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METOA NPAMOIO NPOrHO3YBAHHA AJNA BUABJIEHHA MAHEBPY
KOCMIYHOI'O AMNAPATA BJTIMXXHbOIO KOCMOCY

Mema cmammi. Po3pobnenns memooy npsimo2o npocHO3y8anHs O GUSGNEHHS MAHespy KOCMIYHO20 anapama
OIUINCHBO2O KOCMOCY 8 npoyeci 00poOKu kamanocy Kocmiunux oo ’ekmis y popmami Two-Line Element Set (TLE), axutl
3abe3neuye onepamughe ma 00CMOoGIpHe GUAGNEHHS (PAKIMY MAHE8PY KOCMIYHO20 anapamy.

Memoodu docnidscennsn. I1i0 wac HanucanHs cmammi 3aCMOCOBAHO MeMOOU OUHAMIKU NOTbOMIE KOCMIYHUX anapamie,
MAMEMAMUYHOT CMAmMUCMuKY, MOOeTO8aHHs. 3a3HaueHull MemoOuyHutl nioxio 0ac 3Moecy po3pooumu HOBUU Memoo
ABMOMAMU308AHO20 BUABIEHHS MAHEEPY KOCMIYHO20 anapamy OIuiICHb020 KOCMOCY.

Ompumani pesynomamu 00caioxcenns. Y cmammi po3pooieHo Memoo 8Us6IeHH MAHEEPI8 KOCMIYHUX anapamis
OUICHBLO20 KOCMOCY Ni0 yac obpobku kamanozy xocmiunux o6’ekmis y gopmami TLE. Ochosorw memoody € ananis
Hes 'sI3KU Midic OIUCHUM (NOMOYHUM) NOTOICEHHAM KOCMIYHO20 anapama, sike po3paxoeano 3a tioeo akmyanvhumu TLE-
napamempamy ma npocHO306aHUM NOJONCEHHSIM KOCMIYHO20 anapama Ha NOMOYHUL Yac, sKe pO3PAXo6aHo 3a U020
apxienumu (nonepeonimu) TLE-napamempamu. s npoeno3y8anus UKOPUCTIOBYEMbCA cmandapmuzosana onsi TLE-
napamempie aHanimuyHa mooeib pyxy Kocmiynozo anapama SGP4. Hee’sska Midc ROMOYHUM mMa NPOSHO308AHUM
HOJLONCEHHAM KOCMIYHO20 anapama poseisioacmvCs @ WLISXO08I cucmemi KOOpOUHAm 3a mpbomMa KOMHOHEHMAMU:
MAHSEHYIANbHA He8 3KaA — 630062C opOimu (30ieaemvbcst 3 HANPAMKOM WBUOKOCMI KOCMIYHO20 anapama), padiaibHa
Hes s3Ka — 6 NAOWUHI OpOimu (8 HANPAMKY paoiyc 6eKmopy KOCMIYHO20 anapama) ma HOPMANbHA He8 s3Kd —
nepnenouxynspna naowuni opoimu. Ilopic Ons euseienus manespy OpMyEmuvcsi UX004U 3 0COONUBOCMEN 6NIUBY
ammocghepu Ha pyx KOCMIYHO20 anapamy OAUNCHbO2O KOCMOCY, A came, Npu HeKepoSaHOMY NOJbOMI OCHOBHE 30VpeHHs.
8i06ysacmuvcs 630060ic opoimu. Toomo 6e3 nposedeHHs: MaHespy KOCMIMHUL anapam npuiimae 3 0esxum OOnycmum
4ACOBUM 3MIWEHHAM NPAKMUYHO 8 NPOSHO308AHY MOYKY OpOimu. 3asHauene NposAGIAEmMbCa Yy 6UeNadi yMOGU, Wo O1a
HEKepOoBAH020 PYXY KOCMIYHO20 anapama maneeHyiaibHa Hee 'a3Ka (Hee s13Kka 630082ic OpOimu) 3Ha4Ho Oitbiua 3a Hed 'a3Ku
6 I[Hwux Hanpamkax. Hes’saska 630060c opbimu o0bpaxogyemvcsi y 3miwyeHHi (Po30ijcHOCMI) HOMOUHO20 MdA
NPOSHO308AH020 HACY NPUX00Y KOCMIMHO20 anapama 6 MOuKy opOimu, wo MAKCUMAIbHO O1u3bKa 00 OilicHO20
(NOMOUHO20) NONONCEHHSI KOCMIYHO20 anapama — Hes’s3Ka 3a YacoM NpPOSHO3Y8aHHs. [l00amKko6o, 3anponoHO8aHO
HOpMY8amu 00paxo8amy 4acogy Heg si3Ky 00 IHMepsany NpoSHO3Y8AHHS, OCKIIbKU CIMOXACMUYHULL GNIUG aMMOChepu €
NPONOPYIiHUM Yacy 1020 enaugy. Jis 6U3HAYEHHS MAKCUMATbHO OONYCIMUMO20 3HAYEHHSl He 653KU — NOPO2Y GUSIGILeHHS.
Mawnespy, 3anponoOHOBAHO BUKOPUCHIOBYBAMU YcepeOHeHHs 3asHauenoi xapaxmepucmuxu 3a TLE-kamanocom 0ns
KOCMIYHUX anapamis, sKi eapaHmosaHo He MaHeepyloms, abo po3paxogysamu nopie 3a CMoXacmuyHoiO OUHAMIYHON
MOOENIO PYXY KOCMIMHUX anapamis OIUNCHLOZO KOCMOCY 3 8DAXYBAHHAM 6apiayiti 2yCMuHU ammoc@epu.

Enemenmu naykoeoi nosusznu. Pospobnenuii memoo 6useienHs MaHedpy KOCMIYHO20 anapamda OAUNCHbO2O
KOCMOCY BUKOPUCHOBYE HOBULL NOKAZHUK — HOPMOBAHA 00 [HMEPBANY NPOSHO3YBAHHS He8 S3KA 30 YACOM NPOCHO3Y6AHHS,
WO 0d€ 3MO2y A8MOMAMU3YEAMU NPOYEC BUABIEHHS MAHespPy Ma 3abe3nedumu 6UCOKY 00CMOGIPHICIb MAKO20 GUSIGLEHHSL.

