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Abstract

Purpose: an attempt to systematize and outline the theoretical and practical methods for solving the
problems that arise when creating a UAV based on mass-produced light and ultra-light aircraft. Methods: it
is assumed that the aircraft as a multidimensional dynamic system can be described by a matrix of transfer
functions, whose elements can be obtained from estimates of the spectral characteristics, which are
calculated from the records of the input and output signals. A multi-stage process for achieving the goal is
proposed. A multi-stage process for achieving the goal is proposed. At the first stage, a mathematical model
of the aircraft is constructed using the methods of identification and estimation of the parameters of dynamic
systems. At the first stage, a mathematical model of the aircraft is constructed using the methods of
identification and estimation of the parameters of dynamic systems. Results: the algorithm for the conversion
of light and ultra-light manned aircraft into unmanned aerial vehicles based on the statistical method of
spectral analysis is formulated. Next, it is planned to adapt the developed control algorithm and carry out
the necessary studies on a manned prototype aircrafi. The implementation of the flight program on a manned
prototype aircraft with readout of control parameters in the autopilot mode will make it possible to update
the mathematical model and the control algorithm for an unmanned aerial vehicle. Discussion: questions of
the evaluation of the effectiveness and practical value of the proposed control algorithm required a large
amount of additional numerical experiments on the example of a specific unmanned aerial vehicle for
agricultural purposes. Therefore, the conclusions on the methodological and practical value of the proposed
approach to the design of agricultural unmanned aerial vehicles can be made only after performing the full
volume of flight tests on the experimental sample.

Keywords: conversion; frequency response; manned aircraft; spectral analysis; transfer function unmanned
aerial aircraft; unmanned aerial vehicle.

1. Introduction

Obviously, any aircraft, including an unmanned
aerial vehicle (UAV), originally developed to solve
specific tasks, will be functionally more efficient
than a modernized, converted manned airplane or
helicopter.

But we should not forget that with a successful
selection of a manned prototype, an unmanned
conversion may be preferable to the originally
designed version that meets all technical and
economic requirements of the customer. This
approach to creating a new UAV has several
advantages, such as saving costs in the design,
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production and testing phases; availability and
logistics of spare parts; the possibility of using the
existing service base; shortening the terms of project
development and launching the serial production of
UAV.

The term "conversion" refers to the process of

converting light and ultra-light manned aircraft into
UAVs for their subsequent economically and
technically efficient use in various sectors of the
economy.
The effectiveness of such a UAV in many ways will
be determined by how well the above-mentioned
conversion will be performed. To solve the problem
of conversion, an appropriate theoretical basis, some
set of algorithmic and software tools, as well as
technical means providing a full cycle of testing of
UAV control systems in all modes of flight are
needed.

2. Research tasks of conversion

Enlarged process of conversion can be represented
as a sequence of tasks to be solved:

1. Development of the mathematical model of the
aircraft in those modes of its flight, which are typical
for a specific task (operation), for example, the use
of aircraft in agriculture, monitoring agro-
ecosystems, extra-cargo delivery, patrolling, etc.

2. Mathematical description of external and
internal disturbances, impacts and interference that
occur in the control circuits of aircraft, in its
measuring systems and actuators;

3. Synthesis of aircraft control laws and their
optimization for specific modes of its application;

4. Choice of hardware and software tools for
implementing the obtained control laws.

The first two tasks are similar in their objectives,
which consist in obtaining mathematical models of
the aircraft as a control object, as well as
mathematical models of external influences on this
control object and signals circulating in the control
loops. These mathematical models serve as initial
information for solving subsequent problems of
synthesis of optimal control laws and their hardware
and software implementation. It is also important to
note that when considering these control systems,
one should take into account the presence of digital
devices in the control loops that operate in discrete
time. This circumstance suggests the expediency of

using discrete mathematical models [1, 2] in the
process of formalizing the problems listed above.

3. Presenting main material

Thus, for the construction of mathematical models
of an aircraft, methods of identifying and estimating
the parameters of dynamical systems [3, 4, 5, 6] can
be used by means of full-scale ground and flight, as
well as simulation experiments. At the output of the
latter, we obtain the flight parameters of the aircraft
and its systems. A wide variety of identification
methods makes it difficult to choose a specific
method for constructing the necessary models.

