work are summarized as follows:

¢  The development of a navigation strategy based on the MPC for a chain of tethered
UAVs to achieve inspection missions as a team.

*  The implementation of the proposed strategy with a team of two aerial vehicles in a
real scenario.

The rest of the paper is organized as follows. Section 2 presents the problem statement.
Section 3 describes the preliminaries and the dynamic model of each vehicle in the tethered
platform. Section 4 presents the proposed control laws for each vehicle and the derivation
of the reference generator. Section 5 introduces the obtained results of the conducted simu-
lation and experimental tests. Finally, in Section 6, the conclusions and future directions of
our research work are presented.

2. Problem Statement

Consider the multi-agent platform composed of a team of M quadrotor vehicles
tethered by cables with constant length depicted in Figure 1. It is desired to develop a
navigation strategy that enables a chain of vehicles to reach a desired target coordinate
in the 3D space. It is considered that the desired altitude and yaw orientation are fixed
to a constant value. The ultimate goal is to generate the desired coordinates to simulate
a scenario for a building inspection where the shape of the building to be inspected is
unknown. However, an estimate of its maximum area with respect to its geometric center
is assumed to be known.

UAV;,

Ground =
Station

Fl

Figure 1. Sketch of a platform application.

The mathematical model of the complete system is analyzed from a single vehicle
whose translational dynamics are perturbed by the tension in both cables, the one tethered
to the next vehicle and the one tethered to the previous vehicle. In this sense, the tension
due to the cable weight is analyzed first and then the mathematical model of a single UAV
is developed.
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3. Preliminaries

The objective of the following subsections is to compute the tension exerted on each
vehicle due to the tethered cables and to obtain the dynamic equations of each vehicle in
the platform by considering the effects of such tensions.

3.1. The Catenary Curve

A cable hanging loosely between two fixed attachments shapes a curve called
catenary. The 3D analysis of this curve can be simplified to a 2D analysis with a rotation
around the Z axis [35].

Let us consider a section of a cable hanging as shown in the free-body diagram
of Figure 2, where W, L, and A are the cable weight, length, and density, respectively.
The parameter a represents the distance from the support A to the origin of the X — Z plane.
The parameter Ty describes the tension force at support A.

Figure 2. Free-body diagram of the catenary curve hanging from the supports A and B.
The equation that describes the catenary shape of the cable is given by [36] as:

_dz_ Mg

tan(®) = T 1)

Solving Equation (1) with respect to z and adding the y axis, we obtain:

z(x,y) = acosh("xz—i_yz> 2)

a

with parameter a being a = Ty/Ag. The cable length L is given by:

L —asinh(vx2+y2> 3)

a

and the tension force exerted on the vehicle due to the cable can be found as:

T = Agz(x,y) @
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From Equation (2), we can observe that the solution of the catenary equation depends
on the parameter a. This parameter can be computed by using a numerical method such as
the Halley method [35] which uses the following transcendental equation:

VIZ—2 = 2asinh(V 2 +y2> ®)

2a

The tension forces T; acting on each vehicle due to the cable weight are transformed
to spherical coordinates using attitude angles « and f as shown in Figure 3, and their
magnitude depends on the cable length L;.

UAV; UAV; 1

Figure 3. Free-body diagram of the tension force.

As can be seen in Figure 3, each UAV experiences resulting forces at each axis. In the
X and Y axis, these forces are opposite, while in the Z axis, the resulting force is pulling
down the vehicle. These tension forces are given by:

Ty =|Toi| sinay; cos Boj — |Tpi—1| sinap;_1 cos Bo;—1 (6)
Ty,i =|Ta;| sinay; sin Bp; — | Ty 1| sinag; 1 sin By; 1 @)
T,; = — |Tai| cos ap; — |Tpi_1| cosaz_q 8)

3.2. Tethered Quadrotor Dynamical Model

Let us consider the quadrotor vehicle shown in Figure 4. Let us define the inertial
reference frame &, with axes {X¢, Ye, Z¢ } centered on the ground station (GS), and a
body reference frame B, with axes {Xp, Y5, Zg} centered on the vehicle. It is assumed
that both frames coincide with the center of mass (CoM) of the GS and the vehicle,
respectively. We considered that the geometric center of the vehicle coincides with its
CoM. The vehicle attitude is described by the roll, pitch, and yaw angles, given by ¢, 6,
and ¢, respectively.

