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PakeTHO-KOCMIYHI KOMIUIEKCH
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IL T. Jlertsipenko ', B. 3. Tpumak 2, JT. JT. Tpumax 3, H. H. Jpstuenxo 2

I TocymapcTBeHOE KOCMUUYECKOe areHTCTBO YKpauHsl, Kies, YkpanHa

2 3aropoXCKMii HALIMOHAIBHBIN YHUBEPCHUTET, 3arl0poXbe, YKpanHa

3 LleHTpanbHbII HAYYHO-NCCIEI0BATEILCKII MHCTUTYT BOOPYKEHMS I BOGHHOM TeXHUKH
Boopyxennbix Cun Ykpannbl, Kues, Ykpanna

K IIPOBJEME PABHOYCTOMYNBOCTU
MOJAKPEILUIEHHOY OBOJIOYEYHO KOHCTPYKIIUN
TP KOMBUHUPOBAHHOM HAT'PYXEHUU

Yemoiuusocms 060104eUHOl KOHCMPYKUUU PAKEMbI-HOCUMEAS. MUNA <YUAUHOP — KOHYC» U3Y4aemcs npu KOMOUHUPOBAHHOM HAZPY-
JHCEHUU BHEUWIHUM OABACHUEM, OCEBbIM CHCAMUEM U KPYMAWUM MOMermoM. Paspewaroujue ypasHerus 3a0a4u peuaromes: aHaiumu-
YecKU ¢ UCHOAb308AHUEM ACUMNIMOMUHECK020 N00X00a. B ciyuae konuveckoeo omceeka ucnoas3yomes 06a aHaiumu4eckKux memoaoa,
maxkux kax memod BKbB u eubpuonsiii BKb-lanepkun-memod. /s anasuza ycmoiiuusocmu nookpenieHHbix 000104eK UCNOAb3Yen -
C MampuUHblil Memod, no360AAI0UULL Onpedeatmb UMeHeHUe HANPSIICEHHO-0e@opMUPOBAHHO20 COCMOSHUS 000A0UKU NPU Nepexo-
Oe uepe3 winaneoym. Xapaxmepucmuueckoe ypagHeHnue 0451 onpeoenenus Kpumu4eckux Haepy3oK NoAy4eHo Ha 0CHO8e MAMPUYHO0
Memoda u ypaeneHuii conpsicerust. Ocoboe GHUMAHUE YOeneHO 8blO0PY KOIPOUUUEHMOB HCeCMKOCMU WNAH20YMA 0451 KOHUYEeCKOLL
U YUAUHOpUHeCKol yacmeil, 0becneuuaruux pagrole Kpumuyeckue daenenus. [loayueno, umo 3HaueHuss KpUMuU4ecKko2o dagneHus
04151 PABHOYCMOUMUBOIL KOHCIMPYKUUL HUDICE, HeM Y ee 0mOeabHbiX uacmell. M3yyena ycmoiiuugocmos NOOKpenieHHOU KOHUMECKOU KOH-
CMpYKYUU npu KOMOUHUPoBanHHol Hazpyske. Qbcyicoaromes pe3yavmamol HUCAHHbIX PACHemOos 045 PA3NUYHbIX MUN08 NOOKpenieH-
Hoix KoHempykyuil. Tlokazano, 4mo 6 npedeabHbIX cayuanx 045 YUAUHOPUYECKUX UAU KOHUHMECKUX 000104eK YUCAeHHble Pe3YAbmAambl
HAX00MCs 8 XOpOULel KOPPeAsyUU ¢ U38eCMHbIMU NYONUKAUUSMU.

Karouegvie caosa: o60a0ueunas KOHCMPYKUUs MUna <YUauHOp — KOHYC», YCMOU4UE0Cms 000104KU, PABHOYCMOU1UBOCMb 060~
AOYKU, JICECMKOCMb WINAH20YMA, KOMOUHUPOBAHHOE HA2PYJICeHUe.