However, in most practical cases, the
investigated objects and control systems with some
assumptions belong to the class of linear stationary
systems that operate under random (stochastic)
perturbations and interference. Since the description
of such systems is conveniently represented, using
the apparatus of transfer functions and frequency
characteristics, classical statistical methods of
spectral analysis [7, 8, 9] can be chosen as an
identification method.

Such methods, although they require, as a rule,
large volumes of experimental data, are
characterized by relative simplicity and transparency
of the physical meaning of the results obtained. The
identification experiment itself is associated with the
receipt in flight of deviation records of the steering
surfaces as input signals (in the form of a certain
vectorry). And output signals of angular motion
(roll, pitch, yaw), speed and altitude of flight in the

form of some vectory,. It is assumed that the

aircraft as a multidimensional dynamic system can
be described by a matrix of transfer functions, whose
elements can be obtained by estimating the spectral
characteristics, which are calculated from the input
and output signals:

h;=s;1s,; (1)

where s, is the estimate of the mutual spectral

characteristics of the input i with the output j; s, —

the estimation of the mutual spectral characteristics
of the input i with the output j. Estimates (1) are
accompanied by random and systematic errors,
therefore simultaneously with them the so-called
functions of ordinary, multiple and private
coherence are estimated [7, 8], which allow to
estimate such errors. The final step in the problem of
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obtaining models is their representation in an analytical
form. For this purpose, according to the logarithmic
frequency characteristics of each component of the

transfer function matrix hij , the structure of the
analytical model in the form of a fractional rational

polynomial function is assigned whose coefficients
can be calculated by least squares deviation of the

experimental characteristic from its analytical
model.
Having obtained the initial mathematical

models, one can proceed to the problem of synthesis
of the control system, which will make it possible to
make the transition from manned flights to flights in
automatic mode. The structure of such a control
system is shown in Fig. 1.
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Fig. 1. Structure of the UAV control system

The motion of an aircraft as a linear
multidimensional control object is described by the
matrix equation of dynamics in the operator form

P(s)y(s) =M (s)u(s)+y(s). 2

where y(s) is the n-dimensional vector of the
output signals, u(s) is the m -dimensional vector of
the control signals, W(s) is the n -dimensional
perturbation vector with the known spectral matrix
S, s P(s) and M(s) — matrices with dimensions

in the general case n x n and n x m, respectively,
whose elements are polynomial functions of the
argument of the Laplace operator s .

In the tasks of developing digital control, a
method of describing an airplane as a continuous
dynamic system that is connected to a control
computer via analog-digital and digital-to-analog
converters is important. In a discrete time, systems
of equations such as autoregressive moving average
(ARCC) are used to describe such systems, which
after z-conversion are written as

P(2)y(z) = M (z)u(z) +y(2) G)

Equations (3) can be obtained by some
structural transformations, for example, rules of the
z-transformation [1, 2]:

F'(2)=P" (2)M(2) = 27‘12% PUSM(s)}. ()

SpD=RZAP (5)S,, &) ) ™) (5)

where Z,Z, are symbols of ordinary and two-sided
z -transformations; P(z) is
elements are determined by the left-side reduction of

a matrix whose

the poles of the fractional-rational matrix F“(z);

T is the transpose sign of the matrix or vector. After
transformations (4), (5), equation (3) is a discrete
equivalent of equation (2).

Let us turn again to the structural diagram in
Fig. 1. Further, without loss of generality, we will
not use the argument z to reduce the matrix entries,

for example, instead of W,(z) we will write W¥,.
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The automatic control system consists of two
controllers /¥, and W,, which provide the specified
flight

converted by the controller W,) and stabilization of

program (7 —n -dimensional vector is

the aircraft on the specified program path (regulator
in the feedback of the control object ).
It is assumed that the signals 7,u,l/, y are vectors of

stationary centered random processes, and for the
signals » and ¥, the matrices of the spectral

densities S,,,S,,,,S,, are known. The system is

characterized by some ideal ("desired")
transformation of @ , and the control error is formed
as the difference of signals of the real response of
the investigated system and the output of this
imaginary ideal transformation

E=y-D . (6)

The stability criterion of the discrete system
under study is the location of the poles (roots) of its
characteristic polynomial inside the unit circle [1, 2]
of the plane of the complex variable z .