The control signals to command the dynamics of vehicle i are defined as uy ;, uy ;, u3,
1y ;, which represent the total thrust and the angular acceleration at roll, pitch, and yaw,
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respectively. These control signals are given by the combination of each motor thrust f;,,
r = {1,2,3,4}, which is proportional to the square of its angular velocity w, ;, as follows:

uri =f1,i+ foi + fai + fai )
ugi =d(—fr,i + foi + f3, — fa,i) (10)
uz; =d(—f1,i — foi + fa, + fa,) (11)
ug; =c(—fri+ foi = f3i + fai) (12)

where d is the distance between the vehicle’s CoM and the rotor shaft, and c is the propeller-
drag coefficient.

IEY

Xe
Figure 4. Free-body diagram of each tethered quadrotor.

The equations of motion of each vehicle i are assumed as in [1], and including the
tension force due to the tether cable, it yields:

X =(u1,0; + Tyi)/m (13)
i =(—u1pi + Ty ) /m (14)
Zi =(uw,i —mg+T.;)/m (15)
¢i =(1/ L1 )ua,i (16)
0; =(1/1,;)us, (17)
i =(1/ L) ug,i (18)

where m is mass of the vehicle, g is the force due to gravity, and I, ;, IW-, and I, ; are the
coefficients of the main diagonal of the inertia matrix of vehicle 7.

4. Main Result

The main results of this research work related to the multi-agent controller and to the
reference generated are presented below.

4.1. Multi-Agent Controller

In view of their simplicity and convenience, we chose the consumer drones DJI Tello
EDU to conduct the experimental test. These UAVs have built-in hovering controllers,
allowing users to manually fly them using a radio remote controller, leaving the transla-
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tional dynamics to be controlled either by the user or by sending a signal computed in an
external device.

In our experimental platform, we fixed the altitude and the yaw angle at a constant
value, and considering that the remaining attitude dynamics are stabilized, the mathemati-
cal model given by Equations (13)-(18) can be simplified as:

pi = K(Piyes — pi) + T (19)

where p; = [x;, y;]T and p; = [¥;, 1;]” are the position and linear velocity vectors on the
body inertial frame, K € R3*3 is the gain matrix of the controller, Piref = [Xirefs y,-,ref]T,
and P rer = [%i re fYire f]T are the position and linear velocity reference vectors. Finally, T;
is the disturbance due to the cable weight.

Figure 5 depicts the interaction of the different components of the resulting multi-agent
system. At the outermost loop, a reference generator computes the next x and y references
for each vehicle, and then a position controller is used to transform the generated references

into suitable command velocities which are finally sent to each UAV.

P UAV,
Reference el | Position Plref .| closed-loop
generator controller inner
X A A dynamics
P1, P1 ension
evaluation
A A
P1 P1 P2
p2,ref . f’2,ref UAV2
«| Position »| closed-loop
controller inner
A A dynamics
T, Tension
P2, P2 evaluation
P2A \P3
P2
iy Yi Liref
Yiref

Figure 5. Block diagram of the multi-agent controller and reference generator.

The position controller shown in Figure 5 is chosen as a PI plus tension compen-
sator controller, Equation (20). The generated references are under the integral term of
this controller:

. t .
Piref = Ki(Pires — Pi) + K2 /0 (Biyer — P1)AT+Pi + K'T; (20)

Equation (20) is used to transform the system given by Equation (19) in order to take as
inputs the linear position references instead of the linear velocity references, which yields:

pi = —KK1p; + KKa(Pier — Pi) (21)

By defining the position error ep; = p; ,or — p;, and its first and second time derivatives,
ép, = —Pi, &p; = —P;, Equation (21) yields
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ép, + KKqép, + KKpep, =0 (22)

A suitable choice of K1, K; in Equation (22) would conduce the error dynamics to be
Hurwitz stable. Finally, because the proposed command velocity vector p; ;. is expressed
in the inertial frame, it must first be expressed with respect to the body frame by using the
following transformation:

o] = [y o) ] @

4.2. Reference Generator

The purpose of the reference generator is to provide the necessary references to deploy
the tethered quadrotors from an initial position to a desired position. To generate the
references for each vehicle at each time step, we used the MPC approach.

