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DEVELOPMENT OF CONTROL LAWS OF UNMANNED
AERIAL VEHICLES FOR PERFORMING GROUP FLIGHT
AT THE STRAIGHT-LINE HORIZONTAL FLIGHT STAGE

Abstract. The article proposes an improved approach to controlling groups of unmanned aerial vehicles (UAVSs) aimed
at increasing the overall efficiency and flexibility of the control process. The use of a heterogeneous external field, which
varies both in magnitude and direction, allows achieving greater adaptability and accuracy in controlling a group of UAVSs.
A vector field for unmanned aerial vehicles determines the direction and intensity of the vehicles' movement in space. Such
vector fields can be used to develop UAV control laws, including determining optimal flight paths, controlling speed,
avoiding obstacles, and ensuring coordination of a group of UAVSs. The subject of the study is the methods of controlling
groups of autonomous UAVSs, where each vehicle may have different speeds and flight directions. To solve this problem,
various methods of using a heterogeneous field have been developed and proposed. Instead of using a homogeneous field
that provides a constant flight speed, a vector field is used that adapts to different conditions and characteristics of the
vehicles in the group. This method allows for effective group management, ensuring the necessary coordination and
interaction between the vehicles. An analysis of recent research and publications in the field of autonomous system control
indicates the feasibility of using machine learning, vector fields, and a large amount of data to successfully coordinate the
movement of autonomous systems. These approaches make it possible to create efficient and reliable control systems. The
aim of the study is to develop laws for controlling the movement of a group of autonomous unmanned aerial vehicles at the
stage of straight-line horizontal flight based on natural analogues to improve the efficiency and reliability of their coordinated
movement in different conditions. The main conclusions of the research are that the proposed method of controlling groups
of UAVs based on a heterogeneous field can be implemented. It takes into account a variety of vehicle characteristics and
environmental conditions that are typical for real-world use scenarios. This work opens up prospects for further improving
the management of UAV groups and their use in various fields of activity. The article emphasises the relevance of technology
development for autonomous unmanned systems, especially in the context of autonomous transport systems.
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Introduction

Unmanned aerial vehicles (UAVS) can be used in
single and group flights to perform military and
economic tasks.

Managing a group of UAVs may involve deploying
a different number of aircraft with different
characteristics, such as speed and direction of flight.
Group flight is carried out to achieve common goals.
Distances between aircraft and other group parameters
can be measured by sensors and calculated in real time.
Control laws take these distances and other parameters
into account to make decisions about movement,
trajectory control, and mission execution for the group of
UAVs.

The management of autonomous transport systems
is evolving rapidly, opening up new opportunities to
improve traffic flow and reduce accidents. One of the
ways to achieve these goals is group driving in a straight
line. This innovative technology promises to ensure
efficient and safe operation of autonomous vehicles on
the road, but for its successful implementation,
appropriate laws and regulations need to be developed.
In this article, we will look at important aspects of the
development of governance laws for group driving in a
straight line and their implications for collaborative use.

The relevance of this article lies in the fact that the
development of technologies for autonomous transport

systems is becoming increasingly important in the
modern world. Swarming unmanned aerial vehicles
capable of following a straight line in a group promise
great potential for improving road safety and reducing
traffic congestion. However, in order to ensure their safe
and efficient operation, it is necessary to develop
appropriate laws and regulations that take into account all
the nuances of this innovative technology. Therefore, this
article will look at the importance of establishing an
appropriate legal framework for cooperative tracking and
discuss the possible consequences and benefits of this
process.

Analysis of the latest research and publications

A literature review and analysis of articles and
studies by other authors in the field helps to provide more
information and context on the issue. Below are
examples of the results of the literature review. Control
methods in the field of autonomous driving. Many
studies, including those by Waymo engineers, consider
the use of machine learning to solve autopilot control
tasks. For example, they use neural networks to analyse
the traffic situation and make driving decisions [1-4].

Vector fields in control. Articles by researchers
from Stanford University consider the use of Lyapunov
vector fields for autonomous control. They use these
fields to create optimal paths for a car to reach a given
position [5-7].
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Availability of a large amount of data. Studies show
that one of the key requirements for the successful
management of an autonomous system is the availability
of a large amount of data for training and analysis. For
example, Tesla collects large amounts of data on traffic
situations to improve the efficiency of its autopilot [8-13].

