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Abstract. In this paper, we present a controller for collision-free ve-
locity tracking of a moving ground target by multiple unmanned aerial
vehicles (UAVs). The controller combines a feedforward proportional-
derivative (PD) control term and a term that is based on the gradient
of an artificial potential function. We use Lasalle’s invariance principle
to analytically prove the convergence of the UAVs to a fixed formation
above the target that tracks the target’s velocity and provide mathe-
matical guarantees on the UAVSs’ collision avoidance. As a result, the
Fuclidean distance between each pair of UAVs approaches a constant
value at equilibrium. In the event of UAV failure, the remaining UAVs
reconfigure to a new fixed formation and maintain collision-free track-
ing of the target’s velocity, demonstrating the robustness of our control
approach to failure. We validate this control approach on different sim-
ulated scenarios in MATLAB and the Gazebo robot simulator. We also
experimentally test the performance of the control approach on phys-
ical robots, using Crazyflie quadrotors as the UAVs and a Turtlebot3
Burger robot as the moving ground target. The simulation and experi-
mental results demonstrate the effectiveness of our control approach at
collision-free tracking and its robustness to UAV failure.

Keywords: Target Tracking - Collision Avoidance - Unmanned Aerial
Vehicles - Feedforward Proportional-Derivative Controller

1 Introduction

Tracking of a moving target on the ground can be achieved by employing multi-
ple unmanned aerial vehicles (UAVs). This scenario commonly occurs in different
applications, including but not limited to (1) localization of a rover via multi-
ple UAVs in space applications and new planet exploration [Bl7], (2) food and
medicine delivery in response to disaster situations and search-and-rescue oper-
ations [20], (3) capturing aerial footage for films and sporting events [14], and
(4) police chase of a moving suspect [9].

* This work was supported by the Arizona State University Global Security Initiative.
** These two authors contributed equally to this work.
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There are various studies in the literature on control approaches for tracking
of a moving target by multiple UAVs [12]. These existing control approaches
can be categorized as Centralized, Distributed, and Decentralized. In centralized
control approaches, a central computational unit calculates and sends control
commands to all the UAVs. Centralized approaches can guarantee collision-free
and deadlock-free [I9/10] navigation of the robots. However, the required com-
putational resources of the central unit increase with the number of UAVs. One
way to reduce the computational complexity of this control problem is to em-
ploy distributed control approaches [§]. In these approaches, the control problem
is decomposed into multiple subproblems, which are assigned to each UAV to
solve using its on-board computational resources. In this setting, neighboring
UAVs communicate their solutions to each other to plan collision-free paths.
However, control methods that require inter-robot communication can suffer
from communication losses or delays in the transmission of information between
robots [I815]. To eliminate the requirement for a central computational unit or
inter-robot communication, decentralized approaches have been developed for
multi-robot systems, in which each robot computes its own control inputs using
only local measurements, without communicating with other robots [6/I7]. De-
centralized control approaches can also be scaled up to large numbers of robots.
However, these approaches require UAVs to be equipped with on-board 3D Li-
DAR sensors or cameras to detect other robots during tracking, and they ne-
cessitate a complicated controller design to guarantee both collision-free and
deadlock-free navigation of the UAVs. Furthermore, most of the existing control
methods only focus on tracking and collision avoidance, without addressing the
controller’s robustness to failure of UAVs during tracking.

In this paper, we propose a centralized feedforward PD controller for multiple
UAVs to track a moving target on the ground while avoiding collisions with one
another. Although our approach may be subject to the limitations associated
with centralized control approaches, it does not depend on inter-robot commu-
nication, which is used in distributed methods, and does not require UAVs to
have any on-board sensing for collision avoidance, which is needed in decentral-
ized methods. Moreover, our control approach exhibits robustness to the failure
of UAVs during target tracking. We also provide theoretical guarantees that the
controller prevents collisions among the UAVs and drives them to a fixed forma-
tion above the target that tracks the target’s velocity. In Section [2| we present
the dynamic model of the UAVs, describe the proposed controller, and analyze
its properties. The controller is validated in both MATLAB and Gazebo [13]
simulations and in experiments with real robots, and the simulation and exper-
imental results are presented in Sections [3| and [4] respectively.