The MPC approach can be described as follows: Starting from a current measured
state x;, a nonlinear constrained optimization problem is solved over a fixed future
interval N by considering the current and future states and constraints, respectively.
The algorithm outputs the future optimal references for the next N — 1 steps, and only
the first reference is applied to the system. The state is measured at time k 4 1, and then,
the algorithm is repeated [37].

To implement this approach, we require a discrete version of the mathematical model
of the system. Because in the reduced model of the system given in Equation (19) gain K is
an unknown parameter, we used the system identification process described in Appendix A
to identify the dynamics of a single vehicle given in Equation (A3). For multiple vehicles,
Equation (A3) can be extended as:

X (k +1) = AgyXm (k) + BaPref (24)

being X = [Xy1, - Xmam]! € R*M, where x,,1 = X1, Xp2 = Y1, X3 = %1, Xa = Y1, - -+,
Xua(M—3) = XM/ Xma(M—2) = YM/ Xma(M—1) = XM, Xmamt = Ym- Agm € RM M s the
discrete matrix that contains the closed-loop poles of the system, and B, € R¥M*2M jg the
discrete matrix associated with the linear position references. The algorithm was solved by
using the MATLAB function fmincon. The remaining parts of the MPC approach related to
the optimization variables, the cost function, and the system constraints are presented in
the following subsections.

4.2.1. Optimization Variables

A natural selection of the optimization variables would be the position references
Pref [25]. However, in an implementation of this approach in an embedded device, this
choice will consume extra memory because the optimization variables are saved for the
next step as initial conditions of the algorithm, which could be a problem for devices with
limited resources. A more suitable selection is to define the increments of the position
references Ap,.(k) = pref(k) — pref(k — 1) as the optimization variables, because in this
way, the initial conditions for the next step are always zero and there is no need to save
the optimization variables at each step.

Moreover, by choosing the increments of the references as the optimization variables,
their initial bounds can be defined by using:

Ib < Apps <ub (25)
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and, consequently, the feasible set is reduced. Here, Ib < 0 and ub > 0 are the lower and
maximum reference displacements with respect to the previous one, respectively.

4.2.2. Cost Function

The cost function used in this approach is given by:

N-1
In (xin (k), Apyref (k) = F(xm(NK)) + ) G(xm(jlk), Apreg (jlk)) (26)
j=0
subject to
X (j + 11k) = AgmXm (k) + BamPres, i=0,..,N—1 (27)
xm (0]k) = xpu (k) (28)
c(x(jlk), Apres(jlk)) <0, j=1,...,N—1 (29)

where functions F and G are the terminal and stage cost, respectively, and are defined
as follows:

G(Xm (k)/Apref(k)) :| |Pl,ref - pi| |2 Eali ||PM,ref - PM| |2 + KrefAPref(k)TAPref(k) (30)
F(Xm(k)) :||Pl,ref - Pi||2 +oot ||PM,ref - I-"MH2 (31)

being K,.r a weighting factor. Because each vehicle has a desired target position, we defined
the cost function as the squared Euclidean norm of the error between the target position
and the UAV current state.

4.2.3. System Constraints

The tethered multi-agent system presents two types of constraints, ¢ = [¢,ps, CAVs] T
(i) the one related to the distance between the obstacle and the position of each UAV with
their corresponding tether cable defined as c,s, and (ii) the one related to the distance
between vehicles ¢ij 4y, which is defined based on the maximum length of the tether cable
and the minimum safety distance between vehicles. A large distance between vehicles
would exceed the length of the tether cable, causing a possible disconnection or a large
perturbation that could destabilize the vehicle. Similarly, a small distance could cause a
collision between vehicles.

Otherwise, the tether cable by itself represents a constraint, because it must also
remain outside a safety distance with respect to the object area at all times. The cable
length is equally partitioned in n segments, where each node c; 55, i = 2,...,n represents
a constraint, including the nodes corresponding to the supports of the tether cable placed
at each pair of vehicles. These partitions are defined as follows:

P = aUAV,+ (1 —a)UAV,yy, a€[0,1] (32)

where the parameter o denotes the normalized segment partition, a /7.

Figure 6 depicts an example of a tether cable divided in six segments, resulting in
seven equally spaced constraints, where three of them are not satisfying the minimum
obstacle safety radius.