A more rigorous formulation of the synthesis
problem is formulated as follows. The quality of the
system under consideration can be characterized by
the known functional [10, 11, 12, 13, 14]:

The task of synthesizing the optimal control
system is to determine the transfer function matrices
of the regulators W; and W, so as to guarantee the
stability of the closed control system and to ensure
the minimum of the functional (7).

To solve the synthesis problem, it is expedient
to lead the system under investigation to a
stabilization system with one generalized input using
known transformations [10, 14], as shown in Fig. 2

U,

M,

J =E[e"Re]+ E[u" Cu] =
7

#§SP{S;R+SLC}£ @

27y z

where R and C are weight matrices; E [ symbol

of mathematical expectation; S » is the

trace character of the matrix; i =~+/—1 is the

imaginary unit; L ] contour of integration (unit
circle on the plane of a complex variable);S,, |,
S, — matrix of the spectral densities of the signals,

respectively, errors and controls. This functional
characterizes the quality of the control system,

taking into account both its accuracy and
management costs.

yo=HyT,VT,1//0=HWT,VT,HO=U; (8)

i R U A

0 E}'l OnXm
S S
S, =1 Y, ©)
%o S”// SW

where the matrices Po and Mo have the dimensions
2nx2nand 2nXm, respectively; En is an n-

dimensional unit matrix; 0, is the zero matrix of

m

size nXm.

Yo

W,

Fig. 2. The system with the generalized control input of the UAV

After such transformations, the equations of the
generalized object will have the form



V. Belanet al. The Problem of Manned Aircraft Conversion into Unmanned Aerial Vehicles 71

R)(Z)yo(z):Mo(Z)uo (Z)'H//O(Z), (10)
and the desired control law can be written as
uy =Wy, - (11)

To solve the problem, we introduce the transfer
function matrix of a closed system [12],

which connect the vectors yy, uy with the generalized
perturbations ¥/, :

Yo =Fwo,u, = Ky, (12)

where the matrices Fy,Fy'. F; and F

dimensions of 2nX2n and 2nXxXm , respectively.
From the expressions (10) and (11) for these
matrices, we can write

have

Fy =(B—M) " F =Wy(B—MJ)"  (13)
from which it follows that the desired matrix of the
generalized regulator W, can be expressed in terms

_u yy—1
WO_FO(FO) (14)

Now, we express the matrices of the spectral
densities of the error signals S, and the control

S, entering into the functional (7) through the

matrices of the transfer functions F; and Fy'. You

can write for a matrix

S =F'S’ F"

Yoo 07

(15)

where the sign "*" means the Hermitian conjugation
of the matrix. An error vector can be written as

e=|E,-@|, y,=|E, -D|Fw,.

Then for the matrix of spectral densities, we obtain
the error signals

S, =, ~elrsy, m L e

*

Taking into account (15), (16), the quality
functional (7) after simple transformations can be
rewritten as:

1 " dz
S = SR + B CEDS ), ()

where

R, = R|

E, -

n
— @*

Thus, the problem of synthesizing an optimal
discrete multidimensional control system reduces to
determining the matrix of a generalized discrete

regulator W, such that the transfer function matrix

of the closed system F; and F' do not have poles

outside the unit circle, and the quality functional
(17) would have reached a minimum.

The minimization of such a functional with the
stability condition of a closed system is carried out
by the Wiener-Hopf method [10-14], when from the
condition that the first variation of the functional
(17), that is dJ =0, identifies zero, we choose

oW, that

variations dFy", dF," would have poles only inside

variations such the corresponding

the unit circle on the z-plane. We give the main steps
in obtaining a solution [12].

