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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6e0endi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an10blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonocuu u
MeXHUYecKux Hayk» Ovlin npunsm 015 unoexkcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvheuuie2o npuHAmMu
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiHceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.



Bac pegakrop

JK¥PBIHOB Mypar /KypbIHYIbI, XUMHS FBUIBIMAAPBIHBIH JOKTOPEL, mpodeccop, KP ¥YFA
akajemuri, «Kasakcran PecrmyOnmukackl ¥JITTBHIK FBUTBIM akanemusicel» PKbB-HiH mpesunenti, AK
«/1.B. CokoybCKHit aTBIHAAFEI OTHIH, KaTaJIN3 JKOHE MIEKTPOXUMUS HHCTUTYTBIHBIHY» 0ac TUPEKTOPEI
(Anmmvarsl, Kazakcran) H =4

Fruibivu xaTimisl

ABCA1BIKOB BaxsiT Hapnko6aiiyJbl, TeXHHKA FBUIBIMIAPBIHBIH TOKTOPEL, ipodeccop, KP ¥YFA

JKayanThIXaTIBICH], A.B. BeKTypoBaThIHAAF IXUMUS FBUIBIMIaPEIMHCTUTY THI (AnMaTsl, Kazakcran) H=5
PepgaknusaablK aJdkKa:

9BCAMETOB Mauaic Kyasicyas! (6ac peqakTopabslH opeIHOAcaphl), reoIorus-MHHEPaIoTust
FBUTBIMJIAPBIHBIH  TOKTOpBI, Tpodeccop, KP ¥YFA akanemuri, «Y.M. AxmencaduHa aTbIHAAFEI
THIPOTEOJIOTHS SKOHE T€0IKOJIOTHSI HHCTUTYTHIHBIHY AupeKkTopbl (AnmMarsl, Kaszakcran) H =2

7KOJITAEB TIepoii XKoaraiiyabl (6ac penakTopAbH OpbIHOAacapsl), reoJoTUs-MHHEPaIoTus
FBUTBIMJIAPBIHBIH TOKTOPEL, Tpodeccop, K. 1. Carnaes ThIHAAFbI Te0JI0T U FETBIMIAPhI HHCTUTY THIHBIH
nupekTopsl (Anmatsl, Kazakcran) H=2

CHOY pumen, Ph.D, kayeiMpacteipbuiran mnpodeccop, HebOpacka yauBepcutetiHin Cy
FBUIBIMJIAPBI 3epTXaHachlHbIH qupekTopsl (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, Taburu Tapux mypaxaibiasig XKep Typais! FeutbiMaap OemiMinge
METPOJIOTHST JKOHE TMaijaybl Kazbanap KeH OpBIHIAAphl CalachIHIArbl 3epTTEYNCpAiH JKeTeKIIici
(Jlonnon, Aurust) H =37

IMAH®UJIOB Muxaua bopucoBuY, TEXHHMKAa FBUIBIMIAPBIHBIH  JOKTOpBI, HaHcu
yHUBepcuteTiHig npodeccops! (Hanen, @pannms) H=15

HIEH Iwun, Ph.D, KpiTaii re0norusuibik KOFAMBIHBIH Tay FEOJOTHSIChI KOMUTETI TUPEKTOPBIHBIH
opbiHOacapel, AMEpPUKAaH/IBIK SKOHOMHUKAJBIK TEOJOrTap KaybIMAACTHIFBIHBIH Mymieci (ITexuH,
Kprrait) H =25

OUIIEP Axcenab, Ph.D, J[Ipe3neH TEXHUKAIBIK YHHBEPCUTCTIHIH KaybIMIACTBIPBLIFAH
npodeccopsi (pe3nen, bepaun) H=6

KOHTOPOBHUY Auekceii IMUIbeBHY, I'€OJOIHA-MUHEPAIOTUS FhUIBIMIAPBIHBIH JIOKTOPBI,
npodeccop, PFA akagemuri, A.A. Tpopumyka aTblHIaFEl MyHal-Ia3 TeOJIOTUsICHI J)KoHE reoU3HnKa
unctutyTsl (HoBocubupck, Peceit) H =19

AT'ABEKOB Buaagumup EHokoBH4Y, XHMMHS FbUIBIMAAPBIHBIH JOKTOpH, bemapycs ¥TA
akazgemuri, JKana Matepuangap XMMHUsICbI HHCTHTYTBIHBIH KYpMeTTi qupektops! (MuHck, Benapycs)
H=13

KATAJIMH Credan, Ph.D, [Ipe3neH TexXHUKaIBIK YHHBEPCHTETIHIH KaybIMAACTBIPUIFAH
npodeccops (Jpesznen, bepaun) H = 20

CEUTMYPATOBA Jseonopa FOcynoBHa, reoorus-MUHEPATOTUs FhIIBIMAAPBIHBIH JOKTOPEI,
npodeccop, KP ¥YFA koppecniongent-myieci, K.M. CarnaeB arbingarbl [€0J0TUsI FBUIBIMAAPEI
HWHCTHTYTBI 3epTXaHaChIHBIH MeHrepyiici (Anamarsl, Kazakcran) H=11

CAFBIHTAEB “Kanaii, Ph.D, xaybimaacteipbutran mpodeccop, HaszapbaeB yHuBepcuteti
(Hyp-Cyunran, Kazakcran) H = 11

®PATTHUHMU Taono, Ph.D, buxokk Munan yHUBEPCUTETI KaybIMIACTBHIPbUIFaH Ipodeccopbl
(Munan, Uranus) H =28
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I'naBnbIii perakTop

KYPHUHOB Mypar ’KypuHoBHY, TOKTOpP XUMUYECKHUX HayK, mpodeccop, akagemuxk HAH PK,
npesunent POO «HarponansHoit akagemun Hayk PecryOnuku Kazaxcran», reHepaibHbIH TUPEKTOP
AO «MHCcTUTyT TOIUMBA, KaTanu3a U a1ekrpoxumud uM. [1.B. Coxombckoro» (Ammarsr, Kazaxcran)
H=4