2 Modeling and Control Approach

In this section, we first describe the assumed capabilities of the UAVs and define
the model that is used to represent their dynamics. Then, we design a control
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law to achieve collision-free tracking of a moving ground target by the UAVs
and prove that the control law achieves this objective.

2.1 Dynamic Model

Figure [1] shows an illustration of our multi-robot target tracking problem, in
which a group of N UAVs must track a wheeled mobile robot (WMR), the tar-
get, which is moving on the ground. Let x; = [z; y; 0] denote the position of
the target in the global coordinate frame, whose origin is defined on the ground.
We assume that the UAVs have access to the instantaneous position x;, velocity
X, and acceleration X; of the target. In real-world scenarios, measurements of
X¢, X¢, and X; can be obtained by cameras on the UAVs or by a GPS sensor on
the moving target. We also assume that each UAV, indexed by i € {1, ..., N},
can use measurements from its onboard sensors to accurately estimate its cur-
rent position x; € R? and velocity x; € R? in the global coordinate frame, its
distance to every other UAV, and its angle with respect to every other UAV in
the global coordinate frame. The UAVs can receive information from a central
computational unit, but they do not communicate with one another. We also
assume that the UAVs always operate close to a hovering condition and do not
need to perform maneuvers with large changes in orientation, which allows us to
represent the dynamics of each UAV as a point-mass double-integrator model,

where m € R is the UAV’s mass, assumed to be the same for all UAVs, and
u; € R3 is its control input vector. Using this double-integrator model facilitates
the implementation of the control approach on any type of multi-rotor UAV.
However, if the UAVs must perform aggressive maneuvers to track the moving
target, then each UAV should instead be described by a nonlinear dynamic
model [I6].

2.2 Controller Design

Our proposed control law u; for the it» UAV consists of two components, each
designed to achieve one of the following objectives: (1) tracking the velocity of the
moving target, and (2) avoiding collisions with the other UAVs. The component
of the control law that achieves the tracking objective is defined as a feedforward
Proportional-Derivative (PD) controller. The component that ensures collision
avoidance is defined as a potential-based controller with the following potential
function V;;:
Vij =rij + —, (2)
Tij
where a € Ry is a positive constant and r;; € Rsg is the Euclidean distance
between the i*" and j*" UAVs, i.e., 7;; = ||x; —x;||2. The full control law for the
ith UAV is given by:
u; = —K1Si + mi'ct — Kth, (3)
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Fig. 1: Schematic of our experimental setup for the target tracking problem, in which
four Crazyflie quadrotors track a Turtlebot3 Burger robot moving on the ground.

where Ky = k11343 and Ko = koI3«3 are positive definite gain matrices, with
k1, ks € Ry and I3x3 denoting the 3 x 3 identity matrix; s; € R3 is defined as

si=e;+A¢é;, A=MA3.3, MecRy, (4)

where e; = x; — x; is the error between the position of the i*" UAV and the
target; and h; is the sum

h; =) VV; = 1 —— | pijs 5
; ’ ; ( rw) ’ ®)
where p;; is the unit vector along the distance vector r;; = x; — x;, i.e., p;; =
r;;/rij. To execute this controller, each UAV must use its measurements of the
position error e; = x; — x; and its time derivative €; = X; — x;, the target’s
acceleration X, and the magnitudes and directions of the vectors r;;.