Successful implementations. Some articles provide
examples of successful implementations of driverless
autonomous vehicles. For example, Google Waymo has
a pilot project with self-driving taxis in selected cities
[14-16].

The ability to process large amounts of data in real
time. As a result of research conducted by Ukrainian
scientists, new methods for numerical solution of integro-
differential equations have been proposed. The main
advantage is the reduction of computational costs in
solving dynamic models for remote control of unmanned
aerial vehicles expressed through integro-differential
equations with K-positive defined K-symmetric
operators based on the improvement and application of
the theory of variational gradient methods to these
equations [17, 18].

The literature review helps to understand the trends
and advances in the development of control laws for
autonomous vehicles. The use of examples helps to
concretise these approaches and technologies used by
researchers and engineers to achieve the goal of
autonomous driving and coordinated movement of
multiple vehicles in a limited space.

The aim of the study is to develop laws for
controlling the movement of a group of autonomous
unmanned aerial vehicles at the stage of straight-line
horizontal flight based on natural analogues to improve
the efficiency and reliability of their coordinated
movement in different conditions. It is assumed that the
implementation of the developed control laws will
improve the accuracy of controlling a group of unmanned
aerial vehicles and ensure the adaptability of the process
to changing external conditions.

Performing research

1. Development of control laws for the flight
of the group at the gathering stage in
accordance with the general heading angle

The vector field for UAVs includes vectors that
define paths or control vectors for the vehicles at
different points in space. This field can represent
parameters such as speed, direction, location, and other
important values that affect the movement of the UAV.
UAV control can be autonomous, when the vehicles
make decisions on their own based on algorithms and
sensors, or remote, when the operator or pilot controls
them manually. It is important to determine which
control method is most suitable for a particular task or
scenario. Managing a UAV group involves coordination
and collaboration between a different number of aircraft.
Groups can be of different shapes and arrangements, and
it is important to determine how each vehicle interacts
with the others and how they achieve common goals. The
shape of the group depends on the task it is performing.
For example, a group of UAVs conducting a

reconnaissance mission may form a row or a circle to
ensure maximum coverage.

A group of UAVs performing an attack mission can
form a wedge or a diamond to ensure maximum strike
power (Fig. 1).
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Fig. 1. Possible representation
of different classes of UAV groups:
a — direct physical interaction; b — formations;
¢ — swarms of vehicles; d — cooperation

Group parameters include distances between
vehicles, intervals between vehicles, distances between
targets, and possible overruns. These parameters are
determined based on the needs and objectives of the
team, and their selection is important for the successful
completion of the mission. Distances between vehicles
can be measured using sensors such as GPS, radar, or
embedded laser distance systems. This data can be
transmitted wirelessly or over a data network for further
analysis and use in the control system. Control laws are
the rules, algorithms and strategies that define how
UAVs should respond to different situations and perform
tasks. They can include calculating optimal paths, speed
control, obstacle avoidance, and coordination between
vehicles. Properly designed governance laws ensure that
UAVs operate efficiently and safely.

There are two main strategies for synthesising
standard UAV autopilots [1].

1) The method of successive loop closure.

In this approach, the control loops are arranged in
such a way that the reference signal for the inner loop is
generated by the outer control loop (Fig. 2).

The most important advantage of this method is the
simplicity of implementing input constraints for flight
parameters (e.g., roll and pitch angles) and actuators,
since the control inputs can be limited before they enter
the inner loop. The basic rule of thumb is to ensure "fast"
dynamics of the internal loops and "slower than before"
dynamics for each new loop that is added. The main
difficulty here is the lack of formalisation of the concepts
of "fast" and "slow", as well as the difficulty in
determining whether the interaction between the outer
and inner loop is too strong (for example, closing the
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outer loop may degrade the efficiency of the inner loop,
requiring the synthesis to be performed again). The

0

bandwidth of the outer loop is usually chosen to be
5-10 times smaller than that of the inner loop [2].
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Mavigation
g—
system
Koo ¥ W,

Fig. 2. An example of a series circuit closure

2) Autopilot synthesis for full dynamics - linear or
nonlinear.

The advantage of this approach is the ability to use
state-space methods for the full coupled dynamics of the
UAV. However, it is difficult to take into account the
saturation of actuators in this approach and it is difficult
to include state constraints. In addition, such autopilots,
especially for UAV flight with high flight dynamics, are
very sensitive to errors and simplifications in
mathematical models [3].