YueHHBbI cekpeTapb

ABCA/IBIKOB BbaxbiT Hapuk6aeBu4, TOKTOp TEXHHYECKUX HAYK, MPOdeccop, OTBETCTBEHHBIH

cekperaps HAH PK, UuctuTyT XuMmnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenakuunonHasi KoJdJerus:

ABCAMETOB Mauuc KyabicoBu4, (3aMeCTHTENb INTABHOTO PEAAKTOPA), TOKTOP I€0JIOTOMHHE-
panornueckux Hayk, mpodeccop, axanemuk HAH PK, mupexrop HMHcruryTa Tmaporeomoruu u
reoskonorun uM. ¥Y.M. Axmencaduna (Anmarsl, Kazaxcran) H = 2

KOJITAEB I'epoii ZKosraeBud, (3aMeCTUTEIND [TIABHOTO PEIAKTOPA), IOKTOP T'€0JI0rOMUHEPaIIo-
THYECKUX Hayk, mpodeccop, mupexkrop MucTHTyTa reonormyecknx Hayk uM. K.M. Carmaesa (Anmarsr,
Kazaxcran) H=2

CHOY [Ipunen, Ph.D, acconumpoBannslil npodeccop, aupexrop Jlaboparopuu BOJHEIX HayK
yauBepcutera HeOpacku (mrat Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pykoBomuTenb HCCICIOBaHMNA B OOJNACTH TETPOJOTHH K
MECTOPOXK/ICHUH TOJE3HBIX HCKomaeMbeIX B Otmene Hayk o 3emie My3est eCTeCTBEHHOH HCTOPHH
(Jlonnon, Aurus) H =37

HAH®UJIOB Muxaua BopucoBHY, TOKTOp TEXHHUYECKHX HayK, Mpodeccop YHUBEpPCHTETA
Hancu (Hancu, ®@panmums) H=15

HIEH IMun, Ph.D, 3amecrurens aupexropa Komurera mo ropHoit reomorun Kwurtaiickoro
Te0JIOTHYECKOr0 00MIecTBa, WieH AMEPHKAHCKOH acCONHMAINK SKOHOMHUYeckux reonoros (Ileknw,
Kurait) H = 25

OUIIEP Axkceas, accorunpoBanHblil mpodeccop, Ph.D, Texanuecknit yausepcurer Jlpesnen
(Apesnen, bepnmun) H =6

KOHTOPOBMUY Auekceii IMUIbLEBHY, TOKTOP I'€0JI0r0-MHHEPATIOrHICCKUX HayK, Tpodeccop,
akagemuk PAH, MHCTHTYT HedrerazoBoii reonorun u reopmsuku uM. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccus) H=19

ATI'ABEKOB Baaaumup EHokoBHM4, 10KTOp XuMHYecKuX Hayk, akagemuk HAH benapycu,
MOYETHBIN qupeKkTop MHCTHTYTa XMMUHU HOBBIX MaTepuaioB (Munck, benapycs) H =13

KATAJIMH Credan, Ph.D, accoumupoBanubiii mnpodeccop, TexHHYEeCKHil yHUBEPCUTET
(Apesnen, bepmun) H =20

CEUTMYPATOBA Dieonopa IOcymoBHa, OKTOp TIe0lOrO-MHHEPAIOTHYECKUX —Hayk,
npodeccop, wieH-koppecnoneHT HAH PK, 3aBenyromas taboparopunt MHCTHTyTa Te0IOTHYECKUX
Hayk uM. K.W. CarmaeBa (Anmarsl, Kazaxcran) H=11

CAI'MHTAEB ‘Kanaii, Ph.D, acconumpoBannsii mnpogeccop, HazapbaeB yHHBepcHTET
(Hypcynran, Kazaxcran) H = 11

®PATTHUHMU Iaoao, Ph.D, acconnunposanHblii npodeccop, Munanckuii yausepcuter bukokk
(Munan, Utamus) H = 28
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Editorial chief

ZHURINOV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK,
president of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC
“Institute of fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan)
H=4

Scientific secretary

ABSADYKOV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive

secretary of NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H =35
Editorial board:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and
mineralogical sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of
hydrogeology and hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEY Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska
University (Nebraska, USA) H =32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the
Earth sciences section of the museum of natural history (London, England) H = 37

PANFILOYV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H =25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden,
Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences,
professor, academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS
(Novosibirsk, Russia) H =19

AGABEKOYV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus,
honorary director of the Institute of chemistry of new materials (Minsk, Belarus) H =13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H =20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences,
professor, corresponding member of NAS RK, head of the laboratory of the Institute of geological
sciences named after K.I. Satpayev (Almaty, Kazakhstan) H=11

SAGINTAYEYV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H=11

FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H=28
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Abstract: Unmanned Aerial Vehicles (UAVs) are complex hardware and
software systems with multi-purpose control, playing a crucial role in implementing
the smart city concept. Unlike manned aviation, UAV control systems require
additional modules, including the drone itself, operator workstation, software, data
transmission channels, and units necessary for fulfilling assigned tasks in urban
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environments. The application of UAVs in the civilian sector, especially in the
context of smart cities, is virtually unlimited. However, the current state of the
legal framework for airspace usage creates certain difficulties for flight operations.
The article formulates the main scientific position on the methodology for solving
auxiliary tasks, defines research stages, and proposes a generalized methodological
algorithm that includes theoretical developments, field observations, and computer
modeling of smart city scenarios. The study revealed that UAV motion control
systems are used for their differentiation process based on the principle of complete
external control. For external control of UAV divergence processes in urban spaces,
a method is considered for assessing UAV convergence situations and selecting
divergence maneuvers using the area of dangerous courses. This takes into account
the inertia of UAVs during turns and the presence of navigational hazards in the
smart city maneuvering zone.

