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Abstract. In coordinated circular motion of a group of autonomous unmanned aerial vehicles
(UAVs or drones), it is important to ensure that collisions between them are avoided. A typical
situation occurs when one of the drones in circular formation needs to overtake the drone ahead.
The reason for such an overtake may be due to a given geometry of the UAV formation, when
this configuration of a given relative position of the drones has changed for some reason. In this
case, the limited maneuverability of UAVs of exactly fixed-wing type requires taking into account
the peculiarities of their dynamics in the synthesis of the collision avoidance algorithm. The
impossibility of the airspeed for a fixed-wing type UAV to drop below a certain minimum value also
plays a role here. In this paper, we propose to use an approach based on vortex vector fields, which
are essentially a rotational modification of the artificial potential field (APF) method. In this case,
the path following algorithm developed in our previous works provides the circular motion. As a
result, a collision avoidance algorithm has been developed that works efficiently by maintaining
coordinated circular motion of the autonomous drone formation without unnecessary turns. The
proposed algorithm was named Artificial Potential Field for Circular Motion (abbreviated as
APFfCM). Using the direct Lyapunov method, it is shown that the trajectories of the formation
system have uniform boundedness (UB) when using the proposed control algorithm. Due to the
boundedness of the candidate Lyapunov function, it is guaranteed that no collision event between
drones will occur. Thus, the control objective of providing coordinated circular motion for an
autonomous fixed-wing type drone formation without collisions is achieved. Fixed-wing (“flying
wing”’) UAV models in MATLAB/Simulink environment demonstrate the effective performance
of the proposed algorithm. These models have both full nonlinear dynamics and implementation
of tuned autopilots stabilizing angular and trajectory motion.

Keywords: collision avoidance, drone teams, multi-UAV system, artificial potential field
method, vortex vector field.

1. Introduction. The artificial potential field (APF) method [1,2] has
been widely developed for various types of robots: both industrial manipulators
and mobile types. From its basic version, this approach has received in its
development many modifications, for the possibilities of use in specific models
of controlled objects. For example, significantly modified APF methods have
been used for high-level models in the form of a double integrator [3], as well
as for wheeled mobile robots [4-7]. However, the use of the APF method on
unmanned aerial vehicles (UAVs or drones) has its limitations [8]. This is
especially evident in the case of fixed-wing type drones, which have limited
maneuverability due to nonholonomic dynamics.

A rotationally modified vector field-based APF (vortex vector field)
method for motion planning and collision avoidance in robot control was
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probably first proposed and studied in detail in [9, 10]. This approach was
further developed for mobile robots [11]. The application of rotational vector
field for mobile robots avoiding collisions on an opposite course was studied
in [12]. In [13], a strategy for avoiding collisions between two UAV's while
moving on an opposite course is considered. In [14], this concept was applied
to a single quadrocopter avoiding a collision with a fixed obstacle. In [15],
fuzzy logic theory and genetic algorithm are used to further modify such an
improved potential field. In [16,17], the rotational modification of the potential
field is successfully applied to a single quadrocopter and a stationary obstacle.
In [18], a new modified algorithm based on the vortex vector field is developed
to enable a wheeled mobile robot to effectively avoid collision with a stationary
obstacle. The main advantage of the vortex vector field can be described as the
efficient escape of the robot from the local minimum state, the simplicity of the
algorithm tuning, and the insignificant influence of the evasive maneuver on the
final performance of the main mission. In the case of circular formation motion
performed while tracking some object, this strategy should be significantly
modified. The special feature here is that the UAVs must not only evade the
collision, but also successfully return to the circular motion orbit.

In [19], a rotational modification of the artificial potential field is applied
to the formation of quadrocopters, but the stability preservation of such a
modification has not been analyzed. In [20], the application of rotational
modification for the artificial potential field in controlling a group of rotary-
wing drones was discussed. The paper [21] also studied the motion of rotary-
wing type drone models jointly avoiding collision with a stationary obstacle.
However, this study has the following significant differences from [20,21]: first,
the application of the modification on fixed-wing type UAVs has additional
complexity due to the limited maneuverability of this type of aircraft; second, it
is the circular motion that is studied here, which imposes certain requirements
for maintaining the consistency of the group’s flight. Some papers propose
strategies similar to the vortex vector field, e.g., [22] uses an orthogonal
component that shifts the robot from a local minimum state. However,
this approach is fundamentally different in the way the control algorithm
is designed.

Let us consider in more detail the difference between this paper and our
previous one. In [20] a special vector f“*7¢ (q;,q;+1) was used:

A
fescape (qi;qi+1) = U (qi — qi+1) / ”ql —qi+1 ”%7

where ; is an adjustable positive coefficient; q; and q;; are the vectors of
UAV positions numbered i and i + 1 in the global coordinate system. The UAVs
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under these numbers must perform collision avoidance. A “danger zone” is
introduced as a region of flight space within which the potential repulsion field
starts to operate. The radius of this region is denoted as d,, (‘“safety radius”).
The vector £°“P¢ (q;,q;+1) allows a pair of UAVs to leave the “danger zone”
and continue circular motion according to the original mission.