Teopemuuna ma npakmuyna snawywicms cmammi. Pospobnenuii memoo dae 3M02y asmomamusysamu npoyec
BUSABNIEHHS MAHEBPI68 KOCMIUHUX anapamis, wjo 05 CY4ACHUX 6a2amomucayHux Kamano2ié Oilouux KOCMIUHUX anapamis
€ be3anbmepHamueHuUM niOX000M.
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Knrouosi cnosa: memoo oyinteanHs eghekmugHocmi (pyHKYIOHY8aAHHA cucmemu Kaoposux opeanie 36potinux Cun
Yrpainu, memoo obrpynmyeanus ckrady cucmemu kadpogux opearie 30potnux Cun Yrpainu, memoo onmumanvHoco
PO3ROOLNY THOOCHKUX PeCyPCi6 MIdC GIlICbKOBUMU (DOPMYSAHHAMU, cucmema Kaoposux opearie 30poinux Cun Yrpainu.

Beryn

IMocranoBka mnpobiaemu. OHAM 3  OCHOBHHX
nokymeHTiB HATO 110710 KOCMiTHOT MiATPUMKH OTiepariii €
STANAG 3700 ED. 8 / AJP-3.3 ED. B Allied Joint Doctrine
For Air and Space Operations, sikuii iMIUIEMEHTOBaHUH
METOJIOM MiTBEpUKEHHs Y MiHicTepcTBi 000poHN YKpainu
B 2023 poui. BimmoBinHO 10 3a3HaYEHOrO JOKYMEHTY
BUPILICHHS 3aBJaHb KOCMIYHOI CHTyalliiiHOI 00i3HaHOCTI €
OJTHI€IO 13 OCHOB JUIST OpraHi3alii KOCMIYHOT TiATPUMKH CHIT

oboponu Ykpainu [1].
HaiicygacHimmM  TpeHIOM 1[0/10 CTBOPEHHS
CYIlyTHAKOBHUX  CHCTEM, TOpSA 13  pPO3TOPTaHHIM

CYIIyTHUKOBHX METa-yrpyloBaHb, € pealizaris IIMPOKUX
MOXJIUBOCTEH JI1 TIPOBEACHHS OPOITAILHUX MaHEBpPiB
KocMiyHMX anapariB (mami — KA). 3aranom, opOitainbHi
MaHEBPOBI MOXIIMBOCTI JAI0Th 3MOTY 3HaYHO IiJABUILUTH
THYYKICTh, XHBYYICTh Ta PO3IIUPUTH (YHKLIIOHAIBHY
e(eKTUBHICTh ~ CyYaCHHUX  CYIYTHHKOBHUX  CHCTEM.
3a3HaueHUH TpEHJI Yy TMpoleci BUPIMICHHI 3aBJaHb
KOoCcMiyHOI cuTyauidHOi oOi3HaHOCTI B iHTepecax CHII
obopoHn Ykpainu, TpaHcHOpPMYeETbCS y BUMOTY IIOJO
JIOCTOBIPHOTO Ta OTIEPATUBHOTO BHUSBJICHHS MaHEBpiB KA.
BonaHouac, 3 BpaxyBaHHIM TOTO, IO KUTBKICTh Aitounx KA
Ha modatok 2025 poky Bxke mnepeBmmrye 11 THCSH,
BHpIIINTH  Take  3aBIaHHi  0e3  3acTOCYyBaHHS
crierianizoBaHux iHQOPMAIMHAX CUCTEM TIATPUMKH
NPUIHATTS pillIeHb — HEMOXXJIUBO [2].

OTxKe, aBTOMaTH30BaHE, JOCTOBIPHE Ta OIEpaTHBHE

BUsBICHHA MaHeBpiB KA, ans opranizamii KocMiuHOL
MIATPUMKE CHJI OOOpOHM YKpaiHH, € aKTyallbHUM
3aBIaHHAM.

AHaJi3 ocTaHHix gocaimkenb, 1 myoOaikaniii.

BusiBnieHHs kepoBaHUX 3MiH mapameTpiB opbditm KA —
MaHeBpiB KA, € ogHuM i3 3aBIaHb SK€ BiJJHOCHUTBCS JIO
KOCMIiYHOi cuTyariitHoi 00i3HaHOCTI. 32 (akTOM MaHEBPY
KA, 3anexHo Biz: minboBoro nmpusHadeHus KA, ctpykrypu
CYIYTHUKOBOT ~ CHUCTEMH, B3aEMHOTO  OpOITAIEHOTO
oJIOXKeHHs IBOX KA oMH 3 sKuX MaHEeBpYye (HAPUKIIA],
MaHEBp YXWJISHHS BiJ 3iTKHEHHS, a00 MaHeBp JuIs
IHCTIEKTYBaHHS), MOXIIMBO 3pOOUTH pi3HI BUCHOBKHU. AJIe,
3arajioM, 110 MPOLEAypH BUSIBICHHS (pakTy mMaHeBpy KA
BHCYBAIOTHCS JBI OCHOBHI BUMOTH, 1€ JOCTOBIPHICTh — SIK
HaliMEHII MOXWMOKHM IIEpUIOr0 Ta IPYyroro poay Ta
ONEPaTHBHICTh — SIK HAWMEHIIMH Yac MAJsl BUSIBICHHS

MaHeBpy.

Ha cywyacHomy erami, 111 KOCMIYHOT MiATPUMKH CHII
000poHU Ykpainu, OCHOBHUMH BHXITHUMH
iHpOpMaliHHUMU  pecypcaMH IS OTEPaTUBHOTO

BUSBIICHHS MaHEBpPiB KA BHCTYNarTh BiKPHUTI KaTaJOTH
y ¢opmi TLE (Two-Line Element Set) [3—5]. 3a3naucHi
katajorn wmictath  apxiBu  TLE-mapamerpie KA
(kocmiuyHMX ~ 00’ekTiB).  3arampHa  KijbkicTh KA
(xocMiuHEX 00’€KTiB) B KaTayorax ckiangae 10 40 tucsd,
YacOBHH INPOMDKOK 3a SIKMH JaeTbcst iHpOpMaLis —
JIeKiJIbKa POKiB, CEpPelHs TUCKPETHICTh oHOBJIeHHST TLE-
napametpiB mo ogaoMy KA — mo 2 pasziB Ha m00y. Yci
MiIXOAW IIONO BUABIEHHS MaHeBpiB KA 3a manumu 3
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karanory TLE MoXHa po3AiIUTH HA TPYIIH:

1. Inst okpemoro KA Ha neskoMy 9acoBOMY iHTEpBai
3a BHOIPKOIO TOCTIJOBHUX apXiBHuX nanux 3 TLE-
kartanory (10+20 BimiKiB), JOCIIIKY€THCS AMHAMIKA 3MiH
3a ioro TLE-mapamerpaMu. AHai3ylOThCs AMHAMIYHI Ta
CTaTHUCTUYHI XapaKTEPUCTUKU BUOIpKHU. 32 CYTTEBOI 3MIHH
XapaKTEpPUCTUK — «CTPHOKY» BHILE 3a OOpaHWil IOpir,
IpUMaeThCsA pimeHHs npo maHeBp KA [6; 7].