By modifying the interaction architecture, a
heterogeneous method can be described that is proposed
both in terms of the magnitude and direction of the path
vector field.

To control single UAVS, the paper proposes the
method of the path following vector field. A similar
method is called the Lyapunov vector field method. It is
assumed that a single UAV maintains a constant flight
speed, so the field is homogeneous in size.

Various methods of a vector field that is
heterogeneous in both magnitude and direction have been
developed to control a group of UAVS.

Let's choose the control law for the UAV speeds as
follows:

Cc c
\% :(Vi )i:;LT\j =

Vi Earctg(k\’,‘ e))? +
T

gy @
+u+vE Zarctg(kZ el ))?

T i:m
where ké”") are positive constants that determine the
smoothness of the vehicles' reaching the given relative
positions in the n and z directions, respectively, vﬁ”")

are the maximum values of the norm of the additional
velocity vectorsvi andv} in the n-direction andr

direction, v is the swarm cruising speed, optimal in terms
of the UAV's aerodynamic characteristics.

Let's choose the control law for the UAV's heading
angles as follows:

2=

20+
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where 7% is the final heading angle of the UAV

formation.

When developing and implementing control
laws, it is advisable to take into account the range of
heights and speeds of straight-line horizontal flight of
UAVs. This range usually represents the area in which a
UAV is able to perform a straight-line horizontal flight at
a constant speed without external influences (Fig. 3).

flight
height

Vo flight speed Vi
Fig. 3. Example of UAV altitude and speed range

As shown in Fig. 3, the range of altitudes and speeds
is limited by the lines of minimum Vmin(H) and
maximum Vmax(H) permissible flight speeds. Inside the
range is the flight line with the maximum aerodynamic
quality Kmax, which corresponds to the maximum flight
duration. The operational range of altitude and flight
speed (shaded area) includes the area limited by the
minimum permissible normal overload n, = 1.02

(minimum acceleration in g units that ensures the
execution of a turn).

Proposition 1. If the control laws, v® #° are given

in accordance with equations (1) and (2), then in the
dynamic system of a UAV swarm, the equilibrium point
is asymptotically stable in general (given without proof).
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Thus, the control laws (1) and (2) define a

heterogeneous vector field of the path F ‘R? >R of
each UAV in the two-dimensional flight space of a group
of UAVs. The norm of the field vector at a particular
point in space is a speed command for the vehicle located
at that point, and the direction is a heading command [5].

2. Development of control laws for the flight
of the group at the stage of the group's
entry into a straight path

Let's choose the control law for the UAV speeds
as follows:

0l 0
Ve = (v )izm =

2 2
vsin(y;)-vine =
7T +
Ilne Ilne 3
_ xarctg (K, ) R (NX) (3)
5 \2
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The control law for the heading angle will be
chosen as follows:
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Fig. 4 shows an example of a group of four UAVs
moving along a single straight path.

Let us consider the following vector:

Al =
.
_ Aine ®[1 O] + < RE@N-Dx ®)
+[A o e o
where  Ajpe = (arctg(e. e))  er(ND
i=LN
and A =(arctg (éir_l,i)) _ eR(NM
i=2,N

For each i-th device, we can choose the following
Lyapunov function:

~line 2

=—(| )%. (6)
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Fig. 4. An example of forming a group of four UAVs during formation building

The derivative of the function along the
trajectories of the UAV swarm system using the
control laws (3) and (4):

5
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With the help of the Gronwall-Bellman Lemma, it
is possible to obtain:

~line

Vs(e. )<exp( or)Vs (8
It follows from (6) and (7) that

é| ne (t)

(0)) . (7

<exp(-or/2)e™
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<exp(-or/ Z)emaxline’ Vvt €[0,+0).

Thus, we can consider e. (t) for each i-th UAV
as a function that disappears over time [6].
Assertion 2. If the control laws v®' and ;(0' are

given by equations (3) and (4), respectively, then in the
dynamic system of UAV operation, the equilibrium point
is asymptotically stable in general [7].