If we consider ||q; — qi+1||, = d, as the equilibrium position for the
nominal system (not using f*“*”¢(q;,q;+1) in the control algorithm), then
feseape (q;,qi41) is a non-vanishing perturbation. Note an important point: it is
not shown in [20] that the equilibrium position ||q; — q;+1 ||, = d, is Lyapunov
stable (in contrast to the equilibrium positions of the formation after leaving
the “danger zone™). Moreover, it can be easily shown that ||q; — qi+1]l, = do
is Lyapunov unstable (e.g., using Chetaev’s theorem). However, it was found
in [20] that in the region ||q; — q;+1]|, < d, the derivative of the candidate
Lyapunov function (denoted as V') is nonpositive. This fact means that the
candidate Lyapunov function V is decreasing in the region ||q; — qit1||, < do,
that is, V (r) < V(0). In practical terms, it follows that two quadrocopters
placed inside the region ||q; —qi+1|l, < d,, but not at the collision point
lla; — qi+1]], = 0, will not hit this collision point at subsequent times. This
is justified by the fact that at the collision point ||q; —q;+1 ||, = 0 candidate
Lyapunov function tends to plus infinity, which contradicts the condition
V () <V (0). Thus, we explained that the component £*““¢ (q;, q;+1) was
introduced specifically to destabilize the nominal system that uses only the
artificial potential field-based algorithm. This destabilization allows drones
performing collision avoidance to successfully leave the “danger zone” in a
finite amount of time.

In our current study, the original mission is the coordinated circular
motion of the team. Therefore, instead of the vector f““?¢(q;,q;+1), an
additional vector field component is applied to follow the circular path in
combination with a rotational modification of the vector field. This additional
component can also be considered as a non-vanishing perturbation for a nominal
system that uses only the vector field component derived from the artificial
potential field.

Thus, the main contribution of this paper is as follows:

— arotational modification of the artificial potential field (vortex vector
field) is considered specifically for autonomous fixed-wing drones, and in the
problem of circular coordinated motion;

— using the direct Lyapunov method, the stability of the equilibrium is
analyzed; the uniform boundedness (UB) of the trajectories (so-called Lagrange
stability) guarantees that no collision event will occur;
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— the proposed algorithm is simulated on full nonlinear models of
fixed-wing type UAVs; the obtained results clearly illustrate the efficiency of
the proposed algorithm.

2. Collision avoidance algorithm for a group of fixed-wing type
drones. Consider the motion of two fixed-wing type UAVs in a formation
making a circular motion. In this case, UAV No.(i+ 1) is ahead of UAV No.i
in a circular orbit. However, according to the formation control algorithm, the
UAV No.i should be ahead of the UAV No.(i+ 1) at a predetermined distance in
steady-state. If the collision avoidance algorithm is not applied, a collision will
occur between the two UAVs as UAV No.i will try to overtake UAV No.(i+ 1)
while traveling in a circular orbit.

Objectives: when automating the flight of a circular formation of small
UAVs on the basis of decentralized interaction, it is necessary to prevent
collisions between drones in a group while maintaining the specified flight
altitude by each of the vehicles. In this case, circular motion is based on the path
following algorithm in autonomous mode, that is, the drones autonomously
execute the embedded control algorithm. A specific technical realization of
autonomous circular formation can be based on ZigBee [23] or a mesh network
using 900 MHz RF modems [24]. The collision avoidance algorithm should
be developed specifically for the above-described flight mode of the drone
formation.

Next, we consider the main modifications of the standard artificial
potential field (APF) algorithm that lead to the collision avoidance algorithm
proposed in this paper. The first modification of the standard APF algorithm:
the Attractive Potential Field is not used in the algorithm. Instead of this field,
a Path Following Vector Field is used, which is generated by the formation
control algorithm for circular motion.

The second modification compared to the work of [20]: no rotationally
modified vector field (zero-rotor in this case) is applied for the UAV ahead (in
this case, it is UAV No.(i + 1)). The reason for this is that, due to the limited
maneuverability of the fixed-wing drone, the application of a rotationally
modified vector field causes the drone to undesirably turn completely around.
At the same time, UAV No.(i+ 1) will also deviate significantly from the basic
circular motion trajectory following UAV No.i, since the rotationally modified
vector field assumes a circular trajectory around the obstacle. This problem
is illustrated in Figure 1, which shows the motion trajectories when using the
vector field with rotational modification on both UAV No.i and UAV No.(i+1).
This illustration clearly demonstrates the inefficiency of using the rotationally
modified vector field for UAV No.(i+1).
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The third modification: for a UAV using a vortex vector field, an
additional condition is imposed to turn off the evasive maneuver if it overtakes a
UAV flying ahead. The overtaking event can be defined by computing the triple
product of the vectors: Tprog =n-(d; xdiy1), wheren=1[ 0, 0, 1 ]T,
and d. is the distance vector from the center of the circular path to the UAV
with the lower index corresponding to the ordinal number of the UAV in the
formation. If 7,4 < 0, this means that UAV No.i is behind UAV No.(i+1)
and will try to overtake it. The value 7,,,,4 > 0 will mean that the overtaking
has already occurred. Note that switching off the evasive maneuver should
not be done immediately after overtaking, but after reaching a certain distance
(this is shown later in the control algorithm).
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Fig. 1. Trajectories of fixed-wing type UAVs using a vector field with rotational
modification

The complete potential field-based collision avoidance algorithm
designed for circular motion of UAV formation (we named "Artificial Potential
Field for Circular Motion" — APFfCM) is as follows. First, the ordinal numbers
of the “overtaking” (No.i) and “overtaken” (No.(i + 1)) UAVs on the circular
path are determined. For this purpose, the triple product 7},,,¢ =n- (d; x d;1 1)
sign should be used. In this case, it is important how exactly this value is
calculated initially. The order of the product in brackets plays a role in the
expression n- (d; x d;11), i.e. which UAV is selected as the i-th and which as
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the (i+ 1)-th. In the formation control algorithm, it is assumed that the current
angle between the UAVs is given by the center angle o when computing 7,54,
so the value of this angle is assumed to be less than or equal to 7 radians.
However, also initially the angle can be given through the value of 27 — ¢,
and this should be provided in the structure of the formation control algorithm
itself.

