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Nonlinear control for collision-free navigation of UAV fleet
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Abstract

This paper presents the development of a cooperation scheme among unmanned aerial vehicle (UAV). Sliding mode
control technique is used to guarantee that the set of robots can follow a reference trajectory and, in addition, will guar-
antee collision-free navigation of these autonomous vehicles. The analytical approach of the control strategy is shown,
and the necessary conditions to guarantee the stability and governability of the multi-robot system are derived. The
strategy and the derived conditions are tested using simulations, to demonstrate their effectiveness for collision-free

navigation of an UAV fleet.
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1 Introduction

Aerial robotics has been greatly developing in recent
years, and this has made autonomous aerial vehicles or
unmanned aerial vehicles (UAVs) gain many followers. In
addition to the military use, there are many varied civil
applications where this type of autonomous vehicles has
gained ground, such as automation and technological
support to agricultural work, flmography in general, sup-
port to rescue labors, the exploration of land even out-
side the planet, the tasks of recognition and supervision
of bounded areas, the exploration of oil and minerals or
the automated industrial transport and cargo.

In some of these cases, the use of a single autonomous
vehicle is sufficient, but as the number and variety of
applications increase, it has become necessary to inte-
grate several of these vehicles to carry out the tasks in
a more efficient and timely manner. For this reason, the
present work focused on the development of a coopera-
tion strategy between aerial robots based on nonlinear
control techniques. It is demonstrated that the use of the
nonlinear control technique known as control by sliding
modes can be applied in tasks that require the coordinated

navigation (without collisions) of several UAVs in a shared
environment.

The main motivation for the development of this work
was that its applications can benefit and impact clearly and
directly the communities that are part of the social environ-
ment of the Pontificia Universidad Javeriana Cali (Colom-
bia). These applications can range from the agro-industrial
sector and the conservation of natural resources [3, 5, 8,
9, 13], as in search and rescue or in disaster prevention
tasks, [7, 18], or applications to support sustainable urban
development, such as those developed by [1, 14]. Another
important application is the search and deactivation of
antipersonnel mines, such as those mentionedin [2, 10, 12].

To solve the problem of collisions between autonomous
robots, different investigations have been developed. In
the case of aerial robots, several methods, techniques and
theories based on generating trajectories prior to the flight
have been implemented. For example, Maza [17] in his the-
sis presents a distributed architecture, composed of differ-
ent modules that solve common problems that arise during
the execution of multipurpose missions. In case of terrestrial
robots, different approaches have been made, using differ-
ent types of robot models. As an example of this, using the
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approach and theory of Lyapunov, Bacon et al. [4] proposed
a law of control by sliding modes (SMC) in which the result-
ing decentralized control guides the robotic agents toward
the coverage of an area within a target region that could
be moving. The approach of the agents to the objective is
asymptotic and without collisions. His work includes discus-
sions on the stability of the controlled dynamics, as well as
the abilities of rejection of disturbances, using linear mod-
els of holonomic robots. In the real world, robots possess
dynamics that can be more complicated than those linear
representations commonly used, so some authors like Zhai
et al.[20], Listmann [15] and Ghommam [11] have included
the problem of cooperation with non-holonomic robots.
The approaches presented here offered clarity in some of
the concepts related to conflict resolution and its applica-
tion to the tasks and scenarios that were implemented.

This work shows the extension of results obtained for
terrestrial robots (in a two-dimensional plane) to the three-
dimensional case, necessary for the navigation of aerial
robots. Using the results described previously, the effective-
ness of SMC technique for a single non-holonomic terrestrial
robot displacement control was checked, and is described
by Torres et al. [19], as well as the verification of effectiveness
of the same technique for the collision-free navigation of a
set of terrestrial robots of this same type, as described by
Martinez [16]. The following section of this paper describes
the way in which the problem of coordinated navigation
between a group of aerial robots is approached, using the
SMC technique, and then, the results of this approach are
presented by means of simulations. Finally, some conclu-
sions of the work developed are proposed, as well as a pro-
spective of possible future developments.