Keywords: UAVs, Geographic Information System (GIS), smart city, route
management, collision avoidance, urban airspace, motion control system,
maneuvering, navigational hazards, flight simulation, control automation, spatial
analysis, air traffic monitoring, route optimization, flight safety.
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AHHoOTanMs: YIIKBIIICH3 yiry ammapartapbl (¥¥A) - Oyl Kem MakKcaTThl
Oackapy Jkyheci Oap Kypmeni ammapaTThIK-OarmapiaMaliblK KemieHAep, ojap
aKBUIIBI Kaja TYXKBIPBIMIAMACHIH JKY3€Te achIpyla MaHBI3ABl POJ aTKapasbl.
[MunoTTel aBmanmsinan aifslpMamibUIBIFbl, ¥ YA Oackapy »Kyilermepi KochIMINa
MOIYIBICPI KaKET €Teli, OHBIH INIHAC IPOHHBIH ©31, OMepPaTOPIbIH >KYMBIC
OpHBI, OaFrmapiIaMalbIK >KacakTama, JepeKTepli Oepy apHaIaphl JKOHE KaJallbIK
opTaja OeNTIICHTeH MIHAETTEP Il OPBIHAAY YIIiH KaXeTTi O1okTap 6ap. ¥ ¥ A -HBI
a3aMaTTBHIK CEKTOpJa, 9cipece aKpUIABl Kajla KOHTEKCTIHAE KOJNaHy ic JKYy3iHe
meKTeyci3. Amaifna, oye KeHICTITiH HaiaananyaslH Ka3ipri KYKBIKTHIK 0a3aChIHBIH
JKaFJaipl YTy OmepanusuIapblH JKyprizyae Oenriiai 6ip KUBIHIBIKTap TYABIPAIb.
Makanama KOCaJIKbI MIHACTTEPAl IICNTy omicTeMeci OOMBIHINA HETI3Ti FHIIBIMU
YCTaHBIM TY)KBIPBIMIAJIAIBI, 3ePTTEY KE3CHIEPi aHBIKTANAIbl JKOHE TCOPHSIIBIK
o3ipiemernepai, MajanblK OakplIayJaapabl JKOHE aKbUIABI Kajia CIICHApUHJICpPiH
KOMIIBIOTEPITIIK MOACNBICYNI KAaMTUTBIH >KaIIbUIAHFAH OMiCHAMAIBIK aJTOPUTM
yeuiHBIIAABL. 3epTrey ¥ ¥A KO3FaJbICBIH OacKapy JKyHenepi TONBIK CHIPTKBI
Oackapy KarmmaThl OOWBIHINIA OJApIbI capaliay MpOoIeCci YIMiH KOJITaHBIIATHIHBIH
kepcerTi. Kanansik keHicTikTeri ¥ ¥ A bIapIpay MPOIECIH CHIPTKBI OaKpliay YIIiH
KayinTi OaFpITTap alMarblH KOJJaHa OTHIPHII, ¥ YA JKaKbIHIACY >KaFJailbIH
Oaramay JXKoHE ONapIbIH BIABIpAy MaHEBPIH TaHAAy 9Jici KapacThIpplIiaabl. by
peTTe aKpUIABl KaJaHBIH MaHeBp aiMarblHIarel [1¥ A-HBIH OypbUTY Ke3iHIETi
WHEPIUSCH MEH HaBUTAIIMSIIBIK KAYIITePIiH O0TyBI €CKepiIei.

Tyiiin ce3aep: ¥ ¥ A, reoaknapartsik xyiie ('AX), akpuiasr Kana, OarpITTap Ikl
0ackapy, COKTBIFBICYIBI OOJIBIPMAY, KaJTaHbIH dye KeHICTIr1, KO3FaJIbICTHI OacKapy
JKy#eci, MaHEeBp JKacay, HaBUTAIMSUTBIK KayinTep, YITYIsl MOAETBILY, OacKapyIsl
aBTOMATTaHABIPY, KEHICTIKTIK Taljay, oye KO3FaJIBICBIH OaKplIay, OarbITTapIIbI
OHTaWIaHBIPY, VI KayiNCi3miri.
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AHHoTanms. becnunotueie nerarensHble annapatsl (BITJIA) npeacrasisior
cOo0OH CIOXHBIC —anmapaTHO-MPOrPaMMHBIE KOMIUIEKCHl C  MHOTOILCIIEBBIM
YIPABJICHUEM, WIPAIOIIME BaXXHYH POJIb B PEANU3ALMHM KOHLEHNLHUU YMHOIO
ropora. B ominume or mwiotupyemoll aBuanuu, cucTemsl ynpasineHus BITJIA
TpeOYIOT OMOJHHUTENBHBIX MOIYJEH, BKIIOYAIONIMX caM JPOH, pabdouee MecTo
orepaTopa, MporpaMMHOe oOecredeHHe, KaHallbl MepeAadyd JaHHBIX U OJOKH,
HEOOXOOUMBbIC IS BBIMIOJIHEHMsI IOCTABICHHBIX 3aJad B TOPOJCKOH cpee.
[Mpumenenue BITJIA B rpa)kaaHCKOM CEKTOpE, OCOOEHHO B KOHTEKCTE YMHOTO
ropoja, MPaKTHYECKH HE OrPaHUYEHO, OJHAKO TEKYLIEE COCTOSHUE IPaBOBOU
0a3bl UCMOIB30BAHUS BO3AYLIHOTO IIPOCTPAHCTBA CO3JA€T OMNPECICHHBIE
TPYAHOCTH JUIsI IIOJIETHBIX onepanuii. B crarbe popMynupyercst oOCHOBHAs HayYHAs
MO3ULKS 10 METOAOJOTUU PELICHUsS] BCIIOMOrATENIbHBIX 33Ja4, OIpPEIesstoTCs
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ATambl WCCIEJOBAaHWUS W  TIpeaaraeTcss OOOOIIEHHBIH METOHOIOTHYECKUAN
aNTOPHUTM, BKIIOYAIONIUI TEOpeTHYeCKHe pa3pabOTKH, IMOJIeBbIe HAOMIONEHUS U
KOMITBIOTEPHOE MOJIEIMPOBAaHUE CLIEHApUEB A yMHOro ropoga. McciaenoBanue
[I0Ka3aJI0, YTO CHUCTEMbl ynpasieHusi aBwxkeHueM BIIJIA wucnosnesyrores aiis
nporecca ux AupGepeHInaniy M0 NPUHIIKAITY MOJHOTO BHEIIHETO YIPaBICHHUS.
Jnst BHewmHero KoHTpoist Tmpouecca pacxoxaeHuss BIIJIA B ropoackom
MIPOCTPAHCTBE PACcCMATPUBACTCS METOJ OINEHKH cuTyanuu commxkeHus BITJIA u
BbIOOpa MaHEBpa MX PACXOXKICHUS C MCIIOIb30BAaHUEM OOJIACTH ONACHBIX KypPCOB.
[Ipu aToM yunTsiBaeTcs uHepuus bITJIA pu moBopoTe 1 HATMYINE HABUTAITHOHHBIX
OIacHOCTEW B 30HE MAaHEBPUPOBAHUS YMHOTO TOPOJIa.