It follows from (10) that the matrices F;" and

F,' are connected by the relation

PF) —M,F'=E (18)

2n >

using which the functional (17) can be expressed in
terms of a single variable function, for example,

Fy', and then for the first variation of the functional

J we can write the following expression:

1 ,
V= §S,4OF (I I Fy + M B R B )+
L

y dz
(B R B My +FL T, T O, 3

(19)

where

Iyl =M.PRP'M,+C. (20)
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We introduce the notation:

DODO* = Sl;ol//o (21)
NJ+N'+N°’=I,M,.P,)R,P'D,. (22)
Then, the integrand for the variation of the

functional (19) takes the following form

OF . (L F'Dy+ NS+ N’ +N°)D,. +
Dy(Ng. + N2, + N°. + Dy F i) ,OF,".

Hence we obtain a solution for the unknown matrix
FO“ on the class of stable discrete functions for

which the first variation of the functional (19) is
identically equal to zero, and therefore the functional
(17) itself reaches a minimum:

F) ==T,'(Ng +N)D;'  (23)
where I’ o 18 the result of the Wiener factorization of

the matrix (20), Do 1is the result of the Wiener
factorization of the matrix of spectral densities (21),

(NJ+N?)is the Wiener separation result of

expression (22). The Wiener factorization implies
splitting by a special algorithm (see, for example,
[15]) matrices with fractional rational elements into
two Hermitian conjugate matrices [, and [
whose poles of characteristic polynomials are
located inside the unit circle for /', and outside the
unit circle for I'j.. For matrices D, and Dj is

similar.

Wiener separation implies the decomposition
of a rational-fractional matrix into terms
Ny +N?+N’, where N, is a polynomial matrix
that contains in its elements entire parts of discrete
functions if there are irregular fractions, N. is

composed of fractional-rational discrete functions
whose poles are concentrated inside the unit circle,

and for N’ respectively outside the unit circle.
In other words, N, +Nlis a stable part of the

original matrix (22), and N are the unstable part of
the matrix (22), respectively.

4. Conclusions

Thus, we can formulate the following algorithm for
the conversion of light and ultra-light manned
aircraft into UAVs.

1. Based on the results of identification
procedures, obtain the initial models of the control
object, control  signals, disturbances and
interference.

2. From the data obtained, form the matrices
E) ’MO ’S‘//()‘//o :

3. Having defined the weight matrices R and C
(their values are established from the experiment),

find the matrix

En
4. R, =
-0
matrix (20) o+l p.
5. Performing the factorization of the matrix
(21) and the matrix (20), we find the result of the

matrix D, and [';.

R

E, - qD|| and form the

6. Using D, and I, as well as a priori data,
form expression (22) and after its separation find the
matrix (Ng +N?).

7. Using formula (23), define the matrix Fy’

and then, using expression (18), determine Fj".

8. Using expression (14), find the desired
transfer function matrix of the optimal generalized

discrete controller W, =||W1W2|| which, in fact, is

the solution of the optimal control synthesis
problem.
The minimum value of the quality criterion is

determined by substituting the matrices £ and Fy’

obtained in the given weight matrices R and C
into the functional (17). If the achieved quality level
does not satisfy the developer, then the synthesis
procedure should be repeated with new values of the
weight matrices.
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IIpo6aema koHBepcii misioToBaHOrO JiTaka B 0e3ni10THHII JiTaNbHMIT anapaT
HarmionansHwmii aBianifinuil yHiBepcuteT, mpocnektT KocmonasTa Komaposa, 1, Kuis, 03680, Ykpaina
E-mails: 'belan61@gmail.com; “avia@i.ua;’yun@ua.fm