2 Analytical approach of sliding mode
control for coordinated flight in UAV

A generic model proposed in [6] was considered for aerial
robots, as shown in Eq. (1). This model represents the flight
dynamics of a quadrotor, whose geometrical symmetry
characteristics allow us to assume that the displacements
in the axes x and y have a similar dynamic behavior, while
the vertical displacement (z axis) behaves in a different way.

% = ayX; + by(uy + L+ £

Vi = ayy; + by(uy + £, + fﬂ) (1

" . d

where x;; y;; z;: linear displacement of the ith robot on each

Cartesian axis. uy; Uy; u,;: control signals for the frontal, lat-

eral and vertical displacement of the ith robot. fX’I., fy’l., fz’i:
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front, lateral and vertical components of the repulsion
force that affects the ith robot. fX‘I’., fﬂ., f;: components of the
coupled perturbation force that affects the ith robot.
a4 b4j, 05, by, a5y byt parameters of the model of the ith
robot.

Due to the aforementioned geometrical symmetry, it will
be assumed that a,; = a,; and b;; = b,,. Parameters have
their nominal values represented by @; and b,, but they are
exposed to uncertainties that are bounded, so that:

()

The definitions and procedure proposed below are based
on the work of Bacon et al. [4] for two dimensions (x and
y axes), but in this case the extension of such procedure
to a third dimension (z axis) is made, with the necessary
considerations for such extension.

In this case, a collisions-free navigation between sev-
eral UAV is required, so that a subset of those robots is
defined, which, due to their proximity, will be considered
neighbors and on which will act a force additional to that
provided by the system of control, called repulsion force,
in order to maintain a prudent and safe distance for such
collision-free navigation. Those robots, whose vector posi-
tion X; = [x;,y;,z1" € R3 fulfill Eq. (3), give this subset of
neighboring robots of the ith robot.

Vi=1{X; t [IXi = Xjl| <r, i #j} (3)
where, in this case, r, is the radius of a sphere defined as
a neighborhood.

Equation (4) denotes the force of repulsion made by its
three components, f, f;,. andf.

Xi—=X;

Fi= 3 = 10 = Xl
= & G I R @

=

Robots will start from an initial position and the control
will take them toward a target volume, which will be con-
sidered spherical, until being inside it and staying there,
even if that target volume moves around. Equation (5)
defines this three-dimensional subspace.

||X_Xd||<resf (5)

where X,(t) = [x,4(t), y4(1), z;(1)]" € R3is the center of the
spherical volume considered objective and r is its radio.

Since it is desired that the robots go to the target sphere
and remain within it, equation (6) defines the error function:

= X4 — X (6)
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The objective of the sliding mode control will be to mini-
mize this error, so that the sliding surface (S;) is expressed
as a function of such error:

= AE; +E; (7)

To continue with the design of the control, a positive
defined function is proposed as a candidate function of
Lyapunov:

1
Vi = ESITS’ >0 (8)
The purpose of the control will be to force the derivative
of this function to be defined as negative, that is:
V,=57S, <0 9)
The derivative of the sliding surface is given by:
From (1) and (10), we obtain:

$i Ay + Ky — ay%; — by(uy; + 7+ £9))
Syi = Aéyi +yd - a1iyl bh(u + fr f;,j)) an
S Ae, + 7, — azz; — by (uy,; + fz’, +f9)

To fulfill the condition imposed in (9), the control signal
is selected so that the dynamic of the sliding surface (S;)
behaves according to (12):

S;

S =
1511

1

K S — Ky (12)
If the forces of repulsion and disturbance are ignored, the
dynamics of S; can be achieved with the following control
signals:

1
u g(ﬂ i+ Xg — c11,x,+KsX,+K2”SS||
u,; | = —(A i +Vq—any +Kisy +K2||S|| (13)
Uyi (/lez, +2Z;—0a5z; + Kis,; + Ky =2

IISII

Substituting the values of u,;, Uy ;andu,in (11) and includ-
ing the corresponding terms of the forces of repulsion and
perturbation, we get:

. —K; 5 — Ky s = = by () + £
. d
S | = —Kisyi K2||SII — by (), +£0) (14)
Szi —Kysy = Kyygy = bai(f + £)