KaroueBsie caoBa: BIUJIA, reomndopmarnmonnas cuctema (I'MC), ymHBIIH
ropojl, yIpapjeHHe MapHIpyTaMu, MpeJoTBpalleHHue CTOJIKHOBEHUH, BO3AYIIHOE
MIPOCTPAHCTBO TOpOJA, CHUCTEMA YIPABIEHHS [BUKECHHEM, MAaHEBPUPOBAaHMUE,
HaBUIALMOHHBIE  ONACHOCTH, MOJECIMPOBAHUE  IIOJIETOB,  ABTOMAaTH3aLUs
yIpaBJIeHUs, TPOCTPAHCTBEHHBIN aHAJIN3, MOHUTOPHUHI BO3AYLIHOTO JIBUKEHMS,
OTNITUMH3AIINS MapIIPyTOB, OE30ITaCHOCTH MTOJIETOB.

Introduction. During the control of the aircraft movement, aerodynamic forces
and moments arise (Woo G.S, 2020). The angles of deviation in pitch, yaw, roll and
thrust of the engine are used as regulatory factors that allow influencing the aircraft
to control its movement. An unmanned aerial vehicle (UAV) as a control object is
a complex dynamic system due to the presence of a large number of interconnected
parameters and complex cross-interactions between them (Sahawneh L.R., 2018).
Complex motion is often divided into the simplest types: angular motion and the
movement of the centre of mass, longitudinal and lateral motion (Sahawneh L.R.,
2015). The controls that create control actions can be di- vided into two groups:
longitudinal controls that provide movement in the longitudinal plane; lateral motion
controls that provide the required nature of changes in the angles of roll, slip and
yaw (Rattanagraikanakorn B., 2019). The engine control channel regulates thrust
in accordance with the specified flight program (Highland P., 2020; Batrakov D.O,
2016). Stable flight control is impossible without creating an acceptable quality
automatic control system (Minwalla C., 2016; Kang C., 2020). For example, the
aircraft control system serves to ensure flight along a given trajectory by creating
the necessary aerodynamic forces and moments on the wing and fins (Clothier R. A.,
2015). Three types of control systems are possible — manual, semi-automatic and
automatic (Orazbayev B, 2020). In the manual control system, the pilot operator,
assessing the situation, ensures the generation of control impulses and, using
command levers through the control panels, deflects the steering surfaces, holding
them in the desired position (Orazbayev B, 2023). In a semi- automatic system, the
pilot operator control signals are transformed and amplified by various automata
and amplifiers, providing optimal stability and controllability characteristics of
the aircraft (Lee K., 2021; Tanirbergenova A, 2021). Automatic systems provide
full automation of individual flight stages, freeing the pilot operator from direct
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involvement in the control of the aircraft (Cherunova 1., 2018). Swarm monitoring
of UAVs is an integral part of a modern geographic information system, providing
comprehensive collection, analysis, and visualization of spatial data for effective
urban environment management and collision avoidance in the airspace of a smart
city.

In the process of adjusting the control by the angles or height of the aircraft
flight in the automatic system, the desired values of angles or height are received
at the input of the controller, and the output variables of the controller will deflect
the angles of the ailerons along the pitch, roll and yaw channels (Cherunova 1.,
2018; Molloy T., 2020). The task of the synthesis of the aerobatic system is to
select the structure and parameters of the control channels that provide a given
quality of flight control, based on dynamic properties. Actuators are an integral
part of automatic UAV motion control systems (BatrakovD., 2017; D’ AmatoE.,
2020). The inclusion of mathematical models of these devices in the control object
allows taking into account their dynamic and static properties (Orazbayev B,
Zhumadillayeva A., 2023). Steering actuators are selected from the condition that
their load characteristics provide the necessary dynamics of control processes. In
other words, they are required to ensure that the steering body loaded with external
forces or external moments moves at a given speed (Orazbayev B., Zhumadillayeva
A., 2023). The purpose of the study is to ensure the implementation of the
requirements for the control system: the choice of a transition process with minimal
time, the absence of overshoot (aperiodic process). It is necessary that the control
system provides the specified parameters of the transition process. The goal set in
this paper requires the study of the following tasks:

justification of the mathematical description of the control object (CO);

building a simulation model;

study of the dynamics of the model;

implementation of the laws of management of the management object.

Materials and methods. It is necessary to find analytical expressions for the
boundaries of the area of dangerous courses and UAV speeds, taking into account
the ratio of their speeds, based on the condition of equality of the distance of UAV's
closest approach and the maximum permissible approach distance. Since the
distance of the closest approach of the UAV depends on the course of the first UAV
and on the speed of the second UAV, which are the parameters of the divergence
manoeuvre, and the maximum permissible distance of approach is a constant, the
relationship between the course of the first UAV and the speed of the second UAV
is derived from the obtained equality, which is the equation of the limits of the area
of dangerous courses and UAV speeds.

The area obtained in this way is used to determine a safe joint divergence
manoeuvre if the turn and braking time of the UAV is insignificant and can be
neglected. In the case of a significant braking time of the second UAYV, a procedure
for the area development should be developed, and the development algorithm
should differ from the previous one. To take into account the influence of the inertial

76



ISSN 2224-5278 4.2024

braking characteristics of the second UAV on the possibility of divergence in the
selected maximum permissible approach distance, it is necessary to use analytical
expressions of the characteristics of the processes of active and passive braking.