The constraints related to the safety distance between UAVs are defined as follows:

ruav < ||Pi+1 - Pi|| < Lyax (33)
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where 774y is the minimum safety distance between two UAVs, defined by the vehicle
size plus an extra safety distance, and L,y is the length of the tether cable minus a small
distance to let the cable sag.

/A UAV,
/\ UAV,
sl - ——-Evasion zone
Tether
e - | % Tether node constraint
25
E)
= 2
15F
1k
0 0.5 1 15 2 25

Figure 6. Tether cable as a constraint.

Finally, the system constraints can be summarized as follows:

Tobject — ||P1 - pobjectH
Tobject — ||Tether1,p1 - pobjectH

Tobject — HTetherl, pn Pobject”
Tobject — ||P2 - PobjectH

c(xn(K), Aprer (k) = Fobject — ||Pa = Pobjea| (34)

l[p2 — p1l| — Limax

llpm — Pm—1| — Linax
"yAv — HPZ —P1||

ruav — |lpm — pm-1l|

where popject = [Xobj Yobjl is the coordinate representing the center of the object to be inspected.
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5. Simulation and Experimental Results

In order to validate the proposed algorithms, we conducted a simulation and experi-
mental tests with a team of three and two multirotor vehicles, respectively.

5.1. Simulation Results

For the simulation test, we defined the following scenario. We considered three
UAVs tethered in a series by using two cables with a constant length. The vehicles flight
at a constant altitude and with a constant yaw angle. The vehicles start the mission from
an initial coordinate in the X — Y plane. The inspection mission consists of carrying the
team of UAVs to a target position defined for each vehicle while they are satisfying the
constraints related to the shape of the building to be inspected as well as the system
constraints. If one or more vehicles stop working, the other ones will continue their
references until they reach the maximum tether length with respect to the vehicle that is
not working. Because this length is a constraint, the algorithm will fall in a loop trying
to reach the target while it satisfies the tether length constraint. In this scenario, the user
has to stop the execution of the algorithm.

We used the MPC approach to predict N = 10 steps at each discrete step, where the
matrix optimization variable, Ap,.r N € R®*N was computed by solving the nonlinear
optimization problem. The cost function was selected as in Equation (26), where the
discrete-time mathematical model identified in Appendix A was used. The lower and
upper bounds for Equation (25) were defined as Ib = —5 cm and up = 5 cm, respectively.

The constraint function ¢ <0 € R’ given in Equation (34) was built by considering
the following constraints: (i) an upper bound for the constant length of the tether cable
and a lower bound for a safety distance to keep the UAVs within a fixed range and (ii) the
constraints of each UAV and their tethers to avoid a collision with the building to be
inspected by using four partitions for the tether cable given by Equation (32).

Figure 7 depicts the obtained MPC reference for each UAV. We can see that when
the vehicles are close to the object (building) radius, the reference generator computes an
attraction and repulsion reference, respectively, in order to satisfy both the constraints as
the reference targets.

5

——NMPC Reference UAV;
45| X Target position 1 :
——MPC Reference UAV,
4l X Target position 2 | . |
MPC Reference UAV, ""'-.,‘
35| Target position 3 "\.‘ |
B EE Object radius kS
3t i . ]
; 25 - ‘..“‘ !.' i
t =10
2 |- -
1.5 7
1k i
0.5 - 7
0.5 1 1.5 2 25 3 3.5 4 4.5 5

x [m]

Figure 7. Trajectories of the three tethered UAVs in the simulation test.
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5.2. Experimental Results

To carry out the experimental test, we first adjusted two parameters: (i) the frequency
of the reference generator and (ii) the bounds of the objective variables. By adjusting these
parameters, the time for reaching the desired target of the system can be manipulated.
Because this time is not a mission requirement, we adjusted these parameters to give us a
smooth response by letting the reference reach a steady state at each step time. To choose
the frequency of the reference generator, we based it on the settling time of the step response
obtained in the identification system (around two seconds). At this time, the velocity is
close to zero, and it is easy to match the initial conditions of the next step. In order to
analyze the performance of the proposed methodology, we conducted a different test with
smaller reference times for the generator.