2. JlonaTkoBO O TEpUIOTO MiIXOIy, aHai3yeThCs
IuHaMika 3MiH Jeskux (QyHkmioHamB opbOith KA,
HampuKiIaa, TMoBHOI MexaHiuHOi eHeprii KA, Bucoru
arrores Ta iepurest [2].

3. s 06pobku TLE-mapameTpiB BUKOPUCTOBYIOTHCS
METO/IM Ha OCHOB1 HEHPOHHUX MEPEX.

OpHak, KOXEH 3 BHIIE3a3HAYEHUX IIAXOAIB Mae
HEJIOJKH, 30KpeMa:

Ilepma Ta npyra TpynH, MarmoTh OCOOJIMBOCTI 13
3a0e3MeueHHsIM ONEPaTUBHOCTI BUSIBJICHHSI MaHEBPIB, TaK
K, Juis 3a0e3medeHHS HEOOXIMHOI  TOCTOBIPHOCTI,
MOTPiOHE HAKOMMYEHHS BUOIPKH ITOCIHITOBHUX apXiBHHX
nanux i3 TLE-katamory rapanroBano 0e3 maHeBpy KA,
mo Moxke OyTh mpoOieMHUM mHTaHHAM s KA, 1o
«aKTHBHO MaHEBPYIOTH.

Jlst npyroi rpynu, pyHKITIOHATH HE 3aBXKIN «IyTIUBI
o MaHeBpy. Hanpukian, 3MiHa IIONTHHA OpOITH MOXKE HE
BiZIoOpa3uTHCA B «CTPUOKY» 3a MexaHi4HOIO eHepriero KA
4M 3MiHi arnorero abo nepureto opoitn KA.

Tpers rpymna, notpedye BEIMKHX JaTaceTiB s
HaBYaHHS HEHPOHHMX MEPEX, sIKi Hapasi BIACYTHI.

Ha wupoMy eram cIniJ akIeHTyBaTH YyBary, IO
3arajJbHOI0  O3HAKOI0  BHINECHABEACHUX IMIAXOMIB €
BHKOPHCTAHHS /ISl BUABIICHHA (DaKTy MaHEBPY IPOCTOPY
TLE-mapameTpiB Ta (a00) neskux (QYHKIIIOHATIB
opbitu KA.

[lepcrieKTHBHUM TiIXOZOM JUIS BHSBICHHS MaHEBPiB
KA, mo Oynme mo306aBieHuil BUIEHABEACHUX HEIOJIKIB
MOXE CTaTH MiJXiJl, IKHH BUKOPHUCTOBYETHCS B CHCTEMax
KOHTPOJIIO KOCMIYHOI IIPOCTOpY 3a Oprasizauii podoTn
30BHILIHBO-TPAEKTOPHUX BUMIPIOBAaJIBHUX 3aco0iB. A
came, peaiizyBaTH METOJl PSMOTO ITPOTHO3YBAaHHS, SIKMH
3BOJIUTHCS IO BUKOPHCTAHHS MOJIEII IPOTHO3YBaHHS PYXY
KA, mo no3sossie nepeiitu Bix npocropy TLE-nmapamerpis
(mesxux y3aranmpHeHUX (GyHKIioHANB opbitn KA) mo
pocTopy B SAKOMY Oe3mocepenHb0  BimOyBaeThCs
MaHeBpyBaHHs KA.

3ara;moM, MOXHa CTBEpIKYBAaTH, IO TOJIOBHOIO
BIUTUBOIO O3HAKOIO HA JOCTOBIPHICTH Ta ONEPATHUBHICTH
BusiBiieHHs1 MaHeBpiB KA 3a nanumu 3 kartanory TLE e
00paHuii A5 aHAII3y POCTIp, SKUH IS BITOMUX ITiJIXOJIiB
€ npocropoM TLE-mapamerpis.

TakuMm YHHOM, METOI0 CTATTi € PO3POOJICHHS METOIY
MPSIMOTO TPOTHO3YBAaHHS /il BUSBICHHS MAaHEBPY
KOCMIYHOTO amapara OJWXKHBOTO KOCMOCY Yy IIpoIeci
00poOku Katanory kocMmidyHux o0’ekriB y ¢opmari TLE,
SIKUH 3a0e3meuye onepaTHBHE Ta JOCTOBIpHE BHSIBICHHS
(hakTy MaHEBpY KOCMIYHOTO amapary.
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BuxJiag ocHOBHOro Mmarepiaiy

AOCJTi/IZKeHHS

OnHUM 3 MOMJIMBUX MiAXOIB OpraHizamii pobotu
30BHILIHBO-TPAEKTOPHUX BUMIPIOBAIBHUX 3ac00iB  JUIst
BHUMIpIOBaHb mapamerpiB pyxy KA e — po3paxyHOK Ta
BUja4ya TIONEPEIHIX LIIEBKA3iBOK Ui  MPOBEICHHS
BUMIipIOBaHb. /Iyl 1bOTO, NMPOBOAMTHCS NPOTHO3YBAHHS
pyxy KA Ha wdac 3alulaHOBaHUX BHUMIPIOBaHb Ta,
BIIMTOBIAHO, yTOUHEHHS TlapaMeTpiB pyxy KA. Boanouac,
skmo KA 3milicHHB  MaHeBp, TOAI  PO3paxoBaHi
[miJeBKa3iBkM He OymyTh  BIANOBIiZATH  JTiHCHOMY
nosioxkenHto KA Tta, BigmoBimHO, 1e Oyne CyTTEBUM
«Mapkepom» mono ¢akty MaHeBpy. OmucaHwil mimxif
MOXe OyTH 3aCTOCOBaHMI 1Sl BUSIBICHHS MaHeBpy KA 3a
anaiizom karanory TLE.