The next stage of the work is the development of a method for accounting
for the third UAV, which may interfere with the safe distinction of the first and
second UAV. To solve the next stage, an analytical procedure should be developed
to determine the distances of the closest approach of the third UAV with the first
and second UAVs during their divergence. If these distances are greater than the
maximum permissible approach distance, then a compatible manoeuvre selected
using the area of dangerous values of the course of one UAV and the speed of the
other is acceptable, since it ensures the safe divergence of all three UAVs. Then it is
necessary to develop a way to visualize the developed area of dangerous values of
the course and speed of the UAV and to form a verbal algorithm for determining the
parameters of a safe manoeuvre of divergence at the selected point of the boundary
of the developed area.

Results and discussions. To ensure the safety of the difference, the coordination
of the UAV divergence manoeuvres is necessary, that is, the coordination of
manoeuvres, which allows increasing the distance of the closest approach. With
this type of control, each of the UAVs controls the current state of the approach
situation and when a situational disturbance occurs, Bz interaction occurs between
the UAVs, which transforms the programme section of relative motion with

situational disturbance Yminy = Ua. into a relative trajectory without situational

disturbance Yminy = Ya, The Bz interaction predicts the behaviour of UAVs in
case of divergence and ensures the development of coordinated targeted strategies
for each of the interacting UAVs. Therefore, the interaction of Bz can formally be
written in this way:

G = Bz(F) (1)

Where F = {_D, o, .L"Ij_J Kli 1-"'21 K:_}I .
G = (01,G2)

Thus, the interaction of the UAV Bz is the operator or the display of the
parameters of the state of the approach situation in the set of parameters of the
strategy difference G, and the interaction of consists of Bz two operators: Crd —
coordination of manoeuvres and Prm — calculation of manoeuvre parameters.

The interaction of Bz, as a mechanism of coordination to achieve the common
goal of preventing dangerous convergence, indicates the behaviour of each of the
UAVs in the process of divergence, and a change in the situation is predicted, which
is an extremely important factor affecting the safety of the difference. Thus, the
process of differentiation is the process of compensating situational disturbance, that
is, transferring the situation of convergence into a subset of safe states, according to
the interaction mechanism Bz, and the strategy of difference & is the algorithm for

is the vector of the convergence situation,
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implementing the process of divergence. The implementation of the Bz interaction
is carried out using a binary coordination system or a fol&Z) coordinator, the input
of which is a vector F, and the output is the address signals of the UAV f1 and f2

(Figure 1).

¢, (B2)

¢ Cs

G, G,

Convergence situation S,

Figure 1. Independent control of the j.iz.sysrem

With the help of the address signal Fi and the state vector F, each of the UAVS
Ci of the 312 system selects a manoeuvre of divergence &r; from the permissible
subset of evasion courses, which is regulated by the coordinating signal ¥:i. The
€o{FZ) binary coordination system is a means for describing the behaviour trend
of a pair of interacting UAVs when a situational disturbance occurs in order to
compensate for it. As a divergence manoeuvre, the manoeuvre of changing the
course of the UAV is considered. First of all, the binary coordination system €o{5£)
must satisfy Ashby’s law of necessary diversity, according to which the variety of
available difference strategies must correspond to the variety of possible situational
perturbations. Otherwise, the ColBZ) system will not be able to compensate for
situational disturbances, creating prerequisites for UAV collisions. This means that
the system gl 52 )must have at its disposal the potential possibility of compensating
situational disturbance in all cases at 4.

In conditions of reduced visibility, UAV coordination is not provided for in the
MPPSS- 72 standard. The second type of control of the UAV divergence process
is their complete control by an external UAV operator, who observes the state of
the convergence process and, in the event of a situational disturbance, develops a
common divergence strategy for both UAVs, translating a dangerous convergence
into an unfulfilled state. This type of control can be both a workstation control
system (WCS) and, crucially, an on-board information system with the same
capabilities installed on each of the UAVs, which solves the problem of collective
compensation of situational disturbance and implements the individual strategy
obtained as a result of the solution. The UAV operator Zobserves the state vector
F of the situation 5 of 12 approaching UAVs and analyses the presence of a
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situational disturbance, at the appearance of which the operator chooses the optimal
strategy 01 G2). Manoeuvres Gy and G2, as shown in Figure 2, are addressed to
the UAVs €1 and €z that implement them.

[1]

Figure 2. The principle of complete control of the ‘51253-“5"-'“

The advantage of full control of the divergence process by the UAV operator
by an external manager is the same interpretation of situational disturbance
when choosing divergence manoeuvres G and Ga. Compensation of situational
disturbance @ is developed in the first phase of evasion strategy &. After the
completion of the evasion section, the exit section to the program trajectory of
movement is realised. Recently, methods of external control of the UAV divergence
process have been suggested, in particular, the paper considers the method of
developing the area of dangerous UAV courses and procedures for assessing the
situation of convergence and choosing evasion courses with its help. Here is a
brief outline of the essence of the method of developing a dangerous area of UAV
courses and its application. Let’s assume that at the initial moment of time, the
mutual position of two UAVs that are dangerously approaching is characterised by

the bearing %ij and the distance Y ij, and the mutual displacement is the relative

course %ti7 and the speed Vatij. The distance of the closest approach mMin Us; of
the UAV is less than the maximum permissible distance €, that is, minl;; < dg,
and the UAVs are approaching dangerously. The WCS, which controls the flight of
the UAV, needs to find the courses of the UAV K; and £, at which their distances
of the closest approach will be greater than the maximum permissible distance dg,
For this purpose, we use the expression (1) for min U;; and get:

minﬂi-" = ﬁi_;l'Di_;l' Sin{ﬂij - Kﬂ-ti_;l'} = dd (2)

The minimum approach distance mini;; can be increased by changing the
relative course K erij, that is, the courses of the UAV K ;and K;. Let’s find the value
of the UAV courses that ensure the fulfillment of the obtained condition, which can
be represented as:
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. dg
tgKori; = tg [ai}- —arc sin- £ J

ifDij (3)
Enter the designation:
. dd
¥ij = &;; — arcsin (ﬂ ijﬂij) (4)
and we take into account that according to:
VisinK;—V; einkK;
tg Koﬁ'_i'. = v[l:nsKE—Vj-' :DBI;_I-' (5)

with this in mind, expression (23) takes the following form:
{sin K; cosy;; — cosK;sin f(’i}-} = p:-j-(sin K; cosy;;; —coskK;sin ]-f:-j} (6)
where:
Pure = V;/V; (7)
Corresponding equality:

'[sin K cosy;; — cos K sin }q—}-} = pi}-{sin K;cosy;; — cosK;sin ]r'!-_:,-] )

or:

Siﬂ'[f'fi - Y:‘_;u‘} = Pij [sin{f(_,- - Yi.:":}] ©)

represents analytical expressions of the boundary of the dangerous area :’DU’,
which limits the invalid value combinations of the pairs of corresponding courses
K and K.