2.3 Analysis of Closed-Loop Dynamics

We obtain the closed-loop dynamics of our target tracking control system by
substituting our proposed control law in Eq. into the UAV model in Eq. :

?’77,)(Z = —Klsi + m)"(t — K2hi- (6)
Using the expressions for s; from Eq. and h; from Eq. 7 we obtain:

m¥; = —Ki(e; + Aé;) + m¥, — Ky »_ VVj;
J#i

(7)
=-Kie; — KiAé; + mx; — Ko Z <1 — r) Dij-
J#i *J
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By rearranging this equation, the closed-loop error dynamics for the it UAV
can be computed as follows:

.. . a
me; + KlAei + Klei + K2 Z (1 — 2) Pij = 0. (8)
J#i "ij
Without loss of generality, we assume that m = 1. We define the following
positive definite Lyapunov function:

N N

1 1 T

H = 5]{52 E E ‘/ij + 5 E (e;Fe,- + e;FKlei) . (9)
i=1 j#i i=1

The time derivative of H can be calculated as (see Appendix):
. N
H=-) élAK;é;, (10)
i=1

The positive definiteness of the matrix AK; and the absence of e; in Eq.
show that H is negative semidefinite. This fact, along with the positive definite-
ness of H, imply the boundedness of H, and consequently, the boundedness of
e, €, and Vj; for i =1,..., N, j # i. In addition, given the continuity of H, we
can conclude that

& —0 as t—o0, Vi=1,.. N. (11)

This demonstrates that the velocities of all UAVs converge to the velocity of the
moving target. Moreover, Eq. implies that e; converges to a constant value
for each UAV, and by using the fact that x; — x; = e; — e;, we conclude that

r;j — constant as ¢ —oo, Vi#j (12)

Eq. shows that the UAVs converge to a fixed formation above the moving
target at steady-state. Furthermore, given the definition of V;; in Eq. , the
boundedness of V;; for each UAV implies that r;; never equals zero for any pair
of UAVs i, j, which guarantees collision avoidance for all UAVs.

Finally, using LaSalle’s invariance principle [I1], we can confirm that the
trajectories of the closed-loop system converge to the largest invariant set in

Ez{éi€R3|HEO}, i=1,...,N. (13)

Taking into account the closed-loop dynamics in Eq. @ and the fact that H =
0=¢;,é =0, Vie{l,...,N}, £ can be rewritten as

E={e;eR’®|Kie;+Koh; =0}, i=1,...,N. (14)

Summing the equations Kje; + Koh; = 0 over all UAVs i =1,..., N, we obtain

N N
i=1 i=1
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Fig. 2: Robot trajectories during a MATLAB simulation of Scenario 1.

We can confirm that Ky Zfil h; = 0, since it is the sum of the mutual repulsion
forces of every pair of UAVs on each other, which cancel out. Hence, Eq.
yields

N

Zei = 0, (16)

which shows that the geometric center of the polygon defined by the UAVs (the
polygon vertices are the position coordinates of the UAVSs) tracks the moving
target.

3 Simulation Results

We evaluated our proposed controller for multi-robot target tracking in different
simulated scenarios, both in MATLAB and in the Gazebo robot simulator. A
video recording of all simulations described here, as well as additional simula-
tions, is available online at [3].

3.1 MATLAB Simulations

We simulated two scenarios in which several quadrotor UAVs track a moving
nonholonomic WMR while avoiding collisions with one another. The UAVs start
from arbitrary initial configurations on the ground and then take off simultane-
ously to fly at a constant altitude above the WMR before starting the tracking
task.
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Fig. 3: Robot trajectories during a MATLAB simulation of Scenario 2. The position
at which one UAV fails is indicated by a small black circle.

Scenario 1: Three UAVs track the target WMR as it drives along a trajec-
tory that includes a small circle. Figure [2| plots the trajectories of the UAVs
and the WMR over the duration of this simulation (60 s). As expected, the
UAVs successfully converge to a fixed formation that tracks the trajectory of
the WMR, enclosing its position in the x — y plane, while avoiding collisions
with one another.

Scenario 2: Five UAVs initially take off to track the target WMR as it drives
along the same trajectory as in Scenario 1, as shown by the plots of the UAV
and WMR trajectories in Figure [3] The UAVs converge to a fixed formation
above the WMR and track its trajectory. At time ¢t = 20 s, one UAV fails and
drops to the ground. The remaining four UAVs reconfigure themselves into a new
formation and continue to track the trajectory of the WMR for the duration of
the simulation (60 s). The UAVs avoid collisions with one another throughout
the simulation. This scenario demonstrates the robustness of our multi-robot
target tracking approach to UAV failures.