Thus, in order to determine the correct order or disorder in the formation,
it is necessary to know the inherent rule for determining the angles. For
example, for a formation of three UAVs, the inherent rule that the center angle
should not exceed 7 radians makes sense. Therefore, it will be considered that
the UAV number i is ahead of the UAV number i + 1 if 7),,,4 > 0. Otherwise,
the order will be broken and the UAV number i will try to overtake the UAV
number i + 1. As a result, without a collision avoidance algorithm, a collision
between UAV's may occur.

Figure 2 on the left shows that if the algorithm is applied to a formation
of two UAVs, the originally laid down method of angle calculation can be
changed during flight so that overtaking will not occur, since the UAV number
i+ 1 can move to a given position by making a turn in an arc of greater length.
However, as can be seen from Figure 2 on the right, such a change in the
embedded method is no longer possible in the case of a formation of three or
more UAVs, because in this case, the UAV number i + 1 will meet the UAV
number i 42 on its way (and the rest when the number of UAVs in the formation
increases, due to which the number of required obstacle avoidance maneuvers
becomes larger than in case of exchanging places of vehicles with numbers i
and i+ 1). Therefore, there is a need to develop a collision avoidance algorithm
for a decentralized formation of UAVs making such a circular motion.

Fig. 2. Disorder in the formation of UAVs
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A high-level model of an autopilot-stabilized UAV is considered as

qi = [ i, P} }Ta (1)
qi = [ visiny;, v;cosy; ]T,

where pf is the position along the coordinate axis pointing East (east axis);
p? is the position along the coordinate axis pointing North (north axis); v; is
the airspeed; y; is the course. These states according to the lower index refer
to UAV No.i. In this case, the course is measured from the north axis.

Let us define the repulsive artificial potential field (APF) function in
the following form of the classical artificial potential, in this case the FIRAS
function was chosen [2]:

2
1 1 1 i A .
UAPFfCM( zkri (d(qi,q,-ﬂ) dg) , af d(qtquJrl) < dy;
A

q4,qi+1) = (2)

07 if d(q;ﬂliﬂ) >d07

where constant coeflicient k,, € R;

d (q;,q;+1) is the distance between UAV No.i and UAV No.(i + 1);

d, is the radius of the so-called “danger zone” within which the action of the
potential field of repulsion begins.

Since the UAVs are on the same path line during the circular motion,
applying only the standard artificial potential field on both UAVs performing
the evasive maneuver may cause a local minimum effect. For this reason, the
repulsive artificial potential field for the algorithm is proposed as a function of
the artificial potential with rotational modification.

Next, for UAV No.i, we specify the component f. (q;,q;; 1) € R? used
in the control law and defined by multiplying the gradient with the opposite
sign of the repulsive potential field UAPF'CM (2) by the rotation matrix R ().
Thus, we can obtain:

fi’(qi7qi+l):
= —VU/PF M (q;,q;11)R(1)
1 1) 44 . .
| o (aw — d) AEESRA). i daa) <di O
0, if d(qi,qiv1) > do,
where
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[ 0 (1) ] if A =—1= clockwise,
R= 4)
0 -1 . .
[ 10 ] if A =1 = counterclockwise.

Let us clarify the role of the parameter A in equation (4). In this case, it
specifies the direction of rotation of the formation. The value A = 1 indicates
clockwise rotation of the formation (when viewed from above), in which case
UAV No.i should perform the collision avoidance maneuver according to the
vector field with counterclockwise rotational modification. Exactly such a
choice of rotation is due to the fact that at some point in time UAV No.i starts
to return to the circular motion trajectory. Accordingly, the total path traveled
by UAV No.i will be less in the case of maneuvering along the inner region of
the circular area bounded by the circumference of the formation flight path.
Thus, UAV No.i will be faster to overtake UAV No.(i + 1), which in turn, in
the final part of the return trajectory will move along an arc of greater length
than UAV No.i.

The control algorithm atan2 ( for the course of
UAV No.i is computed using (3) through the vector flAPFfCM € R?, defined
finally in the following way as shown in Sub-algorithm 1.

f;\PFfCM [1] ;flAPFfCM [2])

if d(‘li#liﬂ) <d, and Tprod < Tiresh then
EAPFCM (q;,qi1) = £ (a0 @i 1) + if " (q7)
= —Vq UMM (q;,q:11)R(2)
+nt"F (q;)
if d(qivqi+1) >d, or d(qi7qi+l) <do N Tprud 2 Tiresn then
f}(\PFfCM (a,9i+1) =1 (@)
end

Listing 1. Sub-algorithm 1

The following notation is used here:
Tiresh 1S @ positive parameter chosen in advance;
V7 (q;) is a vector given by circular path following vector field, the essence of
which is disclosed in [25,26];
1; € R is an adjustable coefficient, which should be chosen sufficiently small,
as will be explained later.
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For the sake of clarity, we show an expanded form of the course control
algorithm for UAV No.i in the case of clockwise motion in Sub-algorithm 2
below.

if d(qivqurl) <d, and Tpmd < Tiresh then

Z?P Fi — atan2 (V?P 7 ; vﬁp £ ) , where
AP _ o 1 1 PP
Vel ' =mising; —kr, (d(qnqm) do> A(qi,qi41)

APF; _ c 1 _ 1\ _pi=pi
V' =Micos i +kr, <d<qi7ql}l) do) d3(q;,qit1)

if d(qi,qiy1)>dy or d(qi,qiv1) < do ATproa = Tiresn then
vaPFi — ny, sinyf, VAPE — My, €08 Xf

end

Listing 2. Sub-algorithm 2

The following notation is used here:
vAPE is the control component along the east axis;
vAPE is the control component along the north axis;
x{ is the course command given by the path following vector field;
My, € R is a coefficient that depends on the implementation of the path
following algorithm.