BBEAEHUE

PacdeT moakperuieHHOW UMIMHAPUYECKON 000-
JIOUKW paKeTbI-HOCUTEJIsI TIPOBOAMJICS B paboTax
[1, 3, 5, 8, 24], koHnyeckoit — B pabdotax [6, 9] c
TTOMOIIIBIO aHATUTUYECKUX U YMCIEHHBIX METOMIOB.
HccnenoBanusa [11, 12, 17—22, 25], NMOCBSIIEHbI
MpobjieMe YCTOMIMBOCTU OTHEILHBIX 2JIEMEHTOB
000J10YeTHON KOHCTPYKIIMHM CIIOKHON TeOMETPH-
yeckoi koHburypaiuu. B naHHo# pabote npume-
HSIETCSI METOJI HaYaJIbHOTO TlapaMeTpa B MAaTPUYHO

O TI1. I JETTAPEHKO, B. 3. TPUIIAK,
A. A. TPUILIAK, H. H. IbAYEHKO, 2019

(bopMe 115 MiccenoBaHUS YCTOMIMBOCTHU C U3MEHE-
HHUEM HaIpsDKeHHO-Ie(OPMUPYEMOTO COCTOSTHUS
TIpY TIepexo/ie Yepe3 MIMaHTOYT, M3JTOXKEHHBIN B pa-
ootax [3, 9]. [Tpu 3TOM yUUTHIBAETCS KaK XKeCTKOCTb
LIMAHroyTa B TIJIOCKOCTM HayalbHOW KPUBM3HBI,
TaK U XEeCTKOCTb U3 TJIOCKOCTH.

Hnst uccnenoBaHUs YCTOMYMBOCTU KOHMUYECKOM
000JIOUKH HCITONB3YeTCsl paspeliaroliee OObIKHO-
BeHHOe nu(hepeHLIMaTbHOE YpaBHEHNE C IEPEMEH-
HBIMU KO3 GULIMeHTaMM, ITOJIYyYeHHOE IJISI HEKO-
TOPBIX CJIyd4aeB HarpyxkeHus B padorax [3, 10], a misa
KOMOMHAIIUM TpeX Harpy3ok — B padote [4]. I1pu-
OJIMDKEHHOE aHAJTUTUYECKOE pellieHUe 3TOro ypaBHe-
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Puc. 1. Cxema HarpyXeHus! OAKPEIIEHHON 000J04YeUHON KOH-
CTPYKLUU

Husg BKb-meTonom, a Takxke Ucnojib30BaHUE pelle-
HUS U1 TPUMEHEHWS] MaTPUYHOTO METO/1a PELIEHUS
331241 YCTOMYMBOCTU MOAKPEIUICHHON KOHUYECKOMN
000JI0YKH TIOJY4EeHO B pabote [9] IjIsi HEKOTOPBIX
TUIIOB HarpyxeHus. D(hGEeKTUBHOCTh TMOPUIHOTO
merona BKb — TanepkuHa 151 pelieHust pa3inuHbIX
3a/1a4 MaTeMaTU4ecKoi (hM3MKHU TToKa3zaHa B paboTax
[13, 15, 16], a 3ama4y ycTOMIMBOCT KOHMYECKIX 000-
JIoueK — B pabotax [4, 14]. B nanHoi1 paboTe rpume-
HSIIOTCS 00a yKa3aHHbIX METO/IA.

PacueT cocTaBHBIX MOJAKPEIJIEHHBIX 000JI0YeY-
HBIX KOHCTPYKLMI THUMA «IUJIUHAP — KOHYC» B Ha-
cTosilliee BpeMsl TPOBOAMTCSI YMCIEHHBIMU METO/1a-
MU [2, 6, 23, 24]. [1pu 3TOM He YUUTHIBAETCS PaHO-
YCTOMUMBOCTD MPOJIETOB 000JOUKU WU OTAEIbHBIX
ee yacreil. B moHorpacduu [9] ¢ nmomolibo aHaIu-
tnyeckoro BKb-penieHus n3yyeHa ycTOMYMBOCTD
MOAKPEIJIEHHON KOHMYECKOH O000J0YKMU, HMEI0-
1IE paBHOYCTOMYMBBIE ITPOJIETHI.