The resulting equation has two solutions, that is, the following analytical
dependencies are valid:

K;—vi; = arcsin{p;;[sin(K; —y;;)]} (10)

K —i; = — arcsinfp[sin(K; — )]} (11)

The first of the two solutions of the equation correspond to the situation of
approaching UAVs, and the second corresponds to the situation of their removal.
The danger of collision occurs when the UAV approaches, therefore, the equation

of the boundaries of the dangerous areas of the coursespij is determined by the
equation:

K;=y;+arc sin{p:-}- [sin(ff}- - T:‘j}]} (12)

This expression characterizes the boundary between the dangerous and

permissible areas of the courses Ks and &5, Using the program, Figure 3 shows a
graphical representation of the dangerous area Dij of the courses K; and, in which
minb;; < dd, for a situation of dangerous approach with parameters o = 75°, D =

3 miles, 4= 1 mile, ¥i= 15 nodes, ¥; =20 nodes.
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Ki 180

240

180 Kj
180 240 300 0 60 120 180 240 300 360 60 120 180

Figure 3. Dangerous area 3 pij of courses i and Kj ar V; < V;

If the UAV speeds are equal, that is Vi =V, it follows:
K;— vy = arc sin{[sin'[f(} —]q-}-}]} (13)
K: — vy = — aresin{|sin (& — )} (14)
The convergence condition corresponds to the dependence, the graphical form
of which is shown in Figure 4.

K.

A 1

T+ 2yij

> K.
]

Figure 4. Dependence of the K; course from K;

Figure 5 shows the danger area 3 pijof courses £ and & for the same situation,
. Vi
but with ¥;= 15 nodes, /= 15 knots. Please note that when the UAV speeds are

equal, the boundaries of the area of dangerous approaching courses Dy are straight
lines.Figure 5 shows the danger area of courses and for the same situation, but
with = 15 nodes, = 15 knots. Please note that when the UAV speeds are equal, the
boundaries of the area of dangerous approaching courses are straight lines.
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240
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240

Ki

Figure 5. Dangerous area S pij of courses s and Ko Vy = Vs
Vi = V; o Pl
If i, thatis, Fij , then the dependence between the courses of the UAV

K and %5 for the case of convergence is expressed as follows:

K; = yij T arc sin{pz-}- [Sin{ﬁ} - Y:‘j}]} (15)

Since Pij _{ 1 the course k. takes all values from 0 to 27. F igure 6 shows the
danger area 2 Dij of courses K; and X for Vi= 20 nodes, ¥j= 15 knots

Ki m

. i,

300

240

TE:IISE‘ 240 300 O 60 120 180 240 300 360 60 20 I'o'[II(:I
Figure 6. Dangerous area Spij of courses i and Kj at Vi =1}

The assessment of the danger of the approach situation is carried out by analysing
the position of the point of the UAV’s initial courses (H ni, H”J') in relation to the
dangerous area b, If (Knirfnj) € Spij then m Minli; < e the situation of
convergence is dangerous, otherwise there is no situational disturbance and there
is no need to change the parameters of the movement of UAVs approaching. As

g..

. L .
an example, Figure 7 shows the danger area ~?¥ for the following parameters: %
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= 90°, Dii=3.0 miles, da— 1,0 mile, Vi= 15 nodes, Vij =20 nodes. For the initial

courses fni= 45 and Kniz 315°, the starting point is located in the dangerous
area of the courses (in Figure 7, the course K; is counted along the ordinate axis
and displayed by a horizontal line, and the course £; is counted along the abscissa
axis and displayed by a vertical line). For a given point, the distance of the closest
approach is min Yi/=0.42 miles, so it is necessary to change the position of the point
(Ki, K.i") by transferring its position from the dangerous area UEJ‘_. For this purpose, a
point M is selected that belongs to the boundary of the region SDij at the minimum
distance from the starting point. The coordinates of this point are the values of the
optimal UAV evasion courses. Figure 7 shows that the optimal values of the courses
are i = 630, Hj =3230 they are the coordinates of the point M, while AKi= 180 and

AKj=go At the specified UAV courses, the distance of the closest approach min Dyj

=1.01 miles, that is, equal to the maximum permissible distance.

130 M.K'Iﬂﬁ.
- bz |
120 ‘\\ A | . 1
N
@ i
* 5
] 30
0 L e I
)

0 =l
Ome=1,01

180 K

130 240 0 0 €0 120 190 240 300 350 60 120 180 w0k

Figure 7. Determination of optimal values of courses K; and K J

Taking into account the inertia of the UAV when turning and navigational
obstacles in the development of the area of dangerous courses and the choice of
optimal evasion courses are considered in the work, and the inertia of the UAV when
turning is taken into account by a dynamic rotation model with a constant angular
velocity at a given rudder angle. Navigational hazards are taken into account by a
set of unacceptable evasion courses, which is set by a pair of boundary unacceptable
courses for each UAV. Thus, having at your disposal the dangerous area 3pij of
the courses of two UAVs, you can choose safe evasion courses that provide a
discrepancy at a distance that is greater than the maximum permissible distance,
while it is possible to take into account the inertia of the UAV and navigational
obstacles.
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In our work, it is shown that at the value of the difference between the courses of
the UAV AK=0 and AK=180, that is, when the UAV approaches on “countercourses”
and parallel courses, the change in the speeds of the UAV does not affect the value of
the relative course. Therefore, in such situations, the UAV divergence manoeuvre by
changing speeds is impossible, that is, many safe divergence manoeuvres are empty.
The paper also indicates that when the current UAV speeds are equal, the (AV=0)
value of the relative course also does not change. Therefore, in the case of equality
of the initial speeds with their identical change, the manoeuvre of divergence of the
UAV by changing the speeds is also impossible.

