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CONTROL MODEL OF A GROUP OF MANEUVERABLE UNMANNED AERIAL
VEHICLES TAKING INTO ACCOUNT THEIR FLIGHT SAFETY

Abstract. The article deals with the urgent scientific problem of creating an algorithmic support for an automated
situational control system for group maneuverable unmanned aerial vehicles, taking into account the possibility of
improving their flight safety. To realize this possibility, the authors proposed a non-linear flight model of group formation.
This is the basis for the synthesis of nonlinear control laws for these aircraft. The difference of the proposed approach is
taking into account the influence of changes in the speed and direction of wind flows on the laws governing the movement
of aircraft in a group. Promising areas of research are considered, namely: the application of the results obtained to justify
the requirements for the design characteristics of control systems and their algorithmic support in terms of not only
improving their flight safety in group formations, but also ensuring the specified performance indicators for a wide range of

possible flight tasks by a group of maneuverable aircraft.

Keywords: mobile unmanned aerial vehicles, control system, control law, aircraft group, information channel, flight
safety, group flight, wind effects, control laws, model flight safety.

Introduction

Today, the dominant advantage of using modern
unmanned aerial vehicles (UAVS) as part of groups is a
significant increase in the probability and effectiveness
of flight tasks, while the disadvantage is the
impossibility of ensuring the necessary level of flight
safety during intensive maneuvering under the influence
of the state of the atmosphere and especially variations
in speeds and directions wind currents. A promising
approach to overcoming this shortcoming is the
appropriate organization of the process of managing the
simultaneous use of a large number of UAVs in a group
flight. The term “group flight” reflects the process of
simultaneous, compatible, coordinated, synergistic
(organizationally interconnected) functioning of several
aircraft (which as a rule have different flight and
technical characteristics load functional purpose
equipment configuration etc.) with a clearly defined
purpose flight task. Current flight tasks, the
effectiveness of which increases significantly with the
group use of UAVSs, today include: surveillance with the
accumulation or operational real-time transmission of
the necessary information about ground and air objects;
search and detection of objects, constant monitoring of
them with the necessary and possible information and
energy or other effects on their functioning;
transportation of oversized cargo; performance of
aviation and chemical works; fire extinguishing;
carrying out special monitoring; retransmission,
switching, routing and transformation of departmental
radio communication signals; solutions of applied
scientific tasks on the study of the earth's surface;
patrolling etc. The implementation of the appropriate
management organization for the simultaneous use of a
large number of UAVs in a group flight with the
provision of a given level of flight safety during
intensive  maneuvering under the influence of
atmospheric conditions is proposed to be ensured

through the creation of algorithms for the operation of
the control system of these moving objects. Today
appropriate automated control systems for the group use
of UAVs (complexes of mobile aviation systems) are
being developed, but it is advisable to pay more
attention to the issue of increasing the level of flight
safety during intensive maneuvering under the influence
of the state of the atmosphere, and especially variations
in the speed and direction of wind flows. Therefore this
scientific article is devoted to the solution of this
relevant applied task.

