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Lfonax /1.O. AHani3 B3a€MO/I1i €IEKTPOMArHiTHOTO BUIIPOMIHIOBaHHS 3 PyXOMUM
BILJTA 3 BuUKOpUCTaHHSM METOAIB HeiHIWHOT AuHamiku. — KBamidikarmiiina HaykoBa
mparis Ha IpaBax PyKOIMHCY.

Hucepraitiss Ha 3700yTTS HAyKOBOTO CTyIleHs JokTopa (imocodii 3a
cienianpHicTIO 104 — ®i3uka ta actponomis (10 — INpupogruui Hayku). - [HCTHTYT
paniodizuku Ta enekTpoHiku im. O.4. YcukoBa HAH Ykpainu, 2021.

PoGota mpucBsueHa pO3B’SA3aHHIO AKMYAAbHOI HAYKOBO-NPUKAAOHOI 3adaui
pO3pOOKKM METOJIB aHalli3y B3Aa€EMOJII EJIEKTPOMArHiTHOTO BHUIPOMIHIOBAHHS 3
obeproBumu portopamu BIIJIA Ta Bu3HaueHHA B3aeMO3B's3KiB Mixk mapamerpamu JC 1
KiHeMaTHYHUMH napamerpamu BITJIA.

Mema pobomu — BU3HAUYCHHS HOBMX O3HaK posmi3HaBaHHs  BIIJIA
MYyJIBTUPOTOPHOTO THUIy 3a PaxyHOK BUSBIEHHS OCOOJMBOCTEH  B3aeMOJIil
€JIEKTPOMArHiTHOTO  BUIPOMIHIOBaHHS 3  oOeproBumu potopamu  BIUIA 3
BUKOPHUCTAHHSM METO/I1B HEJIIHIMHOT TMHAMIKH.

JI71s1 AOCSITHEHHSI METH PO3B’sI3aH1 HACTYITHI HAYKO60-MEXHIYHI 3Aa60AHHA:

IIPOBEJICHO aHaJII3 ICHYIOUYHX METOIIB JTOCIKEHHS €JICKTPOMArHiTHUX CUTHAIIIB,
B110uTHX Bijg pyxomoro BITJIA;

eKCIIEPUMEHTAJILHO JOCIIIPKEHO JOIUIEPIBChKI CUTHAIIM, BIIOWUTI BiJ 00EPTOBUX
poropiB BIIJIA, Ta i yac ioro pyxy;

OLIIHEHO YacCTOTHO-YAaCOBl XapaKTEPUCTUKH cHUTHANIB poruiepiBcbkoi PJIC mpu
30HyBaHH1 pi3HO1 KIIbKOCTI poTopiB BIJIA 1 mBUAKOCTI iX 00epTaHHS;

PO3pO0IECHO MOJIENH NOTIIEPIBCHKOTO CUTHATY, BIIOUTOTO BiJl 00EPTOBUX POTOPIB
BITJIA, mo BpaxoBye 0cOOIUBOCTI (POpMHU CUTHAITY;

pO3pO0JIEHO HOBI METOJIM aHali3y CUTHAIIB, BIIOUTHX BiJl MYJIbTUPOTOPHOTO
BITJIA, sixi 1O3BOJNSIOTH BUSBIISITH OCOOJIMBOCTI iX (pOpMHM 1 OLIIHIOBATH 1X CKJIAIHICTD;

pO3p0o0JIEHO METOAMKY po3Ii3HaBaHHA TUIly pyxoMoro BIIJIA 3 BukopucTtaHHIM

HOBUX O3HAK PO3MI3HABAHHS;
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OLIIHEHO MOXJIMBICTh TMPAKTUYHOI peani3alii po3poOJeHHX METONIB s
posmizHaBanHs BIIJIA mynsTHpoTOpHOTO THTTY.