Merta: crnpoba cucTeMaTH3yBaTH 1 HAMITUTH TEOPETHUYHI Ta MPAKTHYHI METOIM BUPIIICHHS 3aBAaHb, IO
BUHHKAIOTH TP CTBOPEHHI OE3MUTIOTHUX JITANBHWX amapariB Ha 0a3i cepiifHO BHPOOIIOBAHMX JIETKHX 1
yIIbTpa-JeTKuX JiTakiB. MeToau: nmependavyaeTbes, MO JITaK SK 0araTOBUMIpHA JUHAMIiYHA CHCTEMa MOXKE
OyTH ONMCAaHWP MaTpPULCIO NepefaBaNbHUX (QYHKLIH, €JIEMEHTH SKOi MOXXHAa OTPHUMATH 3a OLIHKAMH
CIIEKTPATBbHUX XapPaKTePUCTHK, SIKi OOYMCIIOIOTHCS 3a 3alicaMd  BXIOHUX 1 BHUXIIHUX CHUTHAJIB.
[IpomonyeThest OaraToeTamHUil TIPOIEC JOCSITHEHHS ITOCTaBleHOi MeTu. Ha mepriomy erami OyayeThes
MaTeMaTHYHa MOJENb  JIiTaka 3 BUKOPUCTAaHIM METOJIB ileHTU(iKalii Ta OL[HIOBaHHS MapaMeTpiB
OUHAMIYHUX cucTeM. Pe3yibTaTn: chopMyIbOBaHO aJTOPUTM IMpoLiecy KOHBEPCIi JIETKUX 1 YJIbTpa-IerKUX
MMIJIOTOBAHUX JITAKiB B OC3MUIOTHI JIiTABHI artapaTy, 3aCHOBaHUH Ha CTATHCTUYHOMY METOJi CIIEKTPAILHOTO
anami3y. Jlami ruiaHyeTbes afanTamis po3poOieHOro alrOpUTMY YHPAaBIiHHS 1 MpOBENEHHS HEoOXiITHUX
JOCITiIKEHb Ha MiJIOTOBAaHOMY JTaKy - MPOTOTHIII. Peanizarrist nons0THOT Tporpamu Ha
MMJIOTOBAHOMY JIITaKy- IPOTOTHITL 31 3YNTYBaHHSIM TapaMeTPiB yIpPaBIiHHSI B PEKHUMI aBTOMIIOTYBaHHS

O3BOJINTh BBECTH YTOYHEHHS B MaTeMaTHYHYy MOJEIb1 aJroOpuTM  YHIPaBIiHHA OE3MIJIOTHUX
JAiTanpHUM anapaToM. Jluckycisi: B ONMTYyBaHHS OLIHKM  €(EKTUBHOCTI Ta TPAKTHUYHOI  LIHHOCTI
IIPOTIOHOBAHOT'O ITOPUTMY YIIPABIIIHHSA 3a)KaJalll BEJIUKOTO 00Csry NOOaTKOBUX YHCIICHHUX

EKCTIIEPHMEHTIB Ha TPHUKIAJl KOHKPETHOTO OE3MIOTHOrO JITalbHOTO amnapary CilbCbKOTOCIONAPChKOTO
npusHaueHHs. [1izcyMKoBi pe3ysbTaTi IMX eKCIIEPUMEHTIB - B Iipoueci 00pooku. ToMy ocTaTO4HI BUCHOBKH
Ipo  METOAOJIOTIYHOI  Ta MPAaKTUYHOI  IIHHOCTI  MPOHOHOBAHOI'O HiAXO4y [0 MPOCKTYBaHHS
CLITBCBKOTOCITOTAPCHKUX OC3IMIJIOTHUX JITATFHUAX arapariB MoXHa Oyze 3pOOUTH TUTHKH TIICIII BHKOHAHHS
MOBHOT'O 00CSTY JTHOTHHX BUMIPOOYBaHb HA E€KCIIEPUMEHTAIBHOMY 3pasKy.