The control algorithm for UAV No.(i + 1) course will eventually look
as follows as in Sub-algorithm 3.

if d(q;,q;y1) <d, and Tprod < Tiresn then

PAFFICM (g1, q0) = P47 (qir, @) + M Y7 (@)

=~V UAPFM (¢, 1, q;)
+ i1 BF (qigr)
if d(qi7qi+1) >d, or d(qivqi+1) <do /\Tpmd 2 Tiresh then

PAFFIM (g4 1,q0) = 77 (qi41)

end

Listing 3. Sub-algorithm 3

The following notation is used here:

Qi+1,9;) is the gradient with the opposite sign of the chosen artificial

potential function;

V7 (q;11) is a vector similar to f7 (q;), but chosen for the drone number i + 1;

Nit+1 € Ry is a coefficient similar to 1;.1,but chosen for the drone number i+ 1.
For the sake of clarity, we show an expanded form of the course

control algorithm for UAV No.(i + 1) in the case of clockwise motion in

Sub-algorithm 4 below.

fAPF (
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if d(qivqi+1) <d, and Tprod < Tiresh then

APFiy _ . ¢ 1 1\ Pia—pf
Ve = M1 S %G i d(@iqit1) 4o ) @ (qii+1)

APFi _ c 1 1 P —P}
Vn = Mit1 €0 Xy + Ky d(q;,qi1)  do ) d3(qi Q1)

if d(qivqi+1) >d, or d(qi7qi+l) < do/\Tprud 2 Thresh then
APF, L. APF, i
Ve = Mvis Sln%,ﬂr] v Vn = Mvi COSX,‘C.»,_]

end

Listing 4. Sub-algorithm 4

The following notation is used here:

APFy| . .
Ve ! is the control component along the east axis;
APF| . .

v, ! is the control component along the north axis;

? PFit s the course command given by the path following vector field,;

kr.., € R>g is an adjustable constant coefficient;
My, € Ry is a coeflicient that depends on the implementation of the path
following algorithm.

Let us denote "d (q;,qi+1) < dy and T;pq < Tireq,” as Condition 1 and
d (qi,qi+1) > do or d (q;,qis1) < do A Tproa = Tires” as Condition 2.

The control sub-algorithm for absolute values of UAV velocities (i.e.,
speeds) is proposed as follows (v{ for No.i and v{, | for No.(i+1)):

arr1? | Toare]?\
o <[ve i] +[ve ’}) , if Condition 1;
=
W, if  Condition 2, )
) N 12
. ({V?PFHI} +{v?PF"“} ) , if Condition 1;
Vit1 =

vf,Fl_H, if Condition 2.

In this case, it is necessary to set speed limits in the control algorithm
itself, taking into account the peculiarities of fixed-wing UAV dynamics:

Vf S [Vmin;vmax] /\Ver] S [Vmin;Vmax] .

The following notation is used here:
Vmax 18 the selectable maximum speed value;
Vmin 1S the selectable minimum speed value;

Informatics and Automation. 2025. Vol. 24 No. 1. ISSN 2713-3192 (print) 81
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YIIPABJIEHUA

Vyr. is the speed command obtained through the path following vector field
for UAV No.i;
147 Fir is the speed command obtained through the path following vector field
for UAV No.(i+1).

It is also possible to implement a simplified version of Sub-algorithm (5)
in the form:

o= Vmax, 1if Condition 1;
7| wWpg» if Condition 2,

6
c vmin, if Condition 1; (6)
Vigr =

v?;FiH, if Condition 2.

In this case, the artificial potential field is used only for course control.

The choice of values vp,x and vyi, should be made taking into account
the dynamics of the UAYV, since a significant decrease in speed also causes
a strong loss of flight altitude. The operation of Sub-algorithm (6) implies
the acceleration of the overtaking maneuver by increasing the speed of the
overtaking UAV and reducing the speed of the overtaken UAV by higher
values than it is provided by the path following vector field algorithm. These
conditions (5)-(6) themselves imply that the velocity components in Sub-
algorithms 2 and 4 are multiplied by the same positive coefficient if the velocity
modulus is outside the limit values. Therefore, for clarity of presentation, this
multiplication by a coefficient is not written out in the stability analysis below.
This can be done since there is no influence on the process of the corresponding
reasoning.

Together, Sub-algorithms 1-4, (5)-(6) constitute an overall Algorithm
for collision avoidance between UAVs in the circular formation motion problem,
which we denoted earlier as APFfCM.

Consider a system of two fixed-wing UAVs numbered i and i + 1 that
need to perform collision avoidance. For such a system, the following theorem
is satisfied when using the proposed algorithm. A proof of stability in the case
of applying an artificial potential field in the object tracking problem was given,
for example, in [27]. However, the algorithm in that paper is fundamentally
different from the one we consider, so the proof itself is also disparate.