Proof. Let us choose the following positive
quadratic form as the Lyapunov function:

~| ~|
WE)=@) A -
N . N (8)
-y |n((ef_1,i)2+1)— 3 In((e:me) +1).
(i=2) (i=2)
The derivative of this function can be transformed
as follows:
Vi@ 0= (A)Te .
Under the assumption of no wind, the derivative of

the Lyapunov function (8) along the trajectories of the
UAYV group system can be expressed as follows [8]:
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Taking into account (3) and (4), when using the
dynamics in the form of components \/1' (é“ne,t) and
\/2' (éT ,t) in equation (9), they take the form:
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Next, \/2' (ér,t) can be converted in this way:
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Further, the derivative of the Lyapunov function o
can be represented as [9] —arctg (ei—l,i )+ e it
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a vanishing function [14].

. s ~|
At the same time, the application W, (e ,t) does not

allow us to say which trajectories are constrained and
whether constrained trajectories exist in our case at all.
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Since the chosen Lyapunov function is positively

~ line 2 . . .
(kleXp(—Gt ! 2)emax ) defined and bounded, all trajectories are bounded.

~  line\2 Vo(®) The scope of Q, implies that Wl(el) =0 is equivalent to
1+(klexp(—o-t/2)emax )
~line ~ T ~line
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Let us introduce the notation [16]: o - Lline
(—ek—l,k ek,k+1) =0.,en-1N =0,en =0.
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Thus, all trajectories end in
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Note that the integral of J0+°°|dt is convergent  and the system is asymptotically stable as a whole [18].

because Conclusions

lim (1/ (exp(-ot/ 2))2| = This paper investigates and proposes a method for
to0 controlling groups of unmanned aerial vehicles (UAVS)
~  line\2 based on a heterogeneous path vector field. This work

= (kze”‘ax ) >0 extends the existing approaches aimed at improving the
accuracy and coordination of UAV group actions and

and integral J‘0+°° (exp(~ct / 2))?dt is the same. takes into account the diversity of their characteristics,

such as speed and direction of flight.
The main conclusion is that the proposed method of

. . +00 .
Accordingly, it can be argued that Io ldt=y eR, a heterogeneous vector field proved to be effective and

where y is a bounded constant whose value depends on  efficient for controlling groups of UAVSs. It provides

the initial positions of the devices, the parameters of the ~ dreater  flexibility and ~adaptability compared to
final path, the tuning coefficients and the characteristics ~ traditional methods that use homogeneous vector fields.
of the devices themselves [17]. The studies conducted have shown the importance of

Then, applying the Gronwall-Bellman Lemma, we further research in the field of UAV group management

can obtain: and the development of more complex strategies for

10.

interaction between vehicles. In the future, these methods

Ve (é' ) <v{ (g' (0))exp [J‘*‘” Idt} - can be applied in various fields, including military,
0 commercial and scientific use, to improve the coordination

oyl and efficiency of group tasks, thereby ensuring the further
=Vo (e (O))exp(y )- development of unmanned aerial systems.
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Po3poOka 3aKkoHiB ynpaBiiHHA 0€3MJIOTHUMM JIITAJILHUMH alapaTaMu I BHKOHAHHS IPYNOBOIO MOJILOTY
Ha eTani NPAMOJIiHIi{HOr0 TOPU30HTAIBHOIO MOJIbLOTY