B nanHoit paboTte nmpemoXeH MOAXOM Il IIOUC-
Ka paBHOYCTOMUYMBBIX COCTABHbBIX MOIKPEIIEHHbBIX
KOHCTPYKIIWI TUTTA «IIWJTUHIP — KOHYC» HAa OCHOBE
QHAJIUTUYECKUX MOIXOH0B.

[IpemioxXeHHbI aHATUTUKO-YUCAEHHBI MOMI-
XOJ K MCCIIEJOBAHUIO JIOKAJIbHBIX U OOIIMX (hOopM
BBIMTYYMBAHMSI TOAKPETUIEHHBIX 000JI0YEYHBIX KOH-
CTPYKILIMI HE SBJISIETCS aJlbTePHATUBOM ST MPSIMO-
ro YMCJIEHHOTO pacyeTa, B YaCTHOCTU Ha 0a3e MeTo-
Jla KOHEYHBIX BJIEMEHTOB, a JIUIIIb MePBbIM 3TAIlOM
aHaJiM3a OCHOBHBIX MexaHHuecKux 3(deKToB ¢
JaJbHEN MM YTOUHSIIOIIMM PACYETOM C UCTOIb30-
BaHMEM M3BECTHBIX B IPAKTUKE MPOCKTUPOBAHMSI
YUCJIEHHBIX aJITOPUTMOB.

ITOCTAHOBKA 3AJTIAYN

PaccmatpuBaercs yrnpyrast 000j04edHass KOHCTPYK-
IIMST KPYTOBOTO CEYCHUST TTOCTOSTHHOM TOJIIMHEL A,

4

noakperieHHas 1manroyramu (puc. 1). Pemaercs
3a/laya yCTOMYMBOCTH TaKOW KOHCTPYKLIMU, MOBEP-
JKEHHOI BHEILIHEMY JIaBJIEHUIO ¢ , OCEBOMY CXKaTHUIO
cuwioit T Mpu OMHOBPEMEHHOM BO3JIEHCTBUM KpPY-
Tamero MmomeHta M . Ilpu 3ToM mpeamnoaraercs,
YTO KaxJI0€ KOJbLO MOAKPEIUISIOLIEro IIMaHroyTa
MMEET XXECTKOCTb Ha M3TM0 Kak B IJIOCKOCTU Ha-
YaJIbHOW KPUBU3HBI, TaK U U3 Hee. [Ipenrnonaraercs
TaKXe, YTO BOJIHOOOpa30BaHUE MO JJIMHE 000JI0YKU
BBIPAXKEHO HAMHOTO cj1abee, yeM B OKpyxKHOM. [1pu
9TOM 7151 000JIOUEK CPpeaHeU JTUHBI YUCIIO BOJH A
B OKPY>KHOM HarpaBJIeHU! TaKoBO, 4To 1> >>1, a B
MPOJOJLHOM HampaBJIeHUU 00pa3yeTcsl OJHa TMOJy-
BOJIHA.

METO/J PEHITEHI A

Huaunopuueckuii npoaem oboaouxu. Ilycte C = Eh,
D=E I’ /12(1-Vv*) — XecTKOCTH OOLIMBKY Ha pac-
TSDKeHUe-cxXaTue U u3rud, £ — mMomynb yrpyroctu
u v — koapopumuenrt Ilyaccona marepuana 060-
JIOYKH, § M ¥ — KOOPIWHATHI BIOJIHL 00pa3yroleit
U IyTY LHUJIMHAPUYECKON 000J0UKU COOTBETCTBEH-
HO, R — paauyc KpMBU3HBI CPEIUHHON MTOBEPXHO-
CTU O0OJIOYKH. YpaBHEHUE OTHOCUTEIbHO (DYHK-
MU PAIMATbHBIX MePeMEIleHUd w,,(S,y) TodeK
MpoJieTa HWJIMHAPUIECKON 000JI0UKM TIPU YCIOBUU
Jh/R<L/R<\R/h nmeer Bug [3]:

4

D 8 E a ch[ 4 82"chl

—Vw, +——+ +
p Vet TR g T o5
ha 0w
v ol 142p V| —2L =0, 1
AT TP sy M

Hanpsoxkennss B (1) TpeacTaBisiorcss B BUIE
p.=T/(Rh),p,=qR/h,p, =-M /(2nhR*), BBO-
nsiTest GespasMepHble KoopauHatel X =5 /L, §=y/R,
Oe3pa3MepHbIe YCUITUS

T R, M
ot T g el Ty ERe
1 YHKLIMS paguaibHbIX TIEpEMEIEHU

ncyl = (2)

Wo (X, 0) =W, (X)-cos(y,, (1-X)+np),  (3)

TIe Y, =Y,\1 L/R, y, — TaHTeHC yIJia HAKJIOHA Ipeo-
HsI BOJIHBI K 00pa3yolleii. 3aTeM Ipeodpa3oBaHHOE
ypaBHeHue (1) ¢ yueroMm (2) u (3) uHTErpUpyeTCs MO
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K npobaeme pasnoycmoiiuugocmu nookpenieHHoil 000104e4HOl KOHCMPYKYUY NpU KOMOUHUPOBAHHOM HACPYICEHUU

KoopauHate ¢ metonoM byboHoBa — [anepkuHa or
0 mo 2w . B pe3yabrare /151 TOHKMX 000J04YEK Cpe-
Hell JUTMHBI co 3HadeHusamu K> >1, n* >>1, g <<1
noyiygaetcss auddepeHIMalbHOe YpaBHEHUE OC-
HOBHOTI'O HaIIPSKEHHOTO COCTOSIHMSI OTHOCUTEIBLHO
(GyHKUMY TTpornda MMIMHAPUIECKONR 000I0UKM:

aW' D (x)+bW!

eyl eyl

(X)+cW,,(x)=0, 4)
rae
a=K *[-10 Vihey —(15y; + 2Ny = Aoy +

+ 2}12310)"1 (351(;4 + 30712 +3)+ sl_'n_2] ,
b=n"K[4y, (5] +3),, +
(129} +15y{ + 1), + 23y} + Dy, —
—Adgn’e (7Y +15y} +9y] +1) -6yl 'n "],
e==n' (v] 1127, Dy + VMg + 2y —
— nfo’'e (v + 1)+ n’yle ',
K=L/R,e=h/R, 0o=12(1-v*).

VYpaBHeHue (4) sIBIIsIeTCS pa3pellaronIuM IJIs MC-
CJIeIOBAaHUSI Ha YCTOMYMBOCTH LIWJIMHIPUYECKOTO
npoJjeta 0060104k, OOIIMM pellleHreM YpaBHEHMS
(4) aBasteTcst GyHKLUS

Vchl ()?) = Vch/ (fk )\chl,l (f) +
+I/I/c;// (%, )\chz,z (x)+
+ VVC;'/ (fk )\ch/,s (f) + VVC;; (Yk )\ch/,4 (f) s

rie

v ()?):Bgchﬁl(f—fk)ﬂﬁcosBz(f—fk)
B3 +B; ’

v ()= B; sh Bl()?—fk)+[3f sinB,(x -X,) ,
(B3 +BD) B, B,

—_chB,(x-Xx,)—cosB,(X—X,)

W3 (X) B2+ 2 )

v ()= B,shB,(x-Xx,)-B,sinB,(x -X,) ’