The considered system of two fixed-wing UAV No.i and No.(i + 1),
taking into account (1) can be represented in a generalized form:

: T,. .
d (i, qi11) = (Vgi—qi 4 (@i, 9i41)) (@i —Qiv1) s (7)
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d= (dy)
k k=i, i+1
A . . . T 1
:([p;’ pi ][ cosg singi | )®{0} (8)

. 0
(Lt pr 1 Leosg sing 7)o ] .

The following notation is used here:

@refi,i+1) 1s the phase angle of rotation for the k-th UAV;

diei i1y 1s the distance to the center of rotation for the k-th UAV;
p is the radius of the rotation orbit for the formation;

block vector d € R2%! is defined as

A N 1 0
3= (&), rrmr 2 Qar—cl =)o | g |+ g —clo-pyo| § |

through the ¢ € R?*! as the position vector of the rotation center for the UAV
formation. That is, the elements of the vector d are the distances to the circular
path given by the distances dyc(; ;1) from the considered UAV to the rotation
center of the formation:

. A
diefi i1y = diefi,iv1y —P-

The equilibrium position d (q;, q;+1) = d, is considered for the nominal
system (6), i.e., in the case when the control algorithm fulfills the condition 1; =
Ni+1 = 0. Then the summands 7; sin X, 1;c08 X, Mi+1 80 X7, 1, Mi+1COS X7y
act as non-vanishing perturbations.

Let us introduce the domains %, and %»:

A
21 ={d(qi,qi+1) € R | d(q;,qi+1) < dp Nd (qi,qi1) # 0},
P A {d(qi,qi+1) ER | d(qi,qiy1) > do}-

We consider the behavior of the system (8) only in the domain 2, since
we are interested in the convergence of the drones to a circular orbit of rotation
only after they have performed an evasive maneuver and left the “danger zone”.
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Theorem, 1. Consider domain 2\ U %,. Under the action of the
APFfCM algorithm, the trajectories of system (7) are uniformly bounded (UB),
and the equilibrium position of system (8) is locally asymptotically stable in
the domain 9,. In addition, there is no collision event between UAV No.i and
UAV No.(i+1).

Proof. As noted earlier, the final APFfCM control algorithm uses a
rotationally modified artificial potential function for UAV No.i and a FIRAS
artificial potential function for UAV No.(i + 1). For the distances to the center
of rotation ||d;||, and ||d;41]|,, the condition that ||d;|l, #0 A ||diy1]], #01is
assumed since the calculation method of some parameters is not defined when
this condition is violated.

Let us introduce the following function V as a candidate Lyapunov
function using (2):

L { UAPF (g, q11) +
2

) if d i Yi gd}v
_H]rAPFfCM (Qir1,q:) } (4 9it1) 0

V= 9)

%aTaa if d(Qh(]H-l) > d07

where constant coefficient k € R<.
The derivative of the candidate Lyapunov function V (9) can be
represented in this form:

=

K{ UAPFfCM (qia(]i+1)+

= 5 if d iy Qi gd’
+UrAPFfCM (Qi11,q:) } (i qit1) 0

V= (10)

aTaa if d(‘lia‘liﬂ) > d0~

Consider the case of d (q;,q;+1) < d,. We can obtain the following
representation for the derivative UAPFICM (q;, q;41):

T
7APFfCM APFfCM .
U, (qivqurl) = (Vpi>i+1Ur ) Pii+1,
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where p; i1 £} q; — q;+1. Similarly

. T 0
UrAPFfCM (qu’qi) = (V ,UAPFfCM> Pi+1,i-

Pi+1,i~r
Note that the following relation holds:

V. . UAPFICM (g g0 1) = Vg, UAPFICM (g, qi1)

Prierr APFfCM
= _vql'+1 U':APFfCM (qi7 qi+1)
= Vg, Us (Qi+1,9i) -

Taking into account the above, we can obtain

' T.
U;’\'PFfCM (qi, qi+1) + _ (Vpi.i+1 U;APFfCM (q;, (IH-I)) l)Ti7i+1+
+UMPFCM (g1, q)) + (Vo UMM (g3 1, q0)) Pi 1

T,. .
_ (VqUAPF M (q;,q;41)) (qTi*qprl)Jr
+ (Vi UMM (qi11,q7)) (Qigr — @)

qi+1,9:)

T
(v UMM (g, qi1) + .
Qi+ _|_UrAPFfCM ( Qi qi) qi+1

T
(v UAPFICM (g qiyy ) + Qi+
qi +U;‘\PFfCM ( i

T,
= 2(tiUrAPFfCM ((Ii,(hﬂ)) (IH;
+2(Vau UMM (qi1,q0)) Qi1
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Given the APFfCM algorithm, the derivative of the candidate Lyapunov
function (10) takes the form:

1K{ UAPFIM (g, qiv1) + }:
200 +UAPM (g1, i)

T.
L 2(Vq,UPPF M (q;,q;41)) at
+2(Vg,,  UAPF ™M (i1, q0)) " @i

T
(VUMM (g3, qi41)) %
x[-V UAPFfCM(qz,qm)R(l)Jrn%fVF (a)] +
+ (Vlgi;rlcUl\l:PFfCM (qH-l ) ql)) X
a1 Ur (Qir1,9) + i1 (i)

=K

x [~V

This equation is transformed to the following form:

K{ UM (q;, qi1) + } _
+UAPFIEM (g, 1, q)

:Q

1
2

Ep? —pillg nicos xf + (pf — pfyy) misingf] -
P =P} 771+1COSX1+1+(P1+1 P§) Misrsings, |

— e d TR = pa) (9 = i) =K (6 =) (PF = pir) —
=0
11

K2 | (=) (0 = )| ()