B po6oTi oTprMaHi HACTyIIH1 HO8I HAYKO0GI PE3yJIbTaTH:

BIIEpITIE PO3POOIIEHO MOJIEIb JOTUIEPIBCHKOTO CUTHAITY, BITOMTOTO BiJl 00€pTOBUX
potopiB BIIJIA, sxa BiApi3HAETHCA BiA BIJIOMUX BHUKOPHUCTAHHSIM (PpakTagbHUX
HenudepenIiioBannx (PyHKIH, 110 3a0e3nedye MOJCTIOBaHHS OCOOJUBOCTEH (Gopm
BIIOMTHX CHUTHAIB;

BIIEpIIIe PO3POOJIEHO METOJ aHai3y CUTHATIB, BIIOUTUX BiJl MYJIbTHPOTOPHOTO
BIUIA, sikuii BiApi3HSETHCS BiJ BIIOMHX BUKOPUCTaHHSIM cepii (pa3oBHX MOPTPETIB,
noOyJoBaHUX Ha IMceBa0(}a30Biid IJIOMKMHI 3 PI3HOK YacOBOK 3aTPUMKOIO, IO
JO3BOJISIE AOCHIKYBATH OCOOJNMBOCTI (hOpM JOIJIEPIBCHKUX CHUTHAJIB, 00YMOBJICHHX
PI3HOIO KUIBKICTIO 1 IBUAKICTIO 00epTOBUX poTopiB BITJIA;

YJAOCKOHAJIEHO METOJ aHaji3y JOIUICPIBCBKUX CHUTHAJIB, BIJOMTUX BIJ
MynbTUpOoTOpHOTO  BIIJIA, sKHMiT BIAPI3HAETHCS BiJ BIJOMHUX BHUKOPHUCTAHHSIM
dbpakTanbHOTO aHamizy (a3oBUX TMOPTPETIB, MNOOYJOBAaHMX 3 PIZHOI YaCOBOIO
3aTPUMKOIO, 1110 JTO3BOJISIE€ KUIBKICHO OI[IHUTH iX CKJIAIHICTh Ta BUSBUTH NEPIOUIHICTh
MOSIBU CXOKUX (Pa30BUX MOPTPETIB;

3alpONMOHOBAHO METOJMKY po3mi3HaBaHHS Tuiy pyxomoro BIIJIA, ska
BIJIPI3HSETHCS BiJl BIJIOMUX BHUKOPHUCTAHHSM HOBHX O3HAK PO3Mi3HABaHHSA — (QopMu
($ha30BOTO MOPTPETY 1 BEAMYMHU (PaKTAIBHOI PO3MIPHOCTI, IO JO3BOJISIE IMIABUIIUTH
aKicTh po3mnizHaBaHHs BITJIA MylnbTUpOTOPHOTO THITY.

B po6oTi oiepkaHi HACTYNHI HO6I NPaAKMUYHI PE3yJIbTaTu:

MPOBEICHI  E€KCIIEPUMEHTaJbHI  JIOCHIIKEHHA  CTPYKTypu Ta  (GopmH
JIOTUIEPIBCHKUX CUTHANIB, BIAOWTHX Big o0eptoBuXx poTopiB BIIJIA, Moxyte OyTu
BUKOPUCTaHI JUIsi BHU3HAYEHHS XapakTepy pyxy wmyiabtupotopHoro bIUIA, mio
BU3HAYAIOTHCSI OCOOJIMBOCTIMU MTOBEIIHKH BIAOUTUX CUTHAIIB,

po3po0iIeHa MOIEIb JOTUIEPIBCHKOTO CUTHAITY, BITOUTOTO BiJl 00EPTOBUX POTOPIB
BIUIA, 3 BuUKOpUCTaHHSIM (pakTadbHUX HeaudepeHUiioBaHuX (QYHKIINA Moxe OyTh
BUKOPHCTaHa 11 OTPUMaHHS JOJAaTKOBHMX HOBHX O3HaK posmizHaBanHg bITJIA

MYJIBTUPOTOPHOTO THILY;
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po3po0JIeHI HOBI METOMM aHANI3y JOTUICPIBCHKUX CHUTHANIB, BIAOUTHX BiA
obeproBux potopiB BIIJIA, Ta meToamka po3mizHaBaHHA Ty pyxomoro BIIIA
MOXXYTh OyTH BUKOPHCTaHI JJI1 pO3pOOKH HOBUX Ta yIOCKOHAJICHHS ICHYIOUHUX CHCTEM
pO3Mi3HABaHHS PaIi0JOKAIIMHAX 3aC001B CITIOCTEPEIKESHHHI.

HaykoBi Ta mpakTu4Hi pe3ynbTaTd poOOTH BUKOpUCTaHi B [HCTUTYTI paiodi3uku
Ta enekTpoHiku M. O.f. YcukoBa HamionaneHoi akajgemii Hayk YKpaiHM Ta B
HaBYAJIbHOMY mporireci HarionaiasHOTO AePOKOCMIYHOTO YHIBEPCUTETY

iM. M.E. XKyxkoBcbkoro «XAly.