Analysis of recent research and publications

A significant amount of scientific research, the
results of which are reflected in well-known
publications, is devoted to the modeling of management
processes in complex, dynamic, large organizational
systems, which undoubtedly include groups of aerial
vehicles and especially unmanned ones. It is appropriate
to focus attention on the latest achievements of
scientists in this field and analyze the results of their
research, which are reflected in their published scientific
works. In [1] describes an approach to planning the
flight path of “unmanned aerial vehicles” and presents a
model of a group of aerial vehicles, which shows the
possibility of modeling movement along trajectories
approximated by arcs of constant and variable
curvature, as well as Pythagorean Hodographs. The
advantages and disadvantages of modeling the
movement of UAVs and the conditions for applying the
specified approaches to the approximation of
trajectories are shown. The article [2] analyzed the
existing approaches and features of UAV control,
described its mathematical model, and proposed a
number of different approaches to controlling such
aerial vehicles. The main ideas, terms of use,
advantages and disadvantages of the proposed
approaches are illustrated and discussed. The structural
schemes of the UAV as a control object using aerobatic,
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navigation and automatic control methods are
considered, the architectural components of these
schemes are described.. The article [3] examines the
existing methods of evaluating the effectiveness of the
use of unmanned aircraft systems and proposes an
improved methodology for evaluating the effectiveness
of the use of formations of unmanned aircraft systems
under the conditions of unauthorized influence of
various factors not only directly on the devices
themselves during their flight tasks, but also on groups
of unmanned aircraft complexes. It is indicated that
since the UAV control process is stochastic, it is
suggested to use probabilistic indicators to evaluate the
efficiency of the use of units of these aerial vehicles,
namely: the probability of successful completion of
flight tasks, the guaranteed probability of completing
tasks, the probability of completing a number of tasks
from their total number, the average guaranteed result,
mathematical expectation of the number of successfully
completed flight missions by UAV complexes. In
scientific works [4-6] the authors comprehensively
considered the features and specifics of group use of
UAVs. A probabilistic method of justifying the choice
of a control system for a group of unmanned aerial
vehicles is proposed which is based on Markov
probabilistic models of changes in discrete states in
continuous time. The possibility of differentiating the
intensities of event flows depending on the states is
taken into account. The difference between the results
obtained by the authors in these works is the
consideration of the widest possible range of possible
application circumstances: the only requirement for the
functioning of the “UAV group - object of application”
system is to ensure compliance of the random flow of
events with Markov conditions. The article [7] presents
the approaches and results of the study of effective
online planning of UAV logistics in emergency
situations. These studies are based on the use of
optimization algorithms. The paper [8] proposes
approaches to the synthesis of the UAV control and
monitoring subsystem, and the article [9] describes a
secure voice control system for this aerial object.
Scientific works [10-12] are devoted to the construction
of mathematical models of the movement of UAVS as
dynamic objects, taking into account the characteristic
features of actions and tactical and technical capabilities
of the aircraft for the synthesis of the control system
with support for decision-making regarding the planning
of optimal UAV routes.

Thus, the analysis of the results obtained in recent
studies shows that scientists are now paying
considerable attention to the problems of organizing the
control of UAVs and the synthesis of control systems
for these structures. But in the known works, the
approaches to ensuring the safety of flights of groups of
UAVs, whose control systems provide for the
possibility of compensating for wind effects on
maneuvering such aerial vehicles, are not sufficiently
covered.

The purpose of the article is to solve the task of
synthesizing the laws of control of groups of unmanned
maneuverable aerial vehicles (UMAVSs) taking into

account turbulent phenomena in the atmosphere, the
implementation of which in algorithmic and software
systems for automated control of “drones” and support
for decision-making on piloting will increase the safety
of the flights of these aerial vehicles.

Presenting main material

In nonlinear models, which sufficiently fully and
accurately describe the flight processes of UMAVSs in
group application and which have recently been
increasingly used for the synthesis of situational
nonlinear laws of control of these complex dynamically
dispersed objects, it is advisable to take into account
such a situational factor as variations in atmospheric
processes [1]. As the in-depth and comprehensive
analysis of the experience of using groups of unmanned
aerial vehicles shows the influence of variations in the
air environment causes significant, but not always
predictable changes in the aerodynamic forces and
moments of aircraft. This significantly changes the
effectiveness of managing these air assets, and
especially in group use. At the same time the main
emphasis should be placed not only on the performance
of the flight task by the formation of unmanned
maneuverable aircraft but also on ensuring their flight
safety in a group [2-7].

It is known that a large number of factors influence
the dynamics of atmospheric processes. It is proposed to
take into account the most significant of them for
conducting research, namely: the geographical location
of the flight area of groups UMAVs , the type of the
Earth's surface, the flight height of aircraft, the season,
time of day, air temperature variations [8, 9]. Therefore,
the air environment is a complex nonlinear object, for
which it is problematic and not always possible to
synthesize an adequate and accurate model of
atmospheric  processes  when  organizing the
management of UMAVSs in a group [5, 6, 10]. The
conducted studies show that possible turbulent
phenomena in the atmosphere can be represented by
appropriate nonlinear mathematical models. Among
them, according to the authors, the greatest interest for
achieving the goal of a systematic synthesis of
situational control systems for groups of unmanned
aerial vehicles is represented by mathematical models in
which it is sufficient to take into account variations in
atmospheric turbulence affecting the profiles of wind
flows. As you know, they are especially characteristic of
fast-moving air currents near the Earth's surface [1].