It was shown above that the area of unacceptable speeds of a pair of UAVs has
limits:

W =k=V,0, =k, (16)
where:

¢ _ sinlEz—y") __ sinlEz—y.) 1
k* = sin(K,—y*) d L sin( K, —y.) ( 7)

Obviously, the existence of many safe manoeuvres of difference takes place
under the condition:
w>k*>0,m>k, >0andk* >k, (18)

Otherwise, the plural of safe divergence maneuvers is empty. The existing area
of dangerous speeds has the form shown in Figure 8. In this example, the parameters
of the convergence situation have the following values:

ag = 45°,D,3 miles, D, = 1mile K, = 90°,K, = 180° (19)
At initial speeds V1=18 knots and V2=21 knots, the distance of the shortest

approach is U;:,,=0.23 miles.

Vi
2
20
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16
14
12
10

[ - - -

0 2 468 101214161820224 v

Figure 8. The area of dangerous UAV speeds
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The above conditions are also valid for taking into account the inertial
characteristics of the UAV when choosing a safe manoeuvre. In this case, to select
their divergence rates, it has to be done as follows. A pair of safe speeds Y1y and
V25 of the area of dangerous speeds is determined. Due to the inertia of the UAV,
the necessary speed differences Yy and Y2y are achieved over time intervals in

accordance with T1y and T2, which are not equal to each other. Through this the
total duration of the transition process s from the beginning of the UAV velocity

Va.,
change in the selected stable values Yy and s equal to the larger of the intervals

lenmd’.rgy{tp = max[’.rb,., Tgl}-JJ (20)

This work is devoted to the second type of optimal divergence manoeuvre by
reducing the speed, the feature of which is a fixed value of the moment of the
beginning of the braking of the UAV, equal to the zero moments of time tn=10
The divergence manoeuvre is optimized according to the parameters iy and Yoy
, which differ minimally from the initial values of the corresponding velocities V3,

V2 and ensure equality Domin(V132 Y2y ) = Da 611 the end of the transition process
coinciding with the time of the closest approach.

To select the optimal manoeuvre of the second type, a programme has been
developed that calculates the distance of the closest approach based on the entered
values of the evasion speeds ¥13 and Vay, taking into account the selected braking

modes, and allows you to determine the optimal values of the UAV evasion speeds.

As an example, the situation of a dangerous approach of a UAV with speeds of
Vi =17 knots and V2= 22 knots is considered. As shown in Figure 9, the convergence
situation is dangerous because the initial velocity point (Y1, V2) is in the region of
dangerous velocities.

Active braking is selected for the divergence manoeuvre of the first and second
UAVs. The choice of the evasion speed is carried out interactively, and the predicted
value of the distance of the closest approach is indicated. First, the evasion speed

iy 14.5 knots was introduced for the first UAV. Then the second UAV is selected,
and the input of the evasion speed is completed when the distance of the closest
approach reaches the maximum permissible distance (0.99 miles), as shown in
Figure 9. At the same time, the speed of the second UAV is V2y=6.5 knots. The
point corresponding to the selected evasion speeds Viy = 14.5 knots and V25=6.5
knots is located near the boundary of the dangerous speeds area, and the evasion
speeds are shown by dots on the UAV braking curves displayed on the right side of

the monitor screen.
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Thus, with both types of optimal UAV divergence manoeuvres, the optimality
criterion is the loss of the UAV’s running time to perform the divergence manoeuvre,
which must be minimised. This is expressed as follows. From the expression (1) for
min D we get:

K, = a ¥ arcsin (%) .................... 2n

therefore, equality is fair:

tgK,. =tg [r:r$ arcsin (%)] .. (22)
Denoting it:

(L2 —_ o s (2d
¥ =a+ ﬂrcsm(ﬂ) (23)
therefore:
tgK,. = tgy*® . (24)

Taking into account:

thm- _ VisinK,—VosinKy (25)

Vo cos Ky—V5 coskg

we will get:
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Vi sinKy—VWysinky sin}r':"“n‘:' (26)

Vi cosKy—Vocosky cosyled
therefore, we write down the relationship between the course of one UAV K1

and the speed of another UAV Va 12, which satisfy the condition MInU = &g
Expression (74) takes the following form:

sin K; cosy ) — cos K; siny (12 = % (sin K, cos Y12 — cos K, siny12)) 27)
1

or:
in (K —y(12)

sin(k; — y(?) = %Vz (28)
If denote:

p(2) = sintay?) (29)

121
that:
: sin(Kl—Y(l'z)) (30)

peE)

So, there are two limits on which the equality minD = dg is achieved:

@ _ sin(ki—y®) v T (. dgD

V" = PO P g sin%d)] sin [Kl (a arcsin— )] 31)
@ _ sin(ki—y®) _ v e . dgD

V" = @ = P p smd—d)] sin [Kl (a +arcsin— )] (32)

Since we are considering a chan%e in speed by braking, the speed values If'
must satisfy the condition Van >V, = 0

where: Van is the initial speed of the UAV, which changes its speed with a
difference. Let’s consider which values of the course K1 correspond to the limit
values 0 and V2n of the speed V;mi. First of all, we note that the boundaries cannot

be defined for a situation where:
K,=a+ arcsin% (33)
Obviously, from the boundary equations (33):
K, (V(1 2(0) = arc sm =y® 2)) (34)

To determine the second value:
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Hl(-[;:':l-z} — vﬂn)

consider the equation:

1) _ ol (39)

'._Ll:Lﬂj
and substitute Vz"l"} = V'

sinI:Ka_—}r':LE:':l

Vi, = T (36)

where from:

Siﬂ{f(j_ _};':1«-2:'}: %Sin{f{: _YI:LE}J (37)

therefore:

K, =y + arcsin [?—Tsin{h’g _},1(1,2}}] (38)

or:

Ky {V;Lz} = Vzﬂ.) =12 + gresin [? sin(K, — ]-f':m}}] (39)

In the case of ¥y = V5, there are values:

K (5 = 1) (40)

for both limits, and if ¥y = V3, then it is necessary to take into account the ratio
between the magnitude y(12) and the extreme relative rates K ez and Kormin.