The worst case in which these forces of repulsion and dis-
turbance act on the robot occurs when the magnitude of

these forces is maX|mum and the orientation is inverse to

that of the vector W In this case, we get:
d Sxi
sxi K1 Sxi + [ K2 + b“(f):l max + le max)]m
Sy,. = —K1S +[-K;, + bh(fyr, max +1, yl maX)] ||5yl|| (15)
Szi —K1 szi + [—K2 + b3l(fzr, max ZI max)] ||5H||

To ensure that the derivative of the Lyapunov candidate
function is negative, V; < 0, the value of K, must meet the
following condition:

+f9__ ),

XI—max

K, > max [(by;(f,_

(b“(fyrl max+f; max)) (16)
Osi(Fy e + Fi-ma))]

ZI—max ZI—max

When using the sliding mode control, it must be taken into

account that the small values of ||S;|| make the term ”i—”

introduce unwanted vibrations in the control signal, but
also that these vibrations could be diminished by using an
approximation of that term by means of a saturation-type
function, which would be limited to the band in which
1S:|| < e and that is defined by (17):

1 para ||S;|| > €
Sat(sil €) = ||S Il para ||S ” (17)

where € = Ar .
The steady-state error will not only be different from

zero, but will remain bounded according to (18).
€
||Ei||=||Xi_Xd||<;= esf (18)

Because of this smoothing of control, the repulsion forces
will now be the ones that are in charge of maintaining an
adequate distribution of the robots within the volume
declared as objective. That is to say, when the UAV is out-
side of such target volume, the control will lead them in a
robust way to their interior, but once they are inside the
volume, this same control becomes tolerant to the repul-
sion forces between robots, allowing them to maintain the
distances between themselves.

Taking into account the smoothing introduced by the
saturation function and also the nominal values of the
parameters of the model (a;y 5,), the control signals given
in (13) are now converted to:

u,; by (llexl + Xy = 0%+ Kisy + K i )
i
u, | = —l</1eyl + Vg — QY +K15 +K25at(5,,€) )
“ ; 1511
zi EL(AeZ, + 2, — a3z + KiS +K2sat(s"€)|| il >
(19
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With these new expressions for the control signals, the

and external forces, so a value of K, must be selected such

S that:
ynamics of 5; 5 willloe given by Ky > max(Kyy,, Ky, Ky,) (23)
zi
b, ‘
$yi ) (ﬂex, +Xg — ayX;) — (K1 Sxi t Ky ir IIS II it f’g)
. b ; :
Syi = “ (ﬂ i+ yd a]iyi) (K15 + Kzsat(su €) ”Sy” - bh(f;, + fy7) (20
. b, ;
zi —_—3(Aez,» + Zd a3,zl) Zi ir |5 Il 1i\! + f;)
Initially, each robot will be in the so-called reach or  where

approach phase and this happens when [|S;|| > e. In this
case, the distance between agents is sufficiently large so
that the force of repulsion between robots will have no
effect on them; it means that F| = 0. However, the strength
of disturbance fid must be taken into account. It is also ful-
filled that Sat(S;, ) = 1.

To getV; < 0, a value of K, must be selected such that:

Ky > max(Kyy, Ky Ko,) (21)

where
; o . 7 d
Ko = Aby;l 12y + Xgllmax + Ayl Xl [max + (by; + AbyEL_

= Aby;l148); + Vgllmax + Aayl1Villmax + (by; + Aby)fA_

yi—max
22 - Ab3/| Mez: + zd| |max + AG_;},HZ ”max + (b31 + AbSl) Zi—max
The values of @, Aa, b and Ab are defined in (2).