—K[ ( p?ﬂ) (ThCOS‘Xf—mHCOS.XfH) } _
— K +(p - pf+21)(ni81nx,~” _2i+lsmxic+1)

K2 [(pr = o) (o = )]

Here K = kr; (d(q,-.i]m) N dilo) d3(q:qi+1> =

Let us introduce the notation:
A A

X=pi—pig, Y=D0]— P

8. & misiny — iy sin g 8, 2 1:cos x¢ — My 1 cos xC
e = TSI Y; — Nip1 SINY;L , Oy =T COS Y — T 1 COS Y.
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Then we represent the obtained expression (11) in the form

2 kK? (—2% — %) +KK (~8x— 8,) (12)
—
<0

where 0, € R and 5y € R are values that should turn out to be sufficiently small,
as will be explained later. It is possible to make them so by choosing small
parameters 1); and 7);+1. The second summand in expression (12) is indefinite.

Note that the condition d (q;, ;1) A ldi — qi+1]l, — O corresponds to the
divergence of the system trajectories from the equilibrium position. At the

same time, the condition d (q;,q;+1) ES |9 — gi+1]|, = do corresponds, on the
contrary, to the convergence of the trajectories to the equilibrium position.
In the case d (q;,q;+1) — O, the quadratic summand kK?* (—x* —y?) in (12)
will dominate the linear summand kK (—8,x — &,y) if it takes positive values.
If it takes negative values, then the condition we need is satisfied. Thus,
I" (12) is negative semidefinite except for some regions near the equilibrium
position. However, this region can be made as small as desired by the choice of
parameters 9, and &, small enough. The trajectories of the system entering this
region will not be able to leave it, so uniform boundedness (UB) of trajectories
is observed. Note that such a consideration was used in many works, for
example, in [28].

To clearly illustrate the above reasoning, we made a graphical
representation of the functions. Figure 3(a) shows the three-dimensional
view in the case when the summand xK(—8x— &,y) is excluded from

the function I' (12), i.e., the function [def ES KK? (—x2 — yz) is considered.
—_——

<0
Figure 3(b) shows the case where the summand kK (—8,x — §,y) is present,

that is, the function I' (12) itself is plotted. The parameters chosen were:
dy=3, & =868,=025«=1. As can be seen, %f is always negative
or equal to zero, but I" has, near the equilibrium position, some elevation
entering the positive region of values. For an additional illustration, Figure 4
is presented, showing in blue the region near the equilibrium position
where the derivative of the Lyapunov function candidate takes positive
values. The white color in this case shows the region where conversely
the derivative takes negative values. Here the parameters chosen were:
do=3, 0,=6,=0.0015, x=1.

Obviously, if the above result holds for the entire region &, then it also
holds when the additional condition Tppq < Tiyesn, is imposed.
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a) function T9ef b) function I"

Fig. 3. Graphical plotting of the candidate Lyapunov function derivative

Fig. 4. Unstable region near the equilibrium position

If d(qi,qi+1) > dp, then, given the circular formation control
algorithm [25, 26], the derivative of the candidate Lyapunov function (10)
takes the form:

d’d = Jke{i,z’ﬂ} <PZE{,~’,~+1} cos ‘Pke{i,i+1}) +
+drefiivy (PZG{,-JH} sin (Pke{i,i+1})
= klzj;{i,i+1}‘ik€ji,i+1} COS Pre (i,i+1} COS Ve (i1} T
+ kZe{i,i+1}dk€{ivi+1} SIN Qe (1,41} S10 Lice (1411
_pr 7
= kZe{i,iJrl}dkE{i,i-i-l} cos (Xfe{i,m} - ‘Pke{i,i+1}) :
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Here cike{,»7,-+1} is the deviation of the distance to the rotation center
of the formation, defined earlier in (8); @c(; ;1) is the angle also defined
earlier in (8); x;. (Li+1} is the course control command given according to the

algorithm for circular path following [25,26]; k,vnf;x > kZé (L1} > k:;ﬁn >0
is the parameter that is determined by the condition on the UAV’s speed in
the same control algorithm for circular path following. In view of the way
the value x; (Lit1} is calculated in this control algorithm for circular path
following [25,26], we can obtain:

d’d = —k,zjé{i,,-ﬂ}jke{i,wl} sin (arctan (kodye(ii11y))
_ 7 vf 7 2\ 12
- _dke{i,i+1}kke{i,i+1}k0 (1 + (kodke{i,ﬂrl}) ) )

where k, € R+ is a tunable parameter. Note that in this case the function d’d
turns out to be negative definite along the trajectories of the system. Given the
positive definiteness of function V (9), this means the convergence of drones
to a circular orbit of rotation.

Note that for the sake of brevity, the case d (q;,qi+1) < do A Tproa =
T;res, 18 not considered separately, since the stability considerations are similar
to those given for the case d (q;,q;+1) > d,. At the same time, we assume that
the danger of a collision when T),,,q 2 Tz, vanishes due to the occurrence of
the overtaking event.

In summary, the derivative of the candidate Lyapunov function (10)
along the trajectories of system (7)-(8), in the case of the proposed APFfCM
algorithm and the circular path following algorithm [25,26], takes the form:

—K[ (P} = piy) (micosxf —Miprcosxfy ) ]
K +(Pz¢_1’f+21) (nismlf—zl'ﬂ sin s ) ;
—K2 | (P =)+ ()]

V= if d(q;,qir1) <do:

2
v} X

k(14 (kod Ny d
XK iit1) 0( + (Kodreiity) ) ,if d(qi,qiy1) > do.