Each conducted test can be summarized in the following steps: UAVs connection. Each
vehicle is connected to the PC by using USB Wi-Fi adapters. Algorithm initialization. Once
all the hardware connections are finalized, we run the main ROS node. This node runs
continuously during each test and it is composed of two flight modes: the stabilize mode
and the reference generator mode. The stabilize mode runs by default, allowing to fly the
vehicles manually by using a joystick and self-leveling the roll and pitch axis. In this mode,
each fly command sent by the joystick is repeated to each vehicle. This mode also allows
to send to each vehicle special commands, such as takeoff and landing. The reference
generator mode is activated when the vehicles are in hover flight. Once this mode is
running, the vehicles continuously receive and execute the commands sent by the reference
generator. Finalization. Once the vehicles have reached the desired target, we switch to
the stabilize mode where the vehicles receive the landing command. Figure 8 depicts the
described set up.

ROS on PC

tello_navigation
MATLAB

cmd_vel de Tello Drone 1
base_controller; [
T cmd_vel
I tello_driver, ~
localization, ._, WiFiy

cmd_vel de »| base_controller, | _

T cmd_vel

Tello Drone 2

WiFi,

I tello_driver, M

localization, <_|
1

Figure 8. Block diagram setup of the system.

The experimental scenario was defined as follows: The vehicles are tethered by a
cable with a constant length of 2 meters. Both vehicles have to reach a desired tar-
get coordinate given by Xy et = 1.6 M, Y1 targer = —1.6 M, X2 targer = 2.5 m, and
Y2,arget = —1.3 m, respectively. The desired altitude and yaw orientation are fixed
to a constant value. Both desired coordinates were defined to simulate a realistic sce-
nario for a building inspection as shown in Figure 1. Because in the experimental test it
is considered that the shape of the building to be inspected is unknown, we suppose that
at least we have an estimate of its maximum area with respect to its geometric center.
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In this sense, we defined a radio 7.+ composed of the radio of such an area plus a
security distance in order to specify a circumference which the vehicles have to avoid
while moving to the desired target positions. Figure 9 depicts the trajectory followed
by each vehicle with respect to the waypoints obtained from the references generator. It
is possible to see how the trajectories of both vehicles avoid the defined circumference
until reaching the desired target positions.

1 T T I I ! ‘
Trajectory UAV,
— ——-MPC Reference UAV,
05l X Target position 1 §
8 Trajectory UAV,
———-MPC Reference UAV,
ol X Target position 2 |
------------- Object radius
— ¢ :
£ o5l |
S
1L |
151 g \ |
Step time = 10 Step time = 10 \y =
z1 = 0.95 ;=14 \%
9 ‘ : ‘ ‘ 1 1
~0.5 0 0.5 1 L5 2 2.5
z [m]

Figure 9. Trajectories of the two tethered UAVs.

Figure 10a,b, respectively, emphasize the behavior of the obtained trajectories for
each vehicle in the X and Y axes with respect to the desired MPC references computed
by the reference generator every two seconds. We can see that at each MPC reference, the
translational dynamic as a similar behavior to the one identified in Appendix A. Despite
there being small errors to reach the MPC references, we can observe that both vehicles
reached the desired target positions.

- UAV,
- target
- MPC,s
- UAV,
- target
- MPC,f

0 5 l‘ll 1‘-5 2‘0 2‘5 3‘() 35 0 K") 16 1‘5 26 2‘5 36 3‘5
Time [s] Time s
(@ (b)
Figure 10. Performance of both vehicles in the X and Y axes. (a) Behavior in the X axis of both UAVs.
(b) Behavior in the Y axis of both UAVs.
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Figure 11 shows how both vehicles satisfy the constrains defined by Equation (34).
Figure 11a depicts the behavior of the constraints for the two vehicles and a tether cable
partitioned in six segments in order to guarantee that the cable does not touch the obstacle
radius. Figure 11b depicts the constraints to keep the two vehicles within a distance range,
where the upper bound is the maximum length of the tether cable and the lower bound is
the minimum distance between the UAVs.