When the interior of the objective sphere is reached,
it is fulfilled ||S;|| < € so that Sat(5;, €) = ISl since the
robots are already inside that sphere, the force of repulsion
between them takes considerable amounts. Under these
conditions, Eq. (22) shows the derivative of the Lyapunov
function.

y by
V, = —s,; l(,aex, +5e,,)6—1 +(ay; —

|°l

a,)%; + by (fL + £2)

(o]

i 1i

SXI' ~ 5 ‘
+K1sxi + KZ?] yl l(ieyl +yd) 61, + (all a I)yl
r d Syi ; 5 53;
+b1,(fy,. + fy,.) + Kysy; + Kz: — 5, | (A&, + Zd)B_
3i
~ 631 _ . r d Szi
+(a3; — ==03)z; + by, (f, + ) + Kis,; + Kz:
3
(22)

To get V; < 0, still at the edge of the target region, that
is, when Sat(§;, €) = 1, it is necessary to consider the most
pessimistic case given by the uncertainties of the model
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Zx _Abh”lexl+Xd||max+Aa11||X||max+(b1l+Ab1l)(f, +fd )

Xi—max Xi—max

_Abh”j'ey/+yd||ma><+Aa11||y¢||max+(b1l+Ab‘|/)< +fd )

yi—max yi—max

Koy = Aby;| |4, + Z4|max + A3 12| oy + (B3 + Abs) (Fr_ o + le max)
Finally, the maximum value of K, should be used among
those calculated from (16), (21) and (23). With this, the con-
troller design is completely defined.

3 Results obtained on the navigation
of a UAV fleet using sliding mode control

In order to evaluate the possible benefits of the strategy
of sliding mode control previously proposed for the navi-
gation of a fleet of UAVs, a set of simulations were carried
out that tried to include some of the conditions present
in the real systems, such as the variations in the measure-
ment due to the precision and repeatability of the GPS
used and the wind gusts that occur in a real experimental
situation. For these simulations, the mathematical model
presented by [16] was used to represent the dynamics of
the horizontal and vertical displacements of a quadrotor:

= —0.40095%; + 0.0428023 (u,,; + ", + £9)
J, = —0.40095§, + 0.0428023 u, + f/, + £¢ ) (24)
% = —0.6885362, + 0.10793 (u,, + 1, + f9)

where x;; y;; z;: Cartesian linear displacement (in meters) of
the ith robot. u,;; uy; u,: front, lateral and vertical control
signals of the ith robot. f;i, fy’i, fz’,.. frontal, lateral and vertical
components of the repulsion force that affects the ith

robot. f4, f;f, fd: components of the coupled perturbation
force that affects the ith robot.
The percentage uncertainties of the model parameters
(A_a , Abb“ and =% Abz’ ), will have a maximum level of 10%. Using
i 1i 2
the parameters of the model, the design parameters are
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Table 1 Design and control

Parameter Value
parameters for UAV

A 0.5

Tes 10

r, 5

€ 5

K; 1

K, 424

defined and those of the controller are calculated accord-
ing to the equations presented above. These design
parameters and the controller are shown in Table 1.

The first simulated experiment with the UAV fleet con-
sisted in placing three aerial robots (called R1, R2 and R3)
in certain arbitrary initial conditions ( X;;,;c = [-2 10 5],
Xoinic = [=10 0 5]” and X3, = [-2 — 10 5]") that are
outside the spherical volume defined as the objective,
whose center is the origin of coordinates and its radius
measures 10 m. To observe the behavior of UAVs in the
presence of a null reference signal, the simulation starts
atatimet = 05, allowing the control to act on the robots,
drawing them toward the center of the target volume. At
timet = 305, a reference signal is activated that leads the
center point of the target spherical volume, describing

Fig. 1 Trajectories of three UAV
controlled by sliding mode
control

Z Axis

a sinusoidal figure in the XY Cartesian plane, while the
height (Z axis) grows continuously until reaching a value
of 10 m, which it then remains constant. Figure 1 shows
the results of this first simulation to evaluate the controlled
system.

The controller of each robot exerts its action by attract-
ing it toward the center of the objective sphere, but keep-
ing the required distances between them to avoid colli-
sion. After this, it is also observed that each robot follows
closely the trajectory defined as a reference, with very
little difference. Figure 2 graphs the magnitudes of the
distance from each of the UAV to the reference trajectory,
as a function of time. It can be observed in these graphs
that the UAV fleet, once it reaches the interior of the objec-
tive sphere, continues in it and closely follows the refer-
ence trajectory, with an absolute difference that does not
exceed the value of one meter.