Hence, we conclude that the derivative of the candidate Lyapunov
function along the trajectories of the system (8) is negative definite in the
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domain %,. From this, taking into account the positive definiteness of the
function (9), the local asymptotic stability is obtained.

Since uniform boundedness (UB) (so-called Lagrange stability) is
satisfied for all trajectories of the system (7), the candidate Lyapunov function
itself is bounded for bounded states. The event of a collision between UAVs No.i
and No.(i+ 1) will take the candidate Lyapunov function (9) to 4-co . Thus, we
can be sure that such a collision will not occur. As a result, by using the direct
Lyapunov method, it is possible to guarantee the absence of a collision event.
This completes the proof.

3. Simulations on full nonlinear fixed-wing drone models. Further,
we present the results of modeling the algorithm in MATLAB/Simulink on full
nonlinear models of four small “flying wing” type Zagi UAVs equipped with
tuned autopilots. These models are built according to the monograph [29]. In
the same monograph, the model parameters and features of its implementation
in MATLAB/Simulink environment, as well as the details of autopilot synthesis
are described.

Figure 5 shows the UAV flight trajectories in the case of using the
APFfCM algorithm proposed in this study.
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Fig. 5. UAV flight trajectories in case of using APFfCM algorithm
The radius of the “danger zone” (“safety radius”) was chosen to be
d, = 100 m. We also selected T},.s, = 5-10° . In the specified figure, the
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deviations of the trajectories as a result of performing an evasive maneuver by
both UAV No.i and UAV No.(i+ 1) (in this case, UAV No.1 and UAV No.2)
are clearly visible.

Figure 6 shows the distance between UAV No.i and UAV No.(i+ 1)
during the simulation. In this graph, the peak occurring at about 32 seconds
is due to the fact that starting at about 32 seconds, the UAVs commence to
move closer together on converging courses. This in turn is caused by the fact
that after moving away to a reasonably safe distance by about 32 seconds, the
UAVs begin to return to collective circular motion, which assumes converging
courses while moving.
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Fig. 6. Distance between UAVs during a flight in case of using APFfCM algorithm

It can also be observed in Figure 6 that the evasive maneuver does not
start immediately after exceeding the “safety radius”. This is due to the fact
that the path following vector field, rather than the artificial potential field,
has a stronger influence at first. As a result, there is a balance between the
necessities of maintaining the overall circular strategy and collision avoidance.
Figure 7 shows how the value of the triple product 7),,,4 changed. In this graph,
the moment of sign change corresponds to the moment one UAV overtakes
another UAV. From the comparison of Figures 1 and 5, the advantage of the
approach proposed in this paper over the algorithm from [20] is clearly visible:
UAVs do not make unnecessary meaningless turnarounds and save resources.
This advantage arises mainly because the algorithm from [20] was designed
for rotary-wing drones and therefore is not directly applicable to fixed-wing
UAVs.
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Fig. 7. Changes in the value of the triple product 7,54

To numerically compare the proposed algorithm with the standard
algorithm, the following metrics are considered. Integral course angle /°°"™¢:

Icourseé/T (‘xi|_’_yxi+1’)dt
) ’

where 1y is the start time of the collision avoidance maneuver; T is the end time
of this maneuver; xi is the course angle of the UAV No.i; xiH is the course
angle of the UAV No.(i+ 1).

Integral path error /P2

gpath A T(’ei‘+|ei+1|)dt
0 ’

where ¢ is the path error of the UAV No.i; e/ + 1 is the path error of the
UAV No.(i+1).
Integral control effort U:

a LT i+l it
U:H/to {le =2+ | =2} ar,
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where a* is the coefficient determined by the course angle control loop; xlis
the commanded course angle of the UAV No.i; y:*! is the commanded course
angle of the UAV No.(i+ 1).
The maximum total angle of deviation from the initial course y*"™:
1o 2 max X'+ max |x’| + max yt!

i+1 |
2R 2'€Ro 1H1eR

+ max |x
}('+IER<0

Table 1 shows the numerical values obtained from the simulation to
compare the APFfCM and standard APF algorithms.

Table 1. Algorithm comparison results

Algorithm variant J60Urse rad eath U, rad/s 2%U™, rad
APFfCM 62.38 798.1 43.76 4.69
Standard APF 107.42 966.1 43.31 7.76

From the comparison of the algorithms, we can conclude that the control
effort is almost the same. At the same time, the integral course angle and the
maximum total angle of deviation from the original course are significantly
larger for the standard APF algorithm. This result is explained by the fact that
in the standard APF algorithm, a complete turn of one of the UAVs occurs,
which also affects the final trajectory of the other UAV involved in collision
avoidance. The integral path error is much larger for the standard APF, which
affects the time to return to the final circular path line and the subsequent
construction of the given formation geometry by the drones.