3.2 Gazebo Simulations

In order to evaluate our control approach in a more realistic simulation environ-
ment, we simulated two scenarios in Gazebo that were similar to Scenarios 1 and
2 in MATLAB. There were four UAVs instead of five in Scenario 2, still with
one UAV failure. We plot the trajectories of the moving target and the UAVs
in the z — y plane for both scenarios in Figs. [a] and To better visualize the
tracking performance of the UAVs, we also computed the geometric center of
the convex hull of the UAVs during the simulation and plotted its trajectory
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Fig. 5: Robot trajectories during a Gazebo simulation of Scenario 2. The position at
which one UAV fails is indicated by a small black circle.

in Figs. [4D] and along with the trajectory of the target. Figure [D] shows
that the geometric center of the UAV formation successfully tracks the target’s
trajectory. Figure shows that initially, the center of the four UAVs closely
tracks the target, and right after a UAV fails at time ¢t = 30 s, the center of the
remaining three UAVs soon converges back to the target’s trajectory. The UAVs
avoid collisions throughout the duration of both simulations (100 s).
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4 Experimental Implementation and Results

We first describe the experimental setup for all tested scenarios and provide
corresponding plots of the results for each experiment. A video recording of the
experimental tests described here, as well as additional tests, is also available
online at [4].

4.1 Experimental Setup

In order to validate the effectiveness of our proposed control method in prac-
tice, we implement our proposed control law in Eq. on physical robots. As
shown in Fig. |1} Crazyflie 2.1 [I] quadrotors are used as the UAVs. Crazyflie is a
small, light-weight, open-source platform commonly used for swarm and multi-
robot applications. We employ multiple Crazyflies as the tracker UAVs and a
Turtlebot3 Burger robot [2] as the moving target on the ground. We first plan
curved trajectories for the Burger robot by setting arbitrary linear and angular
velocities. This planned trajectory is not known by the UAVs. Then, we read
the Burger robot’s odometry information in real-time using the Robot Operating
System (ROS). We then calculate the instantaneous position, velocity, and accel-
eration of the Burger robot and compute the control commands for the Crazyflie
quadrotors accordingly. The control commands are sent to the Crazyflies using
Crazyradio, a 2.4 GHz radio USB dongle. There is no explicit communication
between the Crazyflies. Each Crazyflie is equipped with a Flow deck v2, which
uses a VL53L1x ToF sensor to measure the distance to the ground (z-axis) and
a PMW3901 optical flow sensor to measure displacement in the plane of the
ground (z — y plane). State estimation and PID controllers have been imple-
mented on the Crazyflie firmware, which enable the Crazyflie to follow given
position setpoints. At each time instant, the desired position setpoints are sent
to the Crazyflies as control commands from a central computer through Wi-
Fi communication provided by the Crazyradio between the computer and the
Crazyflies.

4.2 Experimental Results

For the experimental tests, two scenarios were implemented. In Scenario 1, three
UAVs track the moving target while avoiding collisions with one another. In
Scenario 2, four UAVs track the target, and after 30 s, one of the UAV lands
(fails), and the tracking continues with three UAVs. The second scenario is
designed to demonstrate the robustness of our controller at tracking the moving
target in the event of UAV failure. In all experiments, the UAVs start from
arbitrary initial configurations on the ground and then take off simultaneously
to fly at a constant altitude before starting to track the ground robot. The real-
time positions of the UAVs and the target were collected at 20 Hz frequency,
and a Butterworth low-pass filter was applied to these data with a 5 Hz cut-off
frequency in MATLAB.
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Fig. 6: Robot trajectories during an experimental trial (duration: 30 s) of Scenario 1.
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Fig. 7: Robot trajectories during an experimental trial (duration: 40 s) of Scenario 2.
The position at which one UAV fails is indicated by a small black circle.