The main objective of this control strategy is to guar-
antee safe navigation, that is, free of collisions; so, the
instantaneous distance between the robots takes a high
relevance in the evaluation to which this fleet of UAV is
subjected. Figure 3 shows the graphs of each of the cal-
culated distances between the robots of the fleet, as a
function of time. The nomenclature used indicates that
Dist R12 represents the distance between the robots R1

-200 "0 X Axis
Fig.2 Evolution of distance g 15 . : . ; : ; : ; :
from each of the robots to the 110 N
reference trajectory c sp J
g,
% 20 40 60 80 100 120 140 160 180 200
g1 T T T T T T T T T
110 a
()
o 54 -
2 : : : ‘
0% 20 40 60 80 100 120 140 160 180 200
g1 T T T T T T T T T
110 i
[+2)
o 51 -
B :
a % 20 40 60 80 100 120 140 160 180 200

Time [s]
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Fig. 3 Evolution of distance 15 T T T T T
between each pair of robots a 10 A
[a sy
evaluated b
a s 1
0 T T T T 1
0 20 40 60 80 100 120
20 T T T T T
2 15 8
T 1o} .
{2
o sl J
0 1 1 1 1 . —
0 20 40 60 80 100 120
15 T T T T T
[s2]
& 101 1
0 Il 1 1 Il L
0 20 40 60 80 100 120
Time [s]
Table 2 Design and control Parameter Value  includingin the 5|mu.lat|on.the. effect that thg Yarlablllty
parameters for UAV of the GPS system, with which is used for position meas-
A 0.5 urement, could generate. This effect was included in the
Fest 20 simulation, adding a random number, with a variation of
r, 10 + 3 m with respect to zero, to the x and y coordinates of
€ 10 each of the UAV. The general result of this test is shown
K 1 in Fig. 4, where the trajectories of each of the robots in
K 4.24 the reference coordinate space are shown, while in Fig. 5

and R2. It can be seen in the graphs that the robots main-
tain uniform distances between them, with the minimum
value reached being 1.17 m corresponding to the distance
between robot R2 and robot R3 at time t = 71.2s. The
above shows that the control strategy used guarantees
safe navigation among the evaluated UAV fleet.

One of the main sources of uncertainty in the mode-
ling and control of the UAV treated here corresponds to
the position measurement system, since it is based on a
basic GPS system, with barely acceptable precision, which
leads to errors in the measurement of +3 m, with sam-
pling periods close to one second. For this reason, the
robustness of the control scheme designed was verified,

Fig. 4 Effect of GPS measure-
ment on the trajectories of

three UAVs controlled by slid- 12—
ing mode control 10

Z Axis
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the effective trajectory of one of the robots (projected
on the Cartesian plane (x, y)) can be observed and com-
pared both with the reference trajectory and with the data
from the simulated GPS sensor. In this case, the design
and control parameters of Table 2 and arbitrary initial
conditions ( X;nic = [—2 25 5]7, X5inic = [—20 0 5]" and
Xzinic = [—2 — 25 5]7) were used.

Figure 6 shows the graphs of the distance of each of
the robots to the reference trajectory, representing what
could be called the tracking error. It is observed that as
time passes, each of the UAVs remains sufficiently close to
the reference, thus ensuring the permanence of the entire
fleet within the target sphere, since these distances do not
even approach the value defined as radio of the sphere.

— UAV1
UAV2

——— UAV3

Reference
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Fig.5 Comparison between
the reference trajectory and
the effective trajectory of one

of the fleet’s UAV

Fig. 6 Differences between
the reference trajectory and
the position of each robot,

measured with GPS

Fig. 7 Distance between each
pair of robots, to evaluate the
effect of the variability in the

GPS measurement

Y Axis
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In order to evaluate the safety of UAV navigation, Fig. 7
shows the graphs of the calculated distances between
each pair of robots in the fleet, as a function of time. In
the graphs, it can be seen that, as in the previous case, the
robots maintain very uniform distances between them,
with the minimum value reached being 1.72 m, corre-
sponding to the distance between the robot R1 and the
robot R3 in the instantt = 56.2 s. The above shows that the
control strategy used guarantees safe navigation among
the evaluated UAV fleet, despite the harmful effect of
the variability of the measurements made with the GPS
system.