The study of the reaction of the group UMAVS in
a group to the fast-moving situational factors of
atmospheric turbulence variations was based on the
theory of statistical dynamics. For a complete, accurate
and adequate description of possible management
situations, in which the influence of the existing factors
of atmospheric turbulence is taken into account, models
of the UMAVs in a group are used in the form of
nonlinear equations that describe, in addition to the
dynamic states in flight of these aerial objects, also the
power plants of aircraft and their servo drives. This
made it possible to synthesize the functioning
algorithms of the synergistic control systems of the
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UMAVs in a group. Their implementation will ensure
the self-organization of situational control by taking into
account the specific features of various variants of the
flight task for the UMAVs [11, 12].

When solving this problem, one of the possible
approaches to assessing the impact of air turbulence is
proposed. We will use the obtained results to describe
the general laws and determine the necessary
requirements for the synthesis of situational control
systems of the UMAVs. When conducting analytical
studies we will assume that the air environment is
homogeneous and isotropic. Then, for all points of the
airspace in which the flight of the UMAVs group is
predicted to be implemented such characteristics as
mathematical expectation dispersion and density of the
distribution of the random component of the wind speed
will be the same.

It is known that the variations of the longitudinal
component of the speed change of the UMAVSs taking
into account the influence of a homogeneous isotropic
medium along the trajectory L of the movement of this
aircraft, should be represented by the spectral density

2y -1
§y(0) = 2 0
1+ oLV
where 65 — dispersion of the velocity of the

longitudinal component of the wind; V —UMAVsS
flight speed; o — the frequency of the components of a
random signal, adequate to the change in wind speed,
which can take a value ®=[0,0]; L—the distance

traveled by the aircraft.
The vertical u, and horizontal u, components of

changes in the speed of a UMAVs taking into account
the effects of intense wvariations in atmospheric
turbulence (normal to the vector of the UMAVs flight
path and lying in its structural plane of symmetry and in
the plane of its wing) are determined by the spectral
density from the expression

2,22
S, (0)=82LV A3’V T )

(1+ LAy 2 )2

To describe the dependence of the dispersion Dy; of

signals Xi (which identify the UMAVs group as a
complex dynamic nonlinear system) on the spectral
density Sy of the “white noise” type acting on the j input

of this system and the corresponding integral quadratic
estimate of the impulses of these signals, we will use a
classical statistical dynamics mathematical model

Djj = Soljj - @)

In order to use expression (3) in the synthesis of
the laws of situational synergistic control, it is proposed
to create models that describe the shaping filters for the
transformation of control signals with the spectral
densities described by expressions (1) and (2). Next, to
simplify analytical studies, we make a model of a
dynamic system containing nonlinear equations of a

joint flight of UMAVs in a group of two aircraft. In this
model, we will include equations that describe the
influence of the processes in the signal-forming filter for
a given wind disturbance and predicted control of the
UAV. To simplify the analytical modeling, the
assumption is made that the processes of controlling
unmanned aircraft are stable. This will make it possible
to determine the integral quadratic estimates I;; of the

processes in the control systems of the UMAVSs group
when conducting an analytical study.

Amplitude-phase characteristics W (jo) and
W, (jo) shaping filters of signal processing in control

systems of the UMAVs which adequately correspond to
the spectral densities S;(®) and S,(w) are described

by functions of the form
5, () = (W (j0))° S, (o). @

where S, (w) —spectral density of the input signal of

the shaping filter.
Taking into account (4) and accepting S, (0)) =1,

we find dependencies for determining the amplitude-
phase characteristics of the shaping filters of signal
processing in the control systems of the UMAVs

W (o) =81(0), Wo(jo)’ =Ss(0). )

Then the differential equation describing the state
of the first signal processing filter will have the form

Uy = -VL u, +8,v2vLte (6)
and the second filter
3/2
5 (VL)

g. O
3, (3VL_1)1/2 .