3aBnanHs nporuo3yBanHs pyxy KA 3a Binomumu TLE-
mapaMeTpamMH 3BOJHUTHCS J0 BHKOPHCTAaHHS aHATITUYHOL
Mmogeni pyxy KA [8]: 6mmxaboro kocmocy (1o 2000 xm) —
Simplified General Perturbations 4 (SGP4) Ta nampHBOTO
kocMmocy - Simplified Deep Space Perturbation 4 (SDP4).
Ha BignoBimHux pecypcax HasBHI OMHCH MPOTPaMHOTO
KOy Tporeayp. 3a3HadeHi Mojenli 3a0e3nedyroTh s
0araThOX MPAKTUYHUX JOJATKIB JOMYyCTUMY TOYHICTH
(amexBaTHICTB) po3paxyHKiB Tpaektopii KA 3a HH3BKOT
004nCITIOBANILHOT CKIIQIHOCTI aHAJITHYHOI MOJENI pyXy
KA, mo BmiMBae Ha ONEpaTHBHICTb POOOTH KiHLIEBUX
MPOrPaMHUX MPOAYKTIB Ha iX OCHOBI.

be3 BTparn y3arajibHEHOCTI MOJAJBLUIMX BUKIJIAT0K
nporuo3yBanHs pyxy KA 3a mpouenyporo SGP4 mae
BUTJIAL;

Bxiouni oani:
Karanor TLE mis ogaoro KA

tle; € TLE, i€1,2,3,.. (1)

tlei = (Ri, t,:), (2)

ne TLE — apxiB (karanor) TLE-mapametpis;

i —nomep TLE-napamerpiB y apxiBi;

tle; — TLE-napamerpu s oxHoro KA (koopauHaTHi
Ta 9acoBi JjaHi);

t;— uac Ha SKi pO3paxoBaHi
napameTpu (pik ermoXu Ta ernoxa);

R; — xoopnunatHuii Bektop TLE-mapamerpiB KA, a
came:

(axryansni) TLE-

R = (iKa’ QKa’ e}car wKa’ MKa’ NKa’ BStarKa)’ (3)

ne i, — Haxmi opOitH, (), — JOBrota BUCXiHOTO By3Ia,
€ya — CKCLIEHTPHUCHUTET, W, — apryMeHT mepuresi, M, —
cepenHs aHomaiis, N, — cepemHii pyx, Bstar,
MpUBEJICHUIN 0aTiCTUYHUI KOeIllieHT.
Buxioui oani:
[MpornozoBane mnosoxkeHnHss KA B
NpsSIMOKYTHiH cuctemi koopauHat (nasni — ICK)

iHepLiHHIT

(ri (t*)! vi(t*)) = SGP4(tlei! t*)a (4)

ne SGP4(...) — mpoueaypa nporHo3yBaHHS;
t, — yac Ha KUl IPOBOANTHCS IIPOTHO3;
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1; , V; — pajaiyc-BeKTOp Ta BeKTop mBHIKOCcTIi KA, a came

r=(x,y,2), v= (vx,vy, vz), (5)

T€ X,Y,Z, Uy, Vy, Uy KOOpJMHATH Ta KOMIIOHEHTH
mBuakocrti KA B ICK.

VY momanpmux BHKIAAKaX OyneMO BBaXKATH, IO B

apxiBi (1), HOMep i BIANOBiIAa€ OCTAaHHIM YTOYHEHUM

(morounnm) TLE-napamerpam. BinnosinHo, apxiBHi aaHi

MaTUMyTh HOMepH 10 (i — 1) BkrouHO. TakuMm YHHOM JUTst
(1)-(2) BUKOHYETHCS YMOBA!

e < ti_z < tl'_l < tl' (6)

3 ypaxyBaHHSM BBEICHUX MO3HAYCHB, METOJ IPSIMOTO
MPOTHO3YBaHHS JJIs BUSBICHHS MaHeBpy KA wmarume
BHTIIS;

1. Ha moTounwmii gac t;, BuU3Ha4aroThcs koopauHaTtu KA
st motounux TLE-mapamertpis

(r (t), vi(t)) = SGPA(R;, ty), @)

nporHo3yethes pyx KA B ICK mist apxiBHEX (TTOTIepeaHix)
TLE-napamerpis

(ri-1 (8, vi-1(t)) = SGPA(R;—1, &), )
ner;, v;—nporHo3 mis notounux TLE-mapamerpis;
T;_y, Vj_q —nuporuo3 mis apxiBaux TLE-napamerpis.

2. Po3paxoByeThCsI MOIYJb BEKTOPY IPOTHO30BAHOL
mBuakocti KA mst (8):

|vi—1| = vV vxz + vyz + vzza (9)

ne |v;_1| — Mmomysbs npornososanoi msuakocTi KA y ICK.
3. Po3paxoByeTtbes BekTop HeB si3ki y ICK:

A= 1) =i () = (Ae Ay, A,) =
= (x (@) —x (6, y () — vl (8D,

z,(t) = 7,_,(t)), (10)
ne A; — Bexrop HeB si3ki y ICK;
Ay, Ay, A, — xommorenTH HeB’si3ki y ICK.
4. Po3paxoByeTbcs MoayIib HeB s13ki (10)
1A = \/sz +A,%+ A7 (11

ne |A;| - moxyns HeB’si3ki y ICK.

5. Po3paxoByeTbcs HeEB’A3Ka 3a 4YacoM IPOTHO3Y.
BusHavaeTbcsl HEB’s3ka 3a 4acOM INPOTHO3YBAaHHS JUIS
apxiBunx TLE-mapamerpiB, a1 $5KOi NPOrHO30BaHE
nojoxxeHHss KA MakcuManbHO OJIM3bKE 10 HOTOYHOIO
nonoxeHuss KA (mo mporHosy 3a akryansHumu TLE-
napamerpamu). Y 3a3HadeHid Toulli OyJne BUKOHYBaTHCh
yMOBa — pajialbHa MBUAKICTE 3MiHHM HeB’si3ki (11)
JIOPiBHIOE HYJIIO:

vi—l(ti + At) . AL(At) = 0, (12)
MIT_SSD Ne 3(54) /2025
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e At — HeB’si3ka 3a 4acOM MPOTHO3YBAHHSA JJIsT apXiBHUX
TLE-napamerpiB Ha yac akryansHux TLE-napamerpis;

* - CKaJsIpHUN T00YTOK BEKTOPIB.

PiBustans (12) B ckansgpHiid popMi Ma€e BUTIISLIL:

v (t; + At)AL(AL) + vy (t; + AL)A, (AL) + +v,(t; +
+ At)A,(At) = 0. (13)

Min qac pO3paxyHKy CKIIaJIOBUX (13)
nepepaxoBylOTbesl TUIbKM piBHsHHSA (8)—(11) Ha wac
t; + At:

(rioq (& + D), vy (8 + AD)) =

= SGP4(R;_y, t; + At), (14)

11 (8 + At) = (x(t; + A, y(t; + AL), z(t; + At)),
vi—l(ti + At) =

= (vt + A0, vy (t; + AD), v, (6 +AD)),  (15)

A (At) = 1(t) — 1o, (8 + AL) =
= (A, (A0), A, (ML), A, (AD)) =
= (x,(t) —x,_, (& + D),y (t;) — yi—a (t; + AD),
z,(t) —z,_ (t; + At)). (16)

Po3B’s30k (13) mpoBoAWTH 3a iTEpaIisiIMH TaK:
BusnauaeTnscs mouatkoBe HabmmkeHHs 3a (7)—(13)

|4l

lvioql’

Aty = sign(v(t;)A) 17)

v(ti)A: vx(ti)Ax + vy(ti)Ay-l'vz(ti)AZa (18)

ne sign(...) — GyHKIIis 3HaKy YHCIIa, a came

. L,opux >0,
sign(x) = { —1,mpu x < 0.
Jauti mounHa0ThECS iTeparii 3 k = 0

At = At + 1 (vx(ti + At )A (Aty) + +v, (t; +
+ AtA, (At + 1, (t; + At)A, (ML), (19)

ne Aty ., — OIliHKa ITyKaHO1 HeB’ SI3Ki 32 4acoM,

T — mapaMeTp It 301KHOCTI iTepartiil.