Another adverse effect that could influence the per-
formance of the UAV fleet, whose trajectories are to be
controlled, is generated by the air currents at the flight
site, introducing disturbances that the control system
must assume and react to them. For this reason, the char-
acteristics of precision in the monitoring of the reference
trajectory and safety in the navigation of the robots were
evaluated, when the robot fleet is faced with an external
disturbance, which could be caused by air currents vari-
ables in time. For this, the controlled system was simulated
again with the same parameters of the previous experi-
ment and taking into account the effect of the measure-
ment with GPS, but additionally applying perturbations in
the form of sinusoidal signals that affect the positioning of

k)
< 5F J
>_
0 | -
5} .
—10} 4
-15 -
-10 0 10 20 30 40 50 60
X Axis
30 T T T T T T
20 .
10f 1
k)
Z OofF ]
>
—10} 4
20} 4
_30 i i i i i i
-10 0 10 20 30 40 50 60

X Axis

the UAVs in the axes x and y. These disturbing signals are
described by the expressions given in (25).

fd = (10 + 105sin[0.2(t — 80)]}u(t — 80)

fy‘j = {5+ 5sin[0.2z(t — 140)]}u(t — 140) (25)
The magnitude of the signal placed as a disturbance indi-
cates, according to the interpretation of the mathematical
model used, the magnitude of the angle (in degrees) of
inclination of the UAV that would be reached with such air
current (with a maximum of 20° of inclination in the case
of f)g and 10°in the case of fy‘?) . The function u(t) is a step
type signal, which determines the moment of appearance
of each of the disturbances.

In Figs. 8,9 and 10 shown are the results of the simula-
tions to evaluate the effect of the disturbances declared
in (25).

Figure 8 shows the trajectories of the robots projected in
one of the Cartesian planes and compared with the respec-
tive reference signal. In the upper left corner, with continu-
ous blue line, is found the path in the X — Y plane of the
UAV1 in the presence of the disturbance, while the discon-
tinuous blue line shows the trajectory that this UAV would
follow in the absence of the wind and in the red line the fixed
reference trajectory. The same is shown for the trajectories

-
o
T
i

2 5 4
zZ
> 0 1
-5 o
10+ / 4
—15} o
_o0 i i i i i i i
-20 -10 0 10 20 30 40 50 60
X Axis
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121 j 8
101 if 8
(2}
2 gt ]
<
N |
4P 4
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Fig. 8 Comparison between the trajectories of the robots in the absence and presence of disturbance
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Fig. 9 Distance between each 30
robot and the reference trajec-
tory, to evaluate the effect of
the disturbance

Dist R1-Ref
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of UAV2 (in green lines) and UAV3 (in black lines). The lower
right corner shows the trajectories of all UAV of the fleet (with
disturbance and without it) represented in the X — Z plane,
showing that the height of each of them remains unchanged
or with very small changes, despite the adverse conditions
given by the disturbance and thus guaranteeing the safety
of each of the UAV in flight, since the vertical distances are
maintained, thus avoiding a possible collision.

4 Conclusions

e The nonlinear control technique, called sliding mode
control, was effectively applied to command the trajec-
tory followed by holonomic air robots, guaranteeing
the stability and robustness of the controlled system.

e The effectiveness of the sliding mode control was

verified when used for the coordination of a group
of holonomic aerial robots, including in the simula-
tion tests the effects of the variability inherent to the
position measurement system using GPS. The stability
and robustness of the proposed solution were demon-
strated.

The method proposed by Bacon [4] was extended for
the control and safe navigation of robots in the plane
(R?), to be able to use it in space (R?), and its effective-
ness, stability and robustness were verified in simulated
experiments with a fleet of aerial robots.

As a step to follow, we propose an analysis of the
robustness of the control system proposed for a fleet of
autonomous robots, considering the real conditions of
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the multi-robot system and validate these results with
real experiments.

e In addition, taking into account the robustness results
verified with the use of the sliding mode control, it
would be interesting to propose an analysis of the
effect of the delays due to the communication systems
of the robot fleet.
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