0 —Vv?2L7?
1 —ovLt

Yi

Y.
; Ly
Yo

Y,

. 1/2
where Y, =uy, Y; =2V (LV, ) 4+, -3, (3V|:1) :

The output signal for the second filter, which must
be transmitted to the input of models of control objects
of wind action signals Uy is Y,. The input signal of

both filters as well as in extended models of control
objects is a signal which we denote by & .

First, it is advisable to present the flight model of
the UMAVs group in general

X =AX +Gu, (8)

where X —the state vector of the UMAVs which
consists of the parameters of their autonomous flight
and the parameters of the coordinates of the relative
position of the aircraft during group movement;

A —matrix of coefficients which describes the
UMAVs as a complex object of management;

G —the matrix of the efficiency coefficients of the
influence of control signals on the implementation of
aircraft maneuvering processes; U —the vector of
control signals of the UMAVs.
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In equation (8) we present the matrix A and G in
this form

AL O 0 G, 0
A=l0 A, 0|, G=|0 G,|. (9
Agr Agr Agg 0 0

Taking (9) into account, equation (8) will be
represented by two systems of equations. The first of
them will look like

X1 = A Xq +Gyuy,
Xy = Ay X, +Galy,

Yom = Ag1 X1+ Aga Xo + AgaY,,,

In the system of equations (10) the following is
indicated:

X1, X, — n- measurement vectors that reflect the
state of autonomous movement of the first and second
UMAVs, respectively;

Y,m — w-measurement vector of the coordinates of

the relative position of the UMAVS;
Uy, Uy — r-dimensional vectors of variations of

control influences;
A1...Ag3 —matrices of coefficients of internal

connections in the UMAVs model;
Gy, G, —matrices of UMAVs control efficiency

coefficients which are included in the block matrices of
the form (9) for the mathematical model (10).

The second system of equations in addition to the
mathematical model (10) is represented by equations of
the form

(10)

Xc1=A1Xcy +Guy;
Xco =ApXcop +Gou; .

It consists of isolated equations of motion of a
single UMAYV from the group.

To compile a complete mathematical model of the
UMAVs flight using (10) and (11) we decompose the
expressions that describe the dependence of the
elements of the matrices included in these equations on
the flight parameters. For example, let's consider the
most typical flight situations of the use of a group of
UMAVs namely the mode of longitudinal movement
and simultaneous turning in the horizontal plane. In
longitudinal motion, the vectors of their state, which
correspond to the equations of autonomous motion, are
represented by matrices of the form

Xp=[m V1 6 0y Vl]T :

_ T
Xy =M Vo 03 075 v . (12)

The control vectors of the UMAVS in the group
will be presented in the form
Up =[819601], Uz =[320402]- (13)

In expressions (12) and (13) the symbols 0y and 1,
indicate increases in the relative frequency of rotation of

(11)

the rotors of the UMAVSs engines, which are equivalent to
the increase in their thrust, &y,,, 6,4, — deviation from

the balancing positions of the engine control bodies, ¢,
¢, — deviation from the balancing positions of the

UMAVs stabilizers. The rest of the designations in model
(12) and (13) meet the requirements accepted in the
aerodynamics of aircraft [13, 14].

Identical in structure matrices, which are included
in model (10) are proposed to be presented in the form

a; 0 0 0 O
ap ap a3 0 ax
Ap=lag; agp agy 0 ags |, (14)
0 ay ay3 agy ag
0O 0 0 1 O
gy O
0 02
G =|0 93] (15)
0 0g
0 0

The elements of the matrices (14) and (15) are
determined by numerically differentiating the complete
nonlinear equations of the flight of the UMAVs by the
elements of its state vector under their flight parameters.
These parameters correspond to variations in the current
values of the aircraft balancing process.

We emphasize that wind speed variations are taken
into account in models (12), (14) and (15) in the second
column of the matrices Aj; and Ay, .

Let's introduce vectors to take these influences into
account, marking them as y,;, %,2 . At the same time,

the influence of the vertical component of wind speed is
described in the mathematical model by the fifth
column.

The possibility of describing this action is based
on the fact that the equations that describe the
movement of the UMAVSs are drawn up in the velocity
coordinate system. At the same time the angle of attack
of the aircraft is determined from the equation

a=v-0+a,,

-1
where o, =u,V .