Sxmo B (19) iTepanii He 36iratoThes npu T = 1, Toxi
7=01-+0,5.

B pesympraTi po3m’saszky (19) orpumaemo mrykaHy
HeB’ 513Ky 3a yacoMm (12)—(13) y Burmsazi

At;, (20)
e At; — HeB’s13Ka 3a 9acOM MPOTHO3yBaHHS.

6. Busnauarotecs cknamoBi HeB’si3ki (16) mms (20) y
LUIAXOBIN CUCTEMi KOOPAUHAT:

TaHTCHIlIaJIbHA HEB’si3Ka — CKJIaJI0Ba B3JIOBXK OpOITH
(cmiBmamae 3 HampSIMKOM  IIBHUIKOCTI  KOCMIYHOTO
amapara). Orpumana HeB’s3ka (20) Xapakrepusye
TaHTeHIIATbHY CKJIaNoBY (16);
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panianbHa HEeB’si3Ka — B IUIOIIMHI OpOITH (B HAIIPSIMKY
paniyc BEeKTOpY KOCMIYHOTO arapara), po3paxoBy€EThCs 3
(16) y Burmsiui

A= xXiAx(At)+y; Ay (Aty)+z; Az (At;)
‘r_ .

Vxi2+yi?+z;?

21

HOpMajbHA HEB’si3Ka — MEPICHIUKYISPHA IUIOLIUHI
opbitH po3paxoByeTbes 3 (16) y BUrIIsiAL

A= ﬂlAi(Ati)z - Arz-

7. Bu3HaueHHs (hakTy MaHEBPY Ha OCHOBI TIOPiBHSHHS
3 OpPOramMHu:

(22)

At; = Atygy, (23)

Apz Ay s (24)

L — (25)

e At,,. — TIOPOTOBE 3HAUYEHHS HEB’SI3KI 3a YacoM
MPOTHO3YBaHHSI

Araxs Drmay — TOPOTOBI 3HAYEHHS HOPMAILHOI Ta

pamianbHOl HEeB SI30K.

[Toporosi 3Ha4eHHS HEB 30K IS BUSBIICHHS MaHEBPY
dbopMyeThCS  BUXOIYM 3  OCOOIMBOCTEH  BIUTUBY
atMocdepr Ha pyx KA OGmmKHBOTO KOCMOCY, a came, 3a
HEKEpPOBAHOTO TOJIbOTY OCHOBHE 30ypEeHHS BiOYBa€ThCS
B310BXk opOiTH KA. ToOTO, 6€3 mpoBeneHHss MaHeBpy KA
NpWIiTaE 3 JESIKUM JOIyCTHMHUM YacOBUM 3MilllEHHSIM
NPakTUYHO B IPOTHO30BaHy TOYKy opOitn [7; 9].
3a3HaueHe TPOSBIAETHCA Yy BHIUISAI YMOBH - JUIs
HekepoBaHoro (0e3 maneBpy) pyxy KA TanrenmianbHa
HEeB’si3ka (HEB’si3Ka B3IOBXK OpOITH) 3HA4YHO Oijblna 3a
HEB’sI3K1 B IHIIMX HANpPSIMKaX:

AL v(ti-1)lAL,
26
laree e _ioe. 20
1110, 1a€ 3MOTY BU3HAYHUTH IOPIir (26) y BUrIISLL
Apmax= (0,1 +0,3) |v(ty)|At;, 27

ne |v(t;_,)| — Momyns Bektopy mBuakocti KA (15).
[HIIMM MiAX0A0M 71 BUSHAYEHHSI TIOPOrOBUX 3HAYEHb

3 ypaxyBaHHSIM cToxacTHyHOCTi 3Ha4eHs TLE-napamerpis

y karano3i TLE, € ycepennenns mis (23)-(25) 3a migxonom

[6]:

Atiax = K 0(Aty), (28)
Anmax: Ka(4,), (29)
b= K 08), (30)

ne 0(...) — cepeaHbOKBaAPATHYHE BiIXUICHHS;
K — xoeditieHT, 110 3a1a€ Mopir.
Koedimient K He moxe Oyt MeHIwi yum 2.3 [6].
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Benwka niesice PaniansHa Hee'aska
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. 7 \ J
e N\
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10— 0.14—
5
0.12—
W
5= 0.1
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o 0.08—
& 15— =
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= 2
2 20— S 0.06—
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— Bapc-M3(52713)  — Threshold — Bapc-M3 (52713)
(i )
HoproeaHa 10 iHTepBany NPOrHO3y HEB'A3Ka 38 YacoM HopmogaHa a0 inTepeany nporkozy Ta BStar-1 Hee'aska 3a uacom
0.0001 0.5
5E-05— 03—
w 0.1—
-56-05—
= 0 V
-0.0001— =
2
S -0.00015— @» 037
% @
= -0.0002— g 0.5+
] &
T -0.00025— 5 07
-0.0003— £
T 09—
-0.00035 —
=
-0.0004—
-0.00045— 1.3
-0.0005— T T T T 4.5~ T T g T
2024-07-01 2024-09-01 2024-11-01 2025-01-01 2024-07-01 2024-09-01 2024-11-01 2025-01-01
IuTepean tle-napamerpie KA InTepean tle-napamerpie KA
— Bapc-M3 (52713) — Bapc-M3 (52713)
- & \ J

Pucynoxk — 1 J{ocnimpkenns maneBpiB kocMmidHuX anapariB bapc-M3 (nomep NORAD 52713), hy,~510 kM