1.8

Distance [m]

0.8 . L

—|[UAV, — Obs]

[| Tether,; — Obsl|
------------- || Tether,, — Obs||
|| Tether,; — Obsl|
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- - - -Constraint

0.8 F
|| Tetherpy — Obs|]| |- .
——||UAV, — Obs|| A
- i 8
Constraint 2 06}
)
0.4+ 1
1 L L R

()

20
Time s

20
Time [s]

(b)

Figure 11. System constraints. (a) Obstacle avoidance constraints. (b) UAVs safety distance constraints.

5.3. Discussion

In contrast to the published works related to controlling a team of multiple tethered
vehicles, such as that presented in [23,25], where the tether is considered as a taut cable,
the strategies proposed in this research work consider a more realistic scenario where
the tether is considered as a slack cable. In addition, we showed by conducting both a
simulation as well as experimental tests, by using two tethered drones, that the proposed
strategies guarantee the mission success despite the expected position errors of each vehicle
caused by the employed estimation system based on the visual odometry.

6. Conclusions and Future Work

The proposed strategy for references generation for a team of UAVs in a scenario sub-
ject to physical constrains was successfully implemented. It was shown by the experimental
tests that a team of two vehicles can reach a desired target by following the references
generated by using the MPC approach while they are dealing with two types of constrains
related to avoiding the obstacle minimum safety distance and the other one related to
keeping the vehicles within a safety distance between them.

The selection of the optimization variables reduced the computational cost and, conse-
quently, the algorithm found the optimal reference values in a faster time.

The numerical results, depicted in Figures 9 and 10a,b, showed that at a steady state
each reference presented maximum errors of £0.2 cm. Theses errors were expected, because
the position of each vehicle is estimated by using an odometry algorithm.

On the one hand, the system performance is affected by the choice of the optimiza-
tion variables bounds. In our scenario, we selected the smaller allowed ones as +0.2 m.
A selection of even smaller ones would cause issues at the path planning, because there
is an expected error of 0.2 m and the vehicles could fall in a dead zone. The selection of
larger bounds would induce a faster response of the vehicles to reach the MPC references.
However, if the bound is large enough, the vehicles could collide between them. As a
rule of thumb, the selection of the optimization variables bounds are mainly based on
the inspection area and the number of employed UAVs. On the other hand, the system
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performance is also modified by the frequency of the MPC reference loop. We defined this
frequency based on the step response of the identified model.

A suitable value is to define the frequency of the MPC reference loop based on the
settling time fg, as f = 1/t;, such that the next MPC references are computed once each
vehicle has reached the previous references. Moreover, choosing the settling time as the
frequency parameter of the MPC reference generator guarantees that, at this time, the
vehicle velocities are zero and, consequently, at the next discrete time the initial conditions
of the discretized model will also be zero.

Finally, it is also possible to define smaller times than the settling time for the frequency
of the reference generator; however, as the system response has not reached a steady-state
value, the vehicle velocities are not constant and must be known in order to be used as the
initial conditions of the discrete-time system.

If one or more vehicles stop working, the other ones will continue their references until
they reach the maximum tether length with respect to the not working vehicle, because this
length is a constraint, and the algorithm will fall in a loop pushing to reach the objective
target and pulling to satisfy the tether length constraint. At this scenario, the user has to
stop the algorithm.

The future directions of this work will consider a more realistic scenario. For this pur-
pose, a tether cable with variable lengths and an actuated winch system will be considered.
The covered area will be extended with an irregular three-dimensional object. We will also
increase the number of UAVs to accomplish a more complex inspection mission.
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Appendix A

In order to design the MPC, it is required to obtain a closed-loop discrete model of
the vehicles considered for the experimental test. For this purpose, we identified a linear
model of the translational dynamics of each vehicle by using a methodology previously
reported in [38]. Figure A1 depicts the obtained step response for the X axis.

Once we have obtained the information of the step response for the translational
dynamics, we used the MATLAB function tfest to identify a model of the system in the X
axis, which requires the input, the output, and the sampling time used in the experimental
test, as well as the number of poles of the desired transfer function to output the identified
model as a transfer function given by:

13
F =
)= Gr2ar o776

(A1)

For the translational dynamics in the Y axis, we used the same methodology to
identify the corresponding transfer function. By defining the state variables as x; = x,
X2 =y, x3 = %, and x4 = y, and by using Equation (A1), the model is rewritten in the
state-space form:

x(t) = Ax(t) + Bpref (A2)
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Using Euler’s method to discretize Equation (A2) yields:
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