Let’s consider the case when ¥1 = Vanand find the limiting values of the course
of the first UAV:

K (1,7 =0) =a—arcsin =y D
K, (Vf} = u) = +arc sin? =y @ (42)

Ka (V) = Van =y ® + aresm[Zsin(k, —y@)]) 3
Ky (5 = Vo = y@ + arcsin [‘:j;‘ sin(k, —y® }D (44)

Let's introduce the designation:

(1) (1) (2) (2)
Kimz'n = Hl (VE = ﬂ)’ Hi‘?‘]‘liﬂ = Hl (Hi' = ﬂ) (45)
(1) (1) (2) (2)
Hlm:'n- = Hi (VZ = ﬂ) ! Hlmm = Hi (El = ﬂ) (46)
Taking into account the accepted designations:
Kil‘;fm =a—arc sin% =y@ 47
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K2 =a+arcsinZ=y® (48)
K . =@+ arcsin [ sin(K,—y @) oY

We draw the reader’s attention to the fact that the change in the speed of the
second UAV V;, in the section V2 € (0,V2,) for the first limit occurs on the

(1)
course section 1 € (‘T{mlw K s ), that is, on the interval:

ﬁf{ll} Hll} _R,ll}

1lmax 1min (5 1)
or taking into account the expressions received:
(1 _ | Fen gl
AK;™ = arcsin [ - sin((K, — ¢ }}] ’ (52)
Similarly, for the second limit: Ky € (Hil;,?m; Hi:jm )3
(2 _ - — (2
AK;™ = arcsin [ . sin(K, —y }] (53)

. ': 1:' (2 .
In turn, the intervals 4K, and are AK S ) smaller 7t/2, so at these intervals, the
value of the velocity ¥, for both limits increase monotonically. Taking into account

the results obtained, the area of kv dangerous parameters of the course of one
UAV and the speed of the second UAV, bounded by the first 1xv and the second
Gagv limits for the case Gigw¥y = Vap and looks as shown in Figure 10. Thus, if
the point with the initial parameters of the UAV motion My {#n1,V2n) is located
between the first 71&v and the second U2&v limits, that is (fn1:V2n) € gy then
the inequality minD{fn1:Van) ages place = @4, and the approach of the UAV is
dangerous. In this case, you must select options evasion UAV K1y and Vay, so that
the corresponding point M,y K1y Vay ) was closest to the point of Mn{HnLVm J of
scope and the distance between the points My and My was minimal, as shown in

Figure 10.

o
/jf,v

GlKV G 2KV

K,

K{in KD K{u K

1max

Figure 10. The area of dangerous parameters of the UAV
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To calculate the evasion rate of the second UAV, which provides the distance
of the closest approach equal to the maximum permissible approach distance for
the selected evasion course of the first UAV, analytical expressions should be used
for the duration of transients, the distance S travelled during this time and the
dependence of the UAV speed on time in cases of active and passive braking. To
do this, we will use the results of the work that enables us to obtain dependencies
for active braking:

T, =

e W
arctg— — —‘PJ

EVep Vyp Vyp (54)
T gl
Sa= ~In %
Zu ViV (55)
_ Yo _
1=V, tg (a:r‘ctg R t) (56)
Similarly, for passive braking mode:
m| 1 1
o233
i i (57)
mi1l 1
»=2-2
"l
S5, = 2#111 e (59)

Previously, a procedure was obtained for calculating the boundaries of the
region (), in the case of the advantage of the speed of the first UAV (1} = V3y,).
If the speed of the second UAV exceeds the speed of the first one, which manoeuvres
a change of course, that is, (V1 = V2n), we get the equality:

K, = y(124arcsin [?%‘ sin( K, —y (12 }] (60)

the analysis of which shows that the boundary of the region (), exists for the
velocities of the second UAV when the expression under the arcsin function:

%‘siﬂ{fﬁ - 'r':“}}| =1 1)

Therefore, the maximum value of the course of the first UAV i, of the
boundary of the region is flzy achieved at a speed of:
v,
o = i) ©2
and is equal to:

Kimax =y *aresin(1) = y2+ > (63)
So:
2 _ o2 (B, E
Hlmﬂ.x - }hi} Ty Hlmrz.x =Y }+ 7 (64)
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Thus, for ¥y < Va,,, the boundaries of the area R&xv  exist for:

K, €[y —EJT":L:} +E] and V, €

0] (65)

g -
' sin(Ey—y (2

For the development of the area [l and its graphical display, a computer
programme was developed that takes into account the ratio of the initial speeds of
the UAV V1 and V25. In the case of V1 > 2y, there are values:

K (1 =1, ) (66)

for both limits, and the area of QY dangerous parameters of the course of one
UAV.

The scientific result of solving the second auxiliary task was the methods
of developing dangerous areas of UAV movement at the distance of the closest
approach.

Conclusion. The article explores the principle of developing a GIS module for
identifying dangerous parameters in the routes of multiple UAVs operating within
a smart city environment. It demonstrates how this GIS-based approach can be
applied to select safe divergence maneuvers for multiple UAVs simultaneously. The
concept of situational disturbance in the context of UAV swarms in urban airspace
is introduced, along with methods for assessing danger levels. For scenarios
involving multiple UAVs, a situational disturbance matrix is employed within the
GIS framework. An analysis of various control types for UAV divergence processes
in smart city environments is conducted. The study highlights that while traditional
collision avoidance relies on locally independent control with binary coordination
systems (similar to maritime regulations), modern UAV motion control systems in
smart cities utilize the principle of complete external control facilitated by GIS. For
external control of UAV swarm divergence in urban settings, the article presents
a GIS-based method for assessing convergence situations among multiple UAVs
and selecting appropriate divergence maneuvers. This method incorporates real-
time spatial data analysis, considering factors such as UAV turning inertia and the
presence of urban navigational hazards within the maneuvering area of the smart
city. The GIS integration enables comprehensive monitoring of UAV swarms,
providing a robust solution for route management and collision avoidance in the
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