BinmoBigHo mo [6], /s BH3HAYEHHS CTATHCTHYHHUX
xapakrepuctuk  (28)—(30) mocratHbo Opatm 1520
3HaueHb 3  Kartamory TLE. lna  oTpuMaHHsA
Bumie3a3HaueHoi cratuctukn (28)—(30) moxe Oyt
KopucHIM po3raHyTH KA (kocMmiuHi 00’€kTH), IO
rapaHTOBaHO HE MaHEeBpYIOTh. OKpeMoO Ciiji 3a3HaYUTH,
110 OLIHUTHU TOPOTOBi 3HaYeHHS It (23)—(25) MOKIMBO
Ha OCHOBI BUKOPHCTaHHS CTOXaCTHYHOI JMHAMi4yHOI
monenm pyxy KA [10], y skiii (Ui moneni MpOrHO3Y
SGP4), BpaxyBaru mpu po3Kiajai I'eonoTEHIHaTy 3emii

4 30HaNbHI ~ TApMOHIKM  Ta  Bapiamii  CTaTUYHOI
atmocdepu [9].
3amicTh  BUKOpUCTaHHS  xapakrtepuctuku  (20),

MOJXJIMBHM BapiaHTOM MOke OyTH BBEIEHHS HOPMOBAHOI
HEB’sI3Ki 32 9acOM MPOTHO3YBaHHI. A came, 3a pPaxyHOK
TOTO, IO BIUTUB aTMoc(epH Ha MOXUOKY MPOTHO3YBaHHSI
OpsIMO  TPOTOPLIHHMIA  Yacy MPOTHO3y, TPOBECTH
HOpPMYBaHHS HEB’sI3Ki 3a 4yacoM MNporHo3yeanHs (20) y
BUIJISIL:

ISSN 2311-7249 (Print)  ISSN 2410-7336 (Online)

At;
6!’ = - )
ti—ti—1

G

ne §; — HOpMOBaHa JI0 iHTEpBaly MPOTHO3Y HEB’s3Ka 3a
4acoM IPOTHO3Y;

t;, t;_q —4ac jus norounux (7) ta apxisuux (8) TLE-
napameTpis.

3 ypaxyBaHHAM TOTrO, IO BIUIMB atMochepu Ha
MOXMOKY  TPOTHO3YBaHHA  OPAMO  IPOTOPLiHHMHA
3HaueHHI0 OamictuuHoro Kkoedimienra KA(3), iHmmm
BapiaHTOM HOpMYyBaHHs HeB’si3ki (20), Moxe OyTu:

At;
BSl’aT‘i_l(ti—ti_l)’

(32)

dt,Bstar =

ne 8¢ pstqr — HOPMOBaHa [0 iHTEPBAJIOM MPOTHO3Y Ta
GamictmyHoro koedimieary KA HeB’s3ka 3a dacom
MPOTHO3Y;

Bstar — npuBeneHuii 6anictuaanii koedimient KA (3).
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Benwka niesice.

Benuka nissick, KM

2022-01-01 2023-01-01 2024-01-01 2025-01-01

IuTepean tle-napamerpie KA

2021-01-01

== Mepcona-3 (40699)

Vs

PapiansHa Hee'aska

Hes'a3ka, km

INTR

2022-01-01 2023-01-01 2024-01-01 2025-01-01

2021-01-01

IuTepean tle-napamerpie KA

~—— Mepcona-3 (40699)

Hee'azka 38 yacom

Hes'a3ka, ¢

T T T T T
2021-01-01 2022-01-01 2023-01-01 2024-01-01 2025-01-01

IuTepean tle-napamerpie KA

— Mepcona-3 (40699) — Threshold

HopmansHa Heg'aska

Hes'A3ka, km

o

0.2—

T T T T T
2021-01-01 2022-01-01 2023-01-01 2024-01-01 2025-01-01

IuTepean tle-napamerpie KA

— MNepcona-3 (40699)

HoprogaHa 0 iHTepsany NPorHosy Hee'asKa 38 Yacom

d’} e

T
2021-01-01

0.0001

SE-05—

-5€-05—
-0.0001—

-0.00015 —

Hes'Aska

-0.0002—
-0.00025 —
-0.0003—
-0.00035 —

-0.0004—

T T T T
2022-01-01 2023-01-01 2024-01-01 2025-01-01

InTepean tle-napametpie KA

~— Mepcona-3 (40699)

J

.

HopmoeaHa ao ivTepsany nporHosy Ta BStar-1 Hes'aska 3a uacom

Hep'aska, BStar-1

T T T T T
2021-01-01 2022-01-01 2023-01-01 2024-01-01 2025-01-01

InTepean tle-napametpie KA

~— Mepcona-3 (40699)

J

Pucynoxk — 2 JociipkeHHs: MaHeBpiB KocMmiuHuX anaparis [lepcona-3 (Homep NORAD 40699), hy,~720 kM

Jus xapakrepuctuk (31), (32) ymoBa (23) marume
BUIJISA

526, . (33)

(34)

8¢ pstar = St,Bstarma )

ne 8¢, atrBStarmax — IOPOTOBI 3HAYCHHS HOPMOBAHHX

HEB’SI30K 332 4aCOM NIPOTHO3yBaHHS

Pospaxynok cratucruk s (33), (34) npoBoauThes
exBiBasieHTHO  ctarucruui st (28).  Ilepesipka
Ipane3JaTHOCTI PO3po0IEHOr0 METOLy POBOIMIIACE LIS
nBox KA 6mmxuboro xocmocy pd, ogaoro KA CIIA Ta
oxnoro KA Inpaii. Pesynprarn MonentoBaHHs moKa3aHi Ha
puc. 1-4, ne:

YEPBOHUM KOJIbOPOM MO3HAYEHO Jiana3zoH
JOTyCTUMUX HEMaHEeBPYIOUNX (CTOXaCTHYHHX) 3MiH
HEB’SI30K;

3eJIEHUM KOJIbOPOM TIOKa3aHi BUSABICHI MaHEBPH;
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s OUIbIIOT  HAOYHOCTI, BUBCICHUH
rpadix st Beaukoi miBgici KA.

3a pocmimxyBanuii nepiox 2021-2025 poxu, gaHi B
karagorax TLE gmua koxHoro KA, y cepenHbomy
OHOBITIOBAJIACS KOXHI 12 romwH, ane aesKi iHTepBad
TpuBaau 10 24 ToAWH. 3arayibHi HEB’s3Ki 32 4acoM 3a
paxyHOK CTOXaCTHYHOTO BIUIMBY aTMOC(epH Ha J0OOBOMY
inTepBaini as KA:

Ha BucoTtax 500-600 kM cknamae a0 20 c (puc. 1 ta 4);

Ha Bucorax ~700 km — 0,2 ¢ (puc. 2);

Ha Bucorax ~800 km — 1o 0,1 ¢ (puc. 3).