0. B. bapa6ar, A. 0. Kup’sHoB

AnoTtaunisi. B craTTi npomnoHyeThca yIOCKOHAICHUN MiAXiJ IO YIPaBIiHHS TpynaMy Oe3MiTOTHUX JITaIbHUX anapaTiB
(BIJTA), mo copsMOBaHO Ha MiABHIICHHS 3araibHOi €(QEeKTUBHOCTI Ta THYYKOCTI MpOIECY YHIpaBIiHHA. BukopucraHHS
HCOHOPIHOTO 30BHILITHBOTO MOJISI, SIKE 3MIHIOETHCS SIK 3a BEJIHYMHOIO, TAaK 1 32 HAMPSIMOM J03BOJISIE TOCSATTH OiBIION
aJIalITUBHOCTI Ta TOYHOCTI B ympaBiniHHi rpynoro BIIJIA. BektopHe mone st O€3MiJIOTHUX JITATbHUX amapariB BH3HAUae
HamnpsIMOK Ta IHTEHCHUBHICTb PyXy amapariB y npoctopi. Taki BEeKTOpHI 1MoJist MOKYyTh OYTH BUKOPHUCTaHI AJI PO3POOKH 3aKOHIB
ynpasninas BITJIA, BkiIroyaoun BU3HAYEHHS ONTHMAlbHUX IUIAXIB PyXy, KEpyBaHHs LIBHJAKICTIO, YHUKHEHHS IEPEIIKO] Ta
3abe3nedyeHHs koopauHauii rpymu BIUJIA. IlpenmMeTom nocaigKeHHsI € METOAM YIpPaBIiHHS rpynamu aBToHOMHUX BITJIA, ne
KOJKeH amapaT MOXX€ MaTd pi3Hy MIBHAKICTh Ta HANpsSIMKH NOubOTy. s BupimeHHS Ii€i mpobiaemu po3pobieHo Ta
3aMpPOIIOHOBAHO Pi3HI METOIM BUKOPHCTAHHS HEOTHOPIAHOTO IOJI. 3aMiCTh BUKOPHCTAHHS OJHOPITHOTO MO, SKe 3a0e3nedye
MOCTiIHHY MIBHAKICTB MOJILOTY, BUKOPHCTOBYIOTH BEKTOPHE, SIKE QIANTY€ETHCS IO PI3HUX YMOB i XapaKTEpUCTHK alapatiB y TPyTIi.
Leit MeTon m03BOJsIE eEKTHBHO KEPYBATH IPYIIOK0, 3a0€3MeUyI0ur HEOOXiMHY KOOPIUHAIIIO Ta B3a€MOIII0 MK armapaTami.
AHaJ3 oCTaHHIX OCTI/PKEeHb Ta IyOiKalliil y raiy3i ynpasiiHHS aBTOHOMHUMH CHCTEMaMH BKa3y€e Ha JOULIbHICTh BUKOPHCTAHHS
MAIIMHHOTO HaBYaHHsI, BEKTOPHUX IIOJIIB Ta BEMKOI KITBKOCTI JAHUX JUTS YCIIIIHOI KOOPAUHALIT pyXy aBTOHOMHHUX cucteM. JlaHi
Ii/IXO/TM TO3BOJISIIOTH CTBOPUTH e(DEeKTUBHI Ta HailiHI cCUCTeMH yrpaBitiHHs. MeTo0 T0CTizKeHHs € po3po0Ka 3aKOHIB YIIPaBIiHHS
PyXy TpynH aBTOHOMHHX OC3MiIIOTHHX JITAIBHUX anapaTiB Ha eTami MpPsSMOJIHIHHOTO TOPH30HTAIBHOTO ITOJBOTY Ha OCHOBI
TIPUPOTHNX AHAJIOTIB IS MiABUINEHHS e(QEeKTUBHOCTI Ta HAAIMHOCTI iX KOOPAMHOBAHOTO PyXy B pi3HMX yMoBax. OCHOBHHMH
BHCHOBKAMH JIOCTI/IZKeHb € Te, IO 3alpOIOHOBaHUN MeTox ynpasiiHHA rpynamu BIIJIA Ha 0CHOBI HEOTHOPITHOTO IO MOXKE
OyTH peanizoBaHuM. BiH BpaxoBye pi3HOMaHITHICTh XapaKTEpHUCTHK arapaTiB Ta YMOB JOBKULIA, IO € THIOBUMH JUIS PeabHHUX
creHapiiB BUKkopucTaHHs. L[s poGoTa BifkpHBae IMepCIIeKTHBY I OJAIBIIOT0 BIOCKOHANICHHS ynpasiinHs rpymnamu BITJIA Ta ix
BHUKOPUCTAHHS B Pi3HUX cdepax HisIbHOCTI. B CTATTi MiAKpeCcHoeThesi aKTyalbHICTh PO3BUTKY TEXHOJIOTIH Ui aBTOHOMHHX
0E3MIOTHUX CHCTEM, OCOOIMBO B KOHTEKCTI aBTOHOMHHX TPAHCIIOPTHUX CHUCTEM.

KawuoBi ciaoBa: Ge3miyioTHI JNiTajbHI amapatd; TPyHOBHH MOJIT; YHPaBliHHS aBTOHOMHHUMH CHCTEMaMH; BEKTOPHI
nosist JIsimyHoBa; HEHPOHHI MEpesKi; TEXHOJIOTiT aBTOMIOTY.
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