Equation (10) which describes the joint movement
of UMAVs taking into account the processes of
managing their state, as well as signals that are adequate

for variations U, , can be presented in the form

X1 D11 0 0

Xp|=|-GKy Dpp —GyKpg|x

Voul | A1 Ap 0
X1 | |xvi x| |ux

x| X2 [Flxva  Xv2|[X|Uy | (16)
Yom| [0 0 V
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where Dy =A;g —GiKyg,  Dyp =Agp —GypKyy —
dimension matrices nxn of models of controlled
autonomous movement of the UMAVS. It is appropriate
to present the model (16) in the form

. 1
Z=DZ +yyu, +¢, —Uy, 17
Xv Ux XVV y ( )

where Z=[X1T X; ‘7

T
Om} —vector of the state of the

closed control system of the UMAVs dimension 2n+y ;

T T
T T . T T
xv =[Xv1 AV 2 0} 1%y Z[le Xv2 0} — vectors of
aircraft control coefficients taking into account wind
speed components uy i uy; D —matrix of coefficients
of the closed control system of the UMAVS.

In order to take into account the influence of a
random signal on the flight of the UMAV control
model, which is adequate to the variations of wind
disturbances, we transform (16) and (17) into the first
extended model of the form

D xv Z
0 vt ou

Z

Uy

(18)

el
9o|

where g4 = Gu\/ZVL_l — coefficient of effectiveness of
the influence of a “white noise” type signal. We will
evaluate the results of the action of a random wind
disturbance signal taking into account (16) and (17) on
the basis of the second extended model, namely:
Z Do xV7Hizl o

=10 0 VZL2|Vy|+|g0|lg.
Yol [0 1 —2vi Yl [9o

(19)

where gg =

r 312 U
-1 -1
o, (V) o, (3L )} ~ vector of
coefficients characterizing the effectiveness of the
influence of a “normalized white noise” type signal. For
ease of simplification in relation to conducting analytical
studies, let's present equations (18) and (19) in the form

Z, =DnZy+0n8. (20)
When calculating the values of Ij;, included in
expression (3), it is suggested to use the following

approaches.
The first of them is that in equation (19) the action

of the signal £=35(t) is replaced by a non-zero initial

condition Z,(ty)=9, and grades are determined

lij = J'gozﬁidt along the trajectory of free movement of

the system (19).
To calculate the value I;;, a matrix with a single

non-zero element is specified Bj, the location of which
corresponds to the location of the coordinates Z,; in the
vector Z,,. After that the matrix equation is solved

PD, +Dj R =-B;. (1)

Then the value of the estimate I;; is determined
from the dependence

T
lij =Zn (to)RZa (to)-

In the general case, equation (21) must be solved
2n+p once. At the same time, at each step of the

solution, new values B; of matrix elements are set.

The second (simplified) approach to the solution of
this problem, which consists in the fact that instead of
equation (21), we will solve equations of the form

PDy +D,P=-Z,(t)Z; (to).

(22)

(23)

Then the score we are looking for is determined
from the expression

lj =B ®P. (24)

Let's consider the fairness of such an approach.
Substitute the expression for determining the matrix B;
from (21) into (23) and obtain

I :—(P1Dn+DIP,)®E. (25)
After transformation (24) we obtain the following
equation

lj =—(PDf +DoP)®R =2, (t9) 2y (o). (26)

The conducted analytical studies confirm that it is
enough to solve equation (23) once to determine the

elements of the matrix P . In this matrix, its first
diagonal elements 2n are equal to the value |

(j=12,..,2n).