Ha rpadikax st HeB’s30K 32 4acOM MPOTHO3Y (puc. 1—
4) inopMaTUBHO BUAITIEH] 3€JICHUM KOJILOPOM MPOBECHI
maHeBpu KA. Ilpudomy, «cTpuOkm» 3a d9acom
MIPOTHO3YBAHHS MOXYTh CATaTH 3HAYHUX BEITHUHH.

Y minomy, 3 aHamizy pe3ynsTatiB st KA:

Bapc-M3 (puc. 1) — 3 maneBpu 3a 1,5 poxy;

ITepcona-3 (puc. 2) — 8 MaHeBpiB 3a 4 POKH;

NOAA-20 (puc. 3) — 6 maHeBpiB 3a 1 pik;

CARTOSAT (puc. 4) — 6e3 maneBpiB 1 pik.

J0JaTKOBO,
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Hee'a3ka 3a uacom

05
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BHCHOBKH:

N =
HopMosana 40 iHTepeany NPOrHO3Y Hee'3Ka 33 4acoM HopMoeana R0 ikTepeany nporHosy Ta BStar-1 Hee'a3ka 3a yacom
1E-05— 0.15-7
01—
1 - 0.05—
g o
;:': g 0.05—
% -0.1=
0.15—
-2.5€-05— T T T T T T 0.2— T T T . T T
2024-11-01 2025-01-01 2025-03-01 2025-05-01 2025-07-01 2025-09-01 2024-11-01 2025-01-01 2025-03-01 2025-05-01 2025-07-01 2025-09-01
InTepean tle-napametpie KA IuTepean tle-napametpie KA
— NOAA 20 (43013) — NOAA 20 (43013)
&£ \ A
Pucynox 3 — Jociipkernst MmaneBpiB kocmiuHux anapariB NOAA-20 (Homep NORAD 43013) hy,~830 kM
3a mpoBeACHNM MOJICTIOBAHHS MOXUIIMBO 3pOOUTH Taki ~ 00paHOTO  IMPOCTOpPY TMapaMeTpiB Ta, BiAIOBIITHO,
«3HAYHUMM» CTPHOKAMH JOCIIPKyBAaHAX HEB 30K ITif] 9ac
HEB’sI3Ka 3a 9acoM IporHo3yBaHHS (20) Ta HOpMOBaHA  MaHEBPY.

IO iHTepBajy MPOTHO3Y HEB’sI3Ka 3a YacoM mporHozy (31)
€ 1HQOpPMAaTHBHMMHU IIOKa3HMKAaMH IIOJO BHUSBIICHHS
MaHeBpy KA;

HOPMOBAaHa JI0 1HTEpBaJIy NMPOTrHO3Y Ta OaiCTUYHOTrO
koedimienty KA Hep’si3ka 3a wacom mporHo3y (32) € He
iHpOPMATHBHUM IIOKa3HUKOM, TOMY i1 BHKOPUCTaHHS €
HEJIOLIJIbHUM;

panianbHa HeB’si3ka (21) Ta HOpMaibHa HOPMOBaHA
HeB’si3ka  (22) BWABWIMCH He  iHGOPMATHBHUMHU
MOKa3HUKaMH IIOAO BUWSBJICHHS MaHEBpY. 3a3HaucHe
00yMOBJIEHE THM, IO AOCHiIKyBamuch KA sxi poOmim
TUTbKM KOMIUIaHapHI MaHeBpu. Ilin dWac mpoBeaeHHS
HEKOMITTAaHAPHUX MAaHEBPiB 3a3HAUCHI MMOKa3HUKH OyIyTh
OinbI iHGOPMATHBHUMU;

ITi/1 yac BU3HaUEHH 1oporiB y (28), (33) 3i cratucTuku
orpumanoi Bix camoro KA 3a SKMM IIpOBOAMTHCS
BHSIBJICHHS MAHEBPY, 3HAUCHHS KoedimieHTy K 3amaBanoch
Ha piBHi 10. Ile 0OyMoOBJIE€HE BHCOKOIO «UyTIHBICTIO»
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3araioM, OCHOBHIMH O3HAKaMH PO3POOJICHOTO METOY €:

BUKOPUCTAHHS UIA aHaJi3y IPOCTOpPY MapameTpiB B
KoMy Oe3nocepeHbo BiOYBAa€ThCSl PyX Ta, BiANIOBIIHO,
MaHeBpyBaHHS KA — KoopauHaTH Ta IUBUJAKICTH B
[HepuiaybHI| TPAMOKYTHIH CHCTEMI KOOPAWHAT;

BUKOPHUCTaHHS o0coOiMBocTe amHaMiku pyxy KA
OJMKHBOTO KOCMOCY ILIOJI0 BIUIMBY Bapialliil HIIbHOCTI
atMocepu Ha pyx KA, a came 3a HEKEpOBaHOTO MOJILOTY
KA oOmmkapOro kKocmocy (Ha BHcoTax no 2000 xm)
OCHOBHE 30ypeHHS BifOyBa€ThCA 32 ApTYMEHTOM IIMUPOTH
(3MimeH st B3JIOBXK OpOiTH);

y caMOMy 3araJbHOMY BHTJIII METOX HE IOTpedye
3HaYHOI CTATUCTUKH 3 apxiBiB karamoriB TLE mus
BU3HAUYCHHS TMOPOTiB. 3a yMOBH  BHKOPHCTaHHA
CTOXacCTWYHOI AMHaMiyHOI Mozeni pyxy KA, KimbkicTs
o6po6moBanux TLE-napaMeTpiB 115 BUSIBIICHHSI MaHEBPY
CKJIaZIaTHME — OJIHE IIOTOYHE (aKTyaJIbHE) Ta OJTHE apXiBHE.
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Pucynoxk — 4 Jocnimkenns maneBpiB kocmiunux anapariB CARTOSAT (Homep NORAD 42767) hy,~550 kM

BucHoBKkH i MNEPCNECKTUBHA MOAAJTbIIHX

JAOCJIIKEeHb

VY cTarTti po3po0IeHO METO MPSIMOTO MPOTHO3yBaHHS
JUTS BUSIBIICHHSI MAHEBPY KOCMIYHOTO anapaTa OJIMKHBOTO
KOCMOCY y TIporeci OOpOOKH KaTajiory KOCMIYHUX
00’ektiB 'y Qopmari Two-Line Element Set, sxwii
3a0e3medye onepaTHBHE Ta JOCTOBIpHE BUSBICHHS (aKTy
MaHeBpy KOCMIYHHMX amapaTiB. MeToI BHKOPHCTOBYE
HOBUIl  TOKa3HHUK HOpMOBaHa [0  IHTEpBajy
MPOTHO3YBaHHs HEB’s3Ka 3a 4acOM IPOTHO3YBaHHS, IO
Jla€ 3MOTY aBTOMATH3yBATH MPOLEC BUSBICHHS MaHEBPY
Ta 3a0€3MEeYUTH BUCOKY JOCTOBIPHICTh TAKOTO BUSBJICHHS,
oo JUIs CYy4YacHHUX OaraTOTHCSYHHX KaTaJoriB IIFOYUX
KOCMIYHHX arapariB € 0e3aibTepHATHBHUM IiIX0IOM.
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[lepcriekTBaMu MOJANBIIUX JOCHTIHKEHD €:

BU3HAYCHHS TMOPSAKY HA0OpY CTAaTHCTHKH IS
BINOBITHUX HEB’SI30K 3a TapaHTOBAHO HEAIFOUUMHU
KOCMIUHHUMH amapaTaMH 3 METOI0 BIICTE)KEHHS 3MiH
BIUIMBY aTMOC(epH Ha KOCMIUHI amapath OIMKHBOTO
KOCMOCY 3aJIe’KHO Bix akTuBHOCTI COHIIS;

ampoOartiss po3poOJIEHOTO METONy ISl BUSBICHHS
HEKOMITTAHAPHUX MaHEBPiB KOCMIYHUX alaparis;

BUKOPHUCTaHHS PO3POOJICHOr0 METOIy AJIsl OTPUMAaHHS
JlaTaceTiB 3a/Ulsl HaBYaHHS HEHPOHHHMX MEpPEX BUSBICHHS
MaHEBpiB KOCMIYHUX araparis;

po3po0Oka crewianizoBaHoro MIPOrpaMHOTO
3a0e3reueHHsT aBTOMATH30BaHOTO BHSBIICHHS MAaHEBPIB
KOCMIYHMX amapariB, s oOprasizamii = KocMigHOI
miaTpuMku Crir 060poHn YKpaiHu.
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The purpose of the article. Development of a direct prediction method for detecting the manoeuvre of a near-
space spacecraft in the process of processing a catalogue of space objects in the TLE format, which provides prompt and
reliable detection of the fact of a spacecraft manoeuvre.

Research methods. When writing the article, methods of spacecraft flight dynamics, mathematical statistics, and
modelling were applied. The specified methodological approach enables the development of a new method for the
automated detection of manoeuvres of near-space spacecraft.

Literature review. All approaches to detecting spacecraft manoeuvres based on data from the TLE catalogue can
be divided into the first group. The dynamics of changes in its TLE parameters are studied for a separate spacecraft at a
specific time interval based on a sample of consecutive archival data from the TLE catalogue. The dynamic and statistical
characteristics of the sample are analysed. In the event of a significant change in the characteristics — a «jump» above
the selected threshold, a decision is made to manoeuvre the spacecraft — the second group. In addition to the first
approach, the dynamics of changes in certain spacecraft orbit functionalities are analysed, such as total mechanical
energy, apogee, and perigee heights — the third group. Methods based on neural networks are used to process TLE
parameters. Each of the above approaches has its own drawbacks. The first and second groups have features to ensure
the efficiency of manoeuvre detection, since, in the most general case, to provide the necessary reliability, it is required
to accumulate a sample of consecutive archival data from the TLE catalogue guaranteed without a spacecraft manoeuvre,
which can be a problematic issue for spacecraft that are “actively manoeuvring”. For the second group, the functionals
are not always “sensitive” to the manoeuvre. The third group requires large datasets for training neural networks, which,
at least for now, do not exist. A common feature of the above approaches is that the detection of a manoeuvre is carried
out within the space of TLE parameters and/or some functions of the spacecraft orbit.

Research results. The article develops a method for detecting manoeuvres of near-space spacecraft in processing
a catalogue of space objects in the TLE (Two-Line Element Set) format. The basis of the method is the analysis of the
inconsistency between the actual (current) position of the spacecraft, calculated using its current TLE parameters, and
the predicted position of the spacecraft at the current time, calculated using its archived (previous) TLE parameters. The
analytical model of spacecraft motion SGP4, standardised for TLE parameters, is used for prediction. The discrepancy
between the current and predicted position of the spacecraft is considered in the trajectory coordinate system in three
components: tangential discrepancy - along the orbit (coincides with the direction of the spacecraft velocity), radial
discrepancy - in the plane of the orbit (in the direction of the spacecraft radius vector) and normal discrepancy —
perpendicular to the plane of the orbit. The threshold for detecting a manoeuvre is formed based on the peculiarities of
the atmosphere's influence on the motion of a near-space spacecraft, specifically during an uncontrolled flight, when the
primary disturbance occurs along the orbit. That is, without a manoeuvre, the spacecraft arrives with a practically
admissible time shift at the predicted point of the orbit. This is manifested in the condition that, for the unguided motion
of a spacecrafft, the tangential incoherence (incoherence along the orbit) is significantly larger than incoherence in other
directions. Incoherence along the orbit is calculated as the offset (difference) between the current and predicted time of
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arrival of the spacecraft at the orbital point that is as close as possible to the actual (current) position of the spacecraft,
relative to the forecasting time. Additionally, it is proposed that the calculated time incoherence be normalised to the
forecasting interval since the stochastic influence of the atmosphere is proportional to the time of its impact. To determine
the maximum permissible value of incoherence — the manoeuvre detection threshold, it is proposed to use the averaging
of the specified characteristic according to the TLE catalogue for spacecraft that are guaranteed not to manoeuvre, or to
calculate the threshold according to the stochastic dynamic model of the motion of near-space spacecraft, taking into
account variations in atmospheric density.

Elements of scientific novelty. The developed method for detecting the manoeuvre of a near-space spacecraft
utilises a new indicator: the prediction time discrepancy normalised to the prediction interval, which enables the
automation of manoeuvre detection and ensures high reliability of such detection.

Theoretical and practical significance of the article. The developed method enables the automation of the process
of detecting spacecraft manoeuvres, providing an alternative approach for modern multi-thousand catalogues of
operating spacecraft.

Conclusion and future work. The prospects for future work include defining the procedure for collecting
discrepancy statistics for inactive spacecraft to analyse atmospheric effects, testing the proposed method for detecting
non-coplanar manoeuvres, generating datasets for training neural networks in spacecraft manoeuvre detection, and
developing specialised software for the automated identification of spacecraft manoeuvres to enhance space support for
the Defence Forces of Ukraine.

Keywords: method for evaluating the effectiveness of the functioning of the personnel bodies of the Armed Forces
of Ukraine, method for substantiating the composition of the personnel bodies of the Armed Forces of Ukraine, method
for optimal allocation of human resources among military formations, system of personnel bodies of the Armed Forces
of Ukraine.
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