(B> +B) B, B,

Th++b* —4dac

MarpuuHoe ypaBHEHUE IpoJieTa LWIMHAPUYEC-
KOii 0007104KHM B TOUKax X €[X,, X, 1, k€{0,1,...,m,,}
MIPENCTABIISAETCA B BUIE

W (X) Wi (X0)
i@ | WG
VVc:/(f) = cyl(xk9x)- I/Vc;'l(fk) . ®)]
W) W)
Vot Verz Vers WVens
A (%.5)= Wéyl,l \Véyl,Z WLyI,S \ngl,4
ok Zyl,l \ngl,z \ngl,s \VZ,VIA
\VZ),;L] \V:;/,z WZy[,S \VZ;/A

Marpuua 4,,(x,,x) HOpMaJsibHasi (yHaa-
MEHTaJbHasi CO CBOWCTBOM A, (X;,X,)=E, TIe
Z — eOWHWYHAs MaTpULa. 3aMeTHUM, YTO ECIIH 11 -
JUHIpUYecKasi 00oj04ka uMeeT (UKCUPOBAHHOE
3HaYeHUe g, TO MATpuibl A, (X,,X,,,) PaBHbI LI
MPOJIETOB OAMHAKOBOM IIMHEIL. JIJ151 TaKO# MaTPULIbI
UCIIONIB3YeTCsl 0003HAYCHUE Acy,(zk) =A,,(X %)
rme L, =Xx,,,—X, .

Konuueckuit npoaem oboaourxu. Bogsarcst cnemy-
foye odbo3HadeHus (puc. 1): oo — yroy mpm ocHO-
BaHUU KOHYyCa, S — PacCTOsSIHUE IO 00pasylollei
KOHYCa C OTCYETOM OT ero BepLIMHbL, X =5/, , ¢ —
yIJIOBasi KOOPJAMHATA B TUIOCKOCTH Mapasjiesiy.

B pa6ore [3] npuBeaecHa moJiHas cuctema Aud-
(bepeHIIMATBbHBIX YPAaBHEHUI B YACTHBIX ITPOM3BO-
THBIX, XapaKTepHu3ylolasi paBHOBECHe KOHUIECKOM
o6osiouku. [Tocse BBeneHUs1 6e3pa3MepHbIX Mapa-

2nl’E he’’sin’ o

e ¢ =q-sino , ¥ npeacTabaeHus GyHKINUU panu-
aTBHBIX TIepeMeIIeHII U (YHKIINN YCUITUI B BUJIE
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1. I'. Jleemspenko, B. 3. [puwak, /I. /1. [puwax, H. H. /loauenxo

cone (X (p) cane (x) tg a- COS(Ycone (1 - x) + }’l(P) ’

Soone (X, 0) =D (X) 8211 Ehtg*a.- cos(y,,,, (1—x)+no)

B paboTe [4] mojiyueHo pa3pelaioniee 0ObIKHOBEH-
Hoe nuddepeHIMaTbHOe YpaBHEHUE NCCIICTIOBAHNS
Ha YCTOMYMBOCTh KOHUYECKOI 000JOYKM OTHOCH-
TeJIbHO (pyHKIIMM niporuda W_ (x):

cone

2
WS, [i—z L e ]W -
X X
6y’ ,
=0y W,, = ©
rae

2.2 3
T]COVIE p YCone XCD}’!E p
0,(x)= 3 + —+
X
)\‘ 5/2
+ caneycone p p 6 YCD”E

5 YCone .
X X X

IMycts xe[x;x,,,] (=0,1,...,m Peurenue

cone) *
(6) BKE-memodom vimeer Buz, [4]

W, (x)= ZCW“WEZS:*,( x), (7)
rac

yios (x)=sh S (x),
Yy (x)=ch S(x), (8)
Y (x)=sin S, (x)

Yyl c(x)=cosS,(x),

JR2Kx) 8 +2JK2 ()8 +40,(x)