The experimental results show that the UAVs successfully tracked the ground
robot in each scenario while avoiding collisions. The fluctuations in the UAV
trajectories can be attributed to the UAVSs’ low-level position control loop and
near-ground altitude. For Scenario 1, along with the plots for trajectory of each
UAV in Fig. [6a] we also plotted the trajectory of the geometric center of the
group of UAVs in Fig. [6b] The group of UAVs effectively tracked the moving
target without colliding with one another. Scenario 2 was performed with four
UAVs. Figure[7]shows the trajectories of the UAVs and their geometric center. At
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t = 15 s, one UAV stops tracking and lands on the ground, emulating the failure
of one member of the UAV team. This event is indicated in Fig. [7] with black
arrows. After this event, the remaining three UAVs continue tracking the target
and ignore the failed UAV in their collision avoidance controller. As shown in
Fig.[7H] the failure event causes a sudden shift in the distance between the center
of UAVs and the target. Nevertheless, this distance decreases to approximately
the same distance exhibited before the failure event. Comparing the experimental
results with the simulation results in Section we observe similar tracking
behavior by the UAVs. The main difference is the presence of fluctuations in
the UAV trajectories during the experiments, which is expected in real-world
implementations.

5 Conclusion

In this paper, we address the problem of tracking a moving ground target with
multiple UAVs that do not have prior information about the target’s motion. We
analytically proved the convergence of the UAVs to a fixed formation above the
target that tracks its trajectory, and we provided mathematical guarantees that
the UAVs avoid collisions with one another. We validated our control approach
for different scenarios in MATLAB and Gazebo simulations and in physical ex-
periments with ground and aerial robots. In our simulations and experiments, we
also demonstrated the robustness of the UAVs’ target tracking performance and
collision avoidance to the failure of one or more UAVs during the task. Future
work includes the design of a fully decentralized tracking controller and extension
of the collision avoidance strategy to enable the UAVs to perform collision-free
tracking in environments with unknown and dynamic obstacles.

Appendix

We define the following Lyapunov function:

7]{2221/”4— Z é; el+e Klez). (17)

i=1 j#i

Given the expression for V;; in Eq. (2)), which is a continuously differentiable
function, the time derivative of H can be calculated as:

7152221/”4—2 €é; ez—i—e Klez). (18)

i=1 j#i

Considering the following representation for the time derivative of V;;,

V (V V ) I'ij, (19)

rij
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and given that V. V;; = Vi, Vi; = =V, Vi;, we have that:

rij
. . T .
Vij = (Vx, Vij) 135 = (= Vi, Vig) T35 (20)

Furthermore, the term Zf;l Zj# VZJ includes both V” and Vﬂ for each pair of
robots 4, j, where ¢ # j. Taking into account the fact that Vj; = V};, the sum of
these two terms is calculated as:

Vij + Vi = (Ve Vi) i + (Vo Vi) " i = (Vi Vi) " i + (= Vi, Vi) T (—845)

= (Vx, (Vij + Vﬂ)) i =2 (Vy, Vz]) I'jj.
(21)

Moreover, if we define e;; := e; —e;, we can confirm that €;; = ;. Incorporating
this into Eq. (21)), we can write:

1. - . .
3 (Vz’j + Vji) = (Vx,Vij) " 55 = (Vi Vi)' € + (Vx, Vi)' ¢

Therefore, the first summation in Eq. can be written as:

| X _ N .
5’@2 Zvij :kQZZ(vmVij) €. (22)

i=1 \ j#i i=1 j#i

Then, solving Eq. . ) for €; and substituting this expression into Eq. (| ., we
obtain Eq. ( . for H:

—@ZZ (Vs Vij) el+z —&] AK & — &) [ k2 Y Vi,V

=1 i#£j J#i
= kzZZ (Vo Vi) " €: — 6T ks ZZV:«% +Z &l AK ;)
i=1 i#j i=1 j#i
=0

N
=—> (&/AK¢&;).

i=1
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