Thus, the proposed and considered approach
allows to algorithmically take into account the influence
of such situational aspects of the dynamic state of the air
environment as the turbulence of atmospheric flows in
the situational control systems of groups of unmanned
aerial vehicles.

ij

Conclusions

The conducted analytical studies of the
peculiarities of the group use of UMAVs under the
influence of atmospheric variations allow us to draw the
following conclusions. Thus, a necessary condition for
improving the safety of group piloting of aircraft is
taking into account variations in the speed and direction
of wind flows (with the possibility of their adaptive
compensation) in the functioning algorithms of the
situational synergistic automated control system for the
group use of unmanned aerial vehicles. To fulfill this
requirement, nonlinear mathematical models of the
flight of a group of unmanned aircraft are proposed.
Based on these models, the possibility of compensating
wind flow variations is taken into account during the
synthesis of the laws of control of the maneuvering of
the UMAVS.
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Thus, it makes it possible to form a priori the
requirements for the structure of the algorithmic and
software of automated control systems for the group use
of unmanned aerial vehicles, to specify technical tasks
for conducting research and development works on the
creation of situational control systems, to form potential
opportunities for the use of non-linear models for the
study of complex processes of group use of UMAVs

According to the authors of the article, it is
promising to use the obtained results to justify the
optimal functionality of the group's devices, the
requirements for the design characteristics of the flight
information sensors of UMAVs from the point of view
of increasing not only the safety of their flights in group
formations, but also a significant increase in the
efficiency of performing a wide range of possible flight

and organization of management of this use. tasks.
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Mopenn ynpasliHHS rpynoo 0e3MiJIOTHUX MAHEBPEHHUX JiTaJIbHAX aNapaTiB i3 ypaxyBaHHsAM iX 0e3NeKH M0JIbLOTiB
I1. M. ITaBnenxko, €. I. Cam6opcrkuit, I. 5. Kpuxosenpkuii, I .I. Cambopcbkuii

AHoTanif. Y cTaTTi pO3IIANaeThCs aKTyallbHE HAyKOBE 3aBAaHHS II0J0 CTBOPEHHS AITOPUTMIYHOrO 3a0e3edeHHs
aBTOMAaTH30BaHOI CUTYaTUBHOI CHCTEMH YIIPABIIiHHS TPYIIOBUM 3aCTOCYBaHHSIM MaHEBPEHUX OE3MIIOTHUX JIITANBHHUX alapaTiB i3
YpaxyBaHHSAM MOXIIMBOCTI MiABHIICHHS O€3MeKH iX MONbOTiB. s peamizamii mie€l MOMXIJIMBOCTI aBTOpaMHd 3alpolOHOBaHA
HElNiHIIfHa MOJENb TOJILOTYy TPYHmoBOro (opMmyBaHHsA. BoHa € MIATPYHTSM CHHTE3y HENIHIMHHX 3aKOHIB YIIPABIiHHS LUMH
MOBITPSIHUME 3aco0amu. BiIMIHHICTIO 3alpOIIOHOBAHOTO MMIAXOAY € BpaxyBaHHS BIUIMBY Bapialiidl IIBHIKOCTEH 1 HANpsSMiB
BITPOBUX TIOTOKIB y 3aKOHAX YIPABIiHHA PYXOM JITATbHUX allapatiB y rpyIi. PO3risHyTI MepCcneKTHBHI HAPSIMU JTOCHIPKEHb, a
came: 3aCTOCYBaHHS OTPUMAHUX pE3YJbTATiB Ui OOIPYHTYBaHHS BHMOT JO KOHCTPYKTHBHHMX XapakTEPHUCTHK CHCTEM
YIpPaBIiHHA 1 IX IrOPUTMIYHOrO 3a0e€3MEUeHHs i3 MOINIAAY HE JIMINe HA MiJBMINCHHA 1X OE3NeKH MOJbOTIB y IPyNOBHX
(dbopMyBaHHsX, ane i 3a0e3MeueHHsl 3aJaHNX MMOKAa3HUKIB e()eKTUBHOCTI BUKOHAHHS LIMPOKOTO CIEKTPY MOXKJIHMBHX IOJBOTHHX
3aB/IaHb TPYIOI0 MaHEBPECHHX JITAJLHUX aNapaTiB.

Kaw4uoBi ciaoBa: MoOiIbHI Ge3MiNOTHI JTiTalbHI anapaTy, CUCTEMa YIPaBIiHHSI, 3aKOH YIIPaBIiHHS, TPyIa JITAIBHAX
amapaTiB, iHpopMariiinuii kaHai, O6e3neka MONbOTIB, IPYNOBHUIA MOJIT, BITPOBI BIUIMBH, 3aKOHH YIPaBIiHHSI, MOJeib, Oe3reka
TOJIBOTIB.

63