Kuro4uoBi cjioBa: OC3MMiTOTHHM JTITAIBHUNA amapar; KOHBEpCis; mepeaaBaibHa (QYHKITIS; MiJIOTOBAHUHN JIITAK;
CHEeKTpaJIbHUIA aHalli3; YaCTOTHA XapaKTepHCTHUKA
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B.B. Beaan, A.B. I'namyk, I'.H. IOn

IIpo0ieMa KOHBepcHH MUJIOTHPYEMOI0 CaMoJIéTa B 0eCIIMJIOTHBIN JleTaTeIbHbIN annmapart
HanmonanbHbI aBUallMOHHBIA YHUBEPCUTET, npocnekT KocmonasTa Komaposa, 1, Kues, 03680, Ykpauna
E-mails: 'belan61@gmail.com; “avia@i.ua;’yun@ua.fm

Leab: MOMBITKA CHCTEMATH3UPOBATh U HAMETUTH TEOPETUYECKUE W MPAKTHYECKNE METOIbI PEIICHHs 3ajad,
BO3HHMKAIOUIMX IPH CO3JaHWU OCCIMIIOTHBIX JICTATENBHBIX anmnapaToB Ha 0a3ze CEpUHHO MPOU3BOAUMBIX
NETKUX U yIbTpa-NErkux camoiéToB. MeToAbl: MPEAnoiaraeTcs, 4YTo caMmoJieT KakKk MHOTOMEpHas
QUHAMHYECKasi CUCTeMa MOXXET OBITh ONHCaH MaTpHIEH MepeNaTovHbIX (QYHKIUH, 3IIEMEHTHl KOTOPOU
MOHO TOJIYIUTH IO OIIEHKaM CIIEKTPaJbHBIX XapaKTEPUCTUK, KOTOPHIE BEIYHUCIISIOTCS 110 3aIMUCSIM BXOTHBIX
U BBIXOJHBIX CUTHaNOB. Ilpeanmaraercss MHOrO3TaIlHBIN MpoliecC MDOCTHXKEHUS MOCTaBIeHHOW menu. Ha
IIEPBOM JTalle CTPOUTCS MaTeMaTHYecKasi MOJIENIb CaMOJIETa C MCIIOIF30BAHMEM METOJI0B WICHTU(DUKAIINN
¥ OIEHWBAHHUS TNapaMeTpOB MUHAMHYECKHX CHCTeM. Pe3yabTaThl: CHOPMYIHpPOBAH alrOPUTM IIpoliecca
KOHBEPCHHU JIETKUX M YJIbTPa-IErKUX MIJIOTHPYEMBIX CaMOJIETOB B OECHMIIOTHBIE JieTaTelbHbIE anmapaThl,
OCHOBAaHHBI Ha CTaTUCTUYECKOM METOJIe CHEKTPAIbHOTO aHanu3a. Jlamee mIaHUpyeTcs aJanTaius
pa3pabOTaHHOTO aNTOpPUTMa YIIpaBJIeHH M MPOBEACHIE HEOOXOAMMBIX MCCIEOBAaHUI HAa MHJIOTHPYEMOM
camoiere-npororurne. Peanmuzanus moia€THOW MporpaMMmbl Ha MUIOTHPYEMOM CaMOJIETE-IIPOTOTHIIE CO
CUMTHIBAHUEM MapaMeTPOB YINPABICHUS B PEKUME aBTOMMJIOTUPOBAHUS TMO3BOJIMT BHECTH YTOYHCHHUS B
MaTeMaTHYeCKyI0 MOJIENh U allCOPUTM YIIPaBJICHHs OSCHIIOTHBIM JIETaTeIbHBIM anmnaparoM. Juckyceus:
BONPOCH ONEHKH 3((HEKTUBHOCTH M MPAKTHYECKOW IIEHHOCTH TMPEIIaraéMoro ajiropuTMa yTpaBICHUS
noTpeboBaM OOJIBIIOTO 00bEMa JIOTIOIHUTEIIBHBIX YUCICHHBIX AKCICPUMEHTOB Ha MPUMEPE KOHKPETHOTO
0ECIMIIOTHOTO JIETaTeIhHOTO aIapara CelbCKOXO03SIMCTBEHHOTO Ha3HaueHUs. MIToroBble pe3yibTaThl 3TUX
9KCIIEPUMEHTOB — B mporecce o0pabotku. [loaToMy OKOHUATENbHBIE BBIBOABI O METONOJIOTUYECKOH W
MPaKTUYECKOM IEHHOCTH TMpeajgaraeMoro TMoAXoAa K MPOEKTHPOBAHHIO  CEIbCKOXO3SHCTBEHHBIX
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