E,z(x): 2%

b

K(x)=n,, /X", S,(x) :sj F(hdt, j=12.
Pewenue ypasuenus (6) eubpuonsim BKb-Tanep-

KUH-MemoO0oM IMEET BI/I,Z[ [4]:

Hybr  Hyb
W e (X) = ZC " e () ©)
rae
Hyb S Hyb S
\Ilco);lerl (X) = eAI I(X)’ \cho);lerZ (X) = eAZ I(X)’

(10)

S .
g (x)=e1%sin S (x),

Hyb S
Y (e cos € S, (x)

Tyt A, A, — BemectBeHHbe, a Ay, =E+iC —KoMII-
JIEKCHO-COTPSI)KEHHbIE KOPHU YPABHEH U

A'a,+Na,+A a,+Aa —a, =0,

B KOTOpOM
f LY, (X)dx (j=0:4),
Y,(0) = (0, ()",
1,00 = 20,00 + 60,00,

62
YQ(X) [m%_{—i_z’)gone]((po(x)) +

+§(Po(x)%(x) + 404 (X)@, () + 3(95 ()

Y,(x) = <p'"<x>+g<p3<x>+

282 6 2
+ ( ncone ;c; + % _ 2’Y§one (P(’) (x) _ YCone(po (‘x) ,
X X X

Yy (x) =0, (x).

PellleHue ykazaHHBIMU METOJAMU MOXET OBITh
HaliieHo Ui Harpy3ok, KOTOpble IS BCex
x €[x;;x,,,] Y1OBIETBOPAIOT HEPABEHCTBY

x ﬁ_ ncone Y _ }\’cone Ycone _
cone x3 p x2\/;

_ g LeomeX VeeX Ycone
ror

B xaxnom u3 nipencrapnenuit (7) wiu (9) matpuy-
HO€ ypaBHEHME IIpoJieTa KOHMYECKOH OO0O0JIOUKH
MOXHO 3amlucaTh aHAJIOTUYHO (5) Ha 0a3e (yHma-
MeHTanbHbIX (pyHKIMM (8) mau (10) 1 ux mpou3Bo-
nHbIX. OHAKO TMOJyYeHHasi TakuM oOpa3oM (yH-
JaMeHTanbHasg marpuua A, (x;,X) He gBisgeTcd
HOPMAaJIbHOM.

Hanpsicenno-oepopmuposanmoe cocmosHue KoH-
cmpykuuu npu nepexode uepes wnarneoym. B pabotax
[5, 8] momy4yeHbl MaTPULIbl, XapaKTEPU3YIOIIUE MIpe-
o0pa3zoBaHME HAMIPSKEHHO-Ie(hOPMUPOBAHHOIO CO-
CTOSTHUSI IWIMHIPUIECKON M KOHUIECKOI 000J104-
KM TIpU Mepexoje uyepes MpoMeXyTOUHbIN, k - 1
i -1, IIITAHTOYT COOTBETCTBEHHO:
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—
S = O O
- o o O

)
—_
S = O O
-0 O O

e n*(n? —1Y(EJ),,

CR’
v n*(n’ —1)2(EJ)zk
o2 O(n? +1)R?

P n'(n’ —1)2(EJ)MAr0

cone,l —

ko _
G/,l_

cyi ’