Kniwuosi cnoea: nonnepiscbka PJIC, Oe3nioTHUN —JiTanbHUN — amapar,
JOTIJIEPIBCHKUM CHUTHAJI, YacoBa peajli3allis CHUTHaldy, CIEKTp CHUTHaly, MOJEIb
JIOTIEPIBCHKOTO CUTHAy, (paKkTaJlbHUM cUTrHaN, (pakTtajbHa HeaudepeHuiioBaHa

dbynkuis, po3nizHaBanHsa BITJIA, nceBnodaszoBa miomniuHa, GpazoBuii MOpTpeT.

ABSTRACT

Tsyupak D.O. Analysis of the interaction of electromagnetic radiation with a
moving UAV using the methods of nonlinear dynamics. - Qualifying scientific work on
the rights of the manuscript.

The dissertation on competition of a scientific degree of Doctor of Philosophy on
a specialty 104 — Physics and astronomy (10- Natural Sciences). - O. Ya. Usikov Insti-
tute for Radiophysics and Electronics Kharkiv, Ukraine, 2021.

The work is devoted to solving the current scientific and applied problem of de-
veloping methods for analyzing the interaction of electromagnetic radiation with rotat-
ing unmanned aerial vehicle (UAV) rotors and determining the relationships between
the parameters of the DS and the kinematic parameters of the UAV.

The purpose of the work is to determine new features of UAV recognition of
multi-rotor type by identifying the peculiarities of the interaction of electromagnetic ra-

diation with the rotating rotors of the UAV using the methods of nonlinear dynamics.



To achieve this goal, the following scientific and technical tasks are solved:

the analysis of existing research methods of electromagnetic signals reflected
from a moving UAV;

doppler signals reflected from the rotating rotors of the UAV and during its
movement were experimentally studied,;

the frequency-time characteristics of Doppler radar signals when probing
different numbers of UAV rotors and their rotation speed are estimated,;

developed a model of Doppler signal reflected from the rotating rotors of the
UAV, which takes into account the peculiarities of the signal shape;

developed new methods of analysis of signals reflected from a multirotor UAV,
which allow to identify features of their shape and assess their complexity;

developed a method of recognizing the type of moving UAV using new features
of recognition;

the possibility of practical realization of the developed methods for recognition of
UAYV of multirotor type is estimated.

The following new scientific results are obtained in the work:

for the first time a model of Doppler signal reflected from the rotating rotors of
the UAV, which differs from the known use of fractal non-differentiating functions,
which provides modeling of the features of the shapes of the reflected signals;

for the first time a method of analysis of signals reflected from a multirotor UAV
was developed, which differs from the known ones by using a series of phase portraits
built on a pseudophase plane with different time delay, which allows to study the fea-
tures of Doppler signal shapes due to different number and speed of rotating rotors;

improved method of analysis of Doppler signals reflected from a multirotor
UAV, which differs from the known use of fractal analysis of phase portraits, construct-
ed with different time delay, which allows to quantify their complexity and identify the
frequency of similar phase portraits;

proposed a method of recognizing the type of moving UAV, which differs from

the known use of new features of recognition - the shape of the phase portrait and the
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size of the fractal dimension, which improves the quality of recognition of UAV multi-

rotor type.

The following new practical results are obtained in the work:

conducted experimental studies of the structure and shape of Doppler signals re-
flected from the rotating UAV rotors, can be used to determine the nature of the move-
ment of the multirotor UAV, which are determined by the behavior of the reflectedsig-
nals;

the developed model of the Doppler signal reflected from the rotating rotors of
the UAV, using fractal non-differentiating functions can be used to obtain additional
new features of UAV recognition of the multirotor type;

developed new methods of analysis of Doppler signals reflected from the rotating
rotors of the UAV, and the method of recognizing the type of moving UAV can be used
to develop new and improve existing systems for recognizing radar surveillance.

Scientific and practical results of robots victorian at the O. Ya. Usikov Institute
for Radiophysics and Electronics of the National Academy of Sciences of Ukraine and
in the initial process of the National Aerospace University H.E. Zhukovsky "Kharkiv

Aviation Institute".

Keywords: Doppler radar, unmanned aerial vehicle, Doppler signal, signal time
realization, signal spectrum, Doppler signal model, fractal signal, fractal nondifferentia-

tion function, UAV recognition, pseudophase plane, phase portrait.
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