4. Conclusion. In this study, a collision avoidance algorithm is
proposed for coordinated circular motion of a group of autonomous fixed-wing
type UAVs (drones). In this case, one of the drones must overtake the other in
order to build a given formation geometry. At the same time, the formation
must keep following a circular path line. Compared to the algorithm for
rotary-wing UAVs, a modification was required to account for the limited
maneuverability of fixed-wing drones due to their nonholonomic dynamics.
Also, the uniform boundedness (UB) of the system trajectories allowed to
guarantee that collision events between UAVs will not occur. The simulation
results on the full nonlinear models of the fixed-wing type UAVs clearly show
the advantages of the proposed approach.
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T.3. MYyCJIMIMOB
MNPEAJOTBPAIIIEHUE CTOJIKHOBEHMI I[TPM KPYTOBOM
JABUZKEHUMU I'PYIIIIBI TPOHOB CAMOJIETHOT'O TUITIA HA
OCHOBE BPAHIATEJIBHOIZ MO/INPUKAIINN
NCRKYCCTBEHHOI'O IIOTEHIIMAJIBHOI'O I1OJIA

Mycaumos T.3. IlpeoTBpaineHne CTOJIKHOBEHHII NPH KPYrOBOM [BH:KEHHH TDYNIbI
JAPOHOB CaMOJIETHOIO THIA HAa OCHOBEe BpamaTeJIbHON MONU(PHKAINH HCKYCCTBEHHOIO
NOTeHIUAJILHOT0 MO0JIs.

Annoramusi. IIpu cornacoBaHHOM KpyroBOM JBUKEHHY TPYIITBI aBTOHOMHBIX OECIIIOTHBIX
netatenbHbIX anmapatos (BITJIA wm poHOB) BaXHO 00€CIIeUNTh PEAOTBPAILIEHIE CTOJTKHOBEHHMI
Mex Iy HIMH. XapaKTepHasi CUTyallisl BOSHUKAET B TOM CJIydae, eCJIM OJUH U3 JPOHOB KPyroBOM
¢opmarm 1omkeH 0OOrHaTh BHiepeau JieTsiero. IlpuunHa HeOOXOAMMOCTH TaKOro OOroHa
MOXET 3aKJI04yaThCcs B 3aJaHHON reomerpur (opmarmu BIIJIA, xorma sta koHpurypauus
332JaHHOTO B3aMMHOTO ITOJIOXKEHHsI IPOHOB IIOMEHsUIACh 10 Kakoi-1mbo npuuuHe. [Ipn atom
orpaHiyeHHasi ManeBpeHHOCTh BITJIA MMEHHO CaMOIETHOTO TPeOYeT yueTa OCOOEHHOCTER UX
JUHAMUKY TIPY CUHTE3€ aJrOPUTMa MPe0TBPAILEHU CTOIKHOBEHUIA. 311€Ch TAK:Ke UIPAeT PoJlb
HEBO3MOXHOCTb Ia/IeHUs BO3/1y11IHOI ckopocT BITJIA camoneTHOro Tura Huxe onpeeaeHHOro
MHHHMMAJIbHOTO 3HAa4eHUs. B JaHHOI cTaThe MpeasaraeTcsl UCIONb30BaTh MOIXOA Ha OCHOBE
BHXPEBBIX BEKTOPHBIX N0JIEH, KOTOPHIE 110 CYTHU SBJIAIOTCS BpalllaTeIbHON MoauduKaueil MeTona
HCKYCCTBEHHOTO noTteHiuansHoro nosus (APF). I[Ipu 3T0M KpyroBoe JBrkeHHe 00eCTIeunBaeTCst
pa3paboTaHHBIM B IIPEABIIYIINX HANIMX paboTax aJrOPUTMOM CJICOBAHMUS BIOJIb JIMHUHU ITyTH.
B urore ObUT MpeNIOKEH AITOPUTM MPEJOTBPAIICHUsT CTOIKHOBEHHMI, KOTOpHI paboraeTr
3 (eKTHBHO, COXPaHsIsI COINIACOBAHHOE KPYTOBOe JBUKEHHE aBTOHOMHOM (hopMariuy JpoHoB Oe3
M3JIMIIHKX pa3BopoToB. [JaHHblii anroputm ObuT Ha3BaH «Artificial Potential Field for Circular
Motion» (cokpamienHo APFfCM). C nomoipio npsiMoro Metoja JIsmyHoBa MoKa3aHO, 4To
TPAEGKTOPHH CHCTEMBbI (hOPMALIY 00JIAIAI0T PABHOMEPHON OrPaHUYCHHOCTBIO MPU MCHOIb30BAHUH
IpeJIaraeéMoro aJropuTMa yIpaBjlIeHUsA. 3a cueT OrpaHMIEHHOCTH KaHAuAaTa Ha (DyHKIUIO
JIsimyHOBa NPH 9TOM rapaHTHPOBAHO, YTO HE IIPOU30MIET COOBITHS CTOIKHOBEHHSI MEX/1y APOHAMH.
TakuM 00pa30M LieJIb yIpaBJIeHUs N0 00ECIEeUCHHIO COITTACOBAHHOTO KPYrOBOTO IBIKEHU Oe3
CTOJIKHOBEHUIA [l aBTOHOMHOI I'PYIIIbl JPOHOB CAMOJIETHOTO TUMNa Aocturaercs. ddexkTuBHast
paboTa MmpeaIaraeMoro ajaroputMa MpojeMOHCTpupoBana Ha mopessix BITJIA camoneTHOro
Tuna («Jerawoiiee Kpbiio») B cpeie MATLAB/Simulink. DTy Mozaesm 00/1a1al0T Kak HOJHOM
HEJIMHEIHON JUHAMMKOM, TaK U pealu3alieil HACTPOSHHBIX aBTOMMIOTOB, CTAOMIU3HPYIOLINX
YIJIOBOE U TPACKTOPHOE IBIDKEHHE.

KiroueBbie cJ0Ba: NpeoOTBpallleHHe CTOJKHOBEHHMH, IPYMNIBl JPOHOB, CHCTEMa W3
HeckombKHX BITJIA, MeTos HCKyCCTBEHHOTO MOTEHIMAILHOTO HOJIsl, BUXPEBOE BEKTOPHOE IIOJE.
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