bl

Crcos’ a
n*(n* - I)Z(EJ)U. r
C(n* + 1)1;4

— 0Oe3pa3MepHble KEeCTKOCTH IIMaHTOyTOB, MOJI-
KPETUISIIOLIMX HIWIMHAPUIECKYIO M KOHUYECKYIO0 000-
JIOUKY COOTBETCTBEHHO; #; — PaJNyC IIIIAHTOyTa Ha
KOHUYECKOI 000JI0UKe, %, — paIuyc MEHBLIEro oc-
HOBaHUsI yCEYeHHOTo KoHyca; J,, , J , — MOMEHTHI
WHEPLIMU COOTBETCTBEHHO MPU U3rMOE IIMaHToyTa B
IJIOCKOCTU HaYaJTbHOM KPUBU3HBI U U3 TUIOCKOCTH.
PaccmoTrpum j -1 ipoJieT HMIMHAPUYECKON W
KOHUYecKoi obonouku [x,x;, | (j€{0,1,...,m})
cmarpuuei A, u (j+1) -ii IIIaHroyT, COOTBETCTBY-
IOIINiA KOOpAMHaTe X, , ¢ Marpuiei B, . Mmeer
MecTo [5, 7, 8] cBsA3b MEXAY BEKTOpaMM IepeMe-
IIEHU U UX TPOU3BOAHBIMU CIIpaBa U CJeBa OT

(j + 1)-ro mmaHroyTa:

i —
cone,2

Wi(x;)
W'(x,)
B, -A - =

S )

Wﬂ/(xj)
VV_(xj+1) VV+(XJ'+|)

_ M(xj+1) _ VV+’(xj+l) (11)

Gzl/l/_,(xjH ) + VI/—” xj+1) VI/*-” xj+| )
-GW (x,,)+W'x,,)) (WIx,.)

HopMmanbHasi dyHmameHTanbHas maTpulia 00-
JlamaeT cBoiicTBoM casura. [Toatomy ¢ yuetom (11)
MaTpulia-TpOn3BeIeHIE

H=A4, B B, By AB 4, (12)

My gy =1 O,

3a/laeT M3MEHEHME HampsLKeHHO-Ae(OpMUPOBaH-
HOIO COCTOSIHUS UWJIMHAPUYECKOW 4YacTh KOH-
CTPYKILIMU, coiepKallieil m 1maHroyTtos [5]. B coot-
Howenn (12) A4 = A, (L) (i=0, ...,m,) — marpu-
11a MpoJieTa LHIWIMHAPUIECKOH 000JI0UKHU.

B ciyuae, korma 1ImaHroyt HaxoAMTCS Ha TOpLE,
COOTBETCTBYIOILLYIO MaTPUILY, TTPEAILIECTBYIOLIYIO WIN
MOCIEIYIOLIYIO 3a IIMAaHTOyTOM, HEOOXOAUMO BHIOM-
paThb IS 00OJOYKM HYJIEBOW JIMHBI [S] ¢ COOTBET-
CTBYIOILLIMM KPaeBbIM YCJIOBUEM CBOOOIHOIO TOPIIA.

ITockonbKy pyHIaMeHTaIbHasg MaTpulia KOHUYEe-
CKOli 000JI0YKM He 00JIaJaeT CBOMCTBOM HOpMallb-
HOCTH, TO JIJII CONPSIKEHUS €€ TTPOJIETOB UM COMPSI-
JKeHUsI KOHWYECKOTro TpoJieTa ¢ LUMUJIMHIPUYECKOMN
YaCTbIO KOHCTPYKIIMK HEOOXOAMMO COCTaBUThb YpaB-
HEHUsI COMpPSDKEHMSI, 3aJalollyMe paBeHCTBAa HOP-
MaJIbHBIX [IePEeMEILIeHUI U UX TTPOU3BOIHBIX B CMEX-
HBIX TOYKaX MPOJIETOB.

Conpsicenue KoHuveckoil u uuAUHOpU4eCcKoul uac-
mu KOHCMpPYKuuu 04s Uccae006anus ooueli nomepu
ycmotimugocmu. s mipumepa paccCMOTPUM KOH-
CTPYKIIMIO, HA KOHUYECKOM YaCTU KOTOPOM pacIio-
JIOKEHO 10 OJIHOMY IIITIAHTOYTy HAa OCHOBAaHUSIX U
OIUH — TPOMEXYTOUHBII, a Ha LMWJIMHIPUIECKON
4acTU — HEKOTOPOE KOHEYHOE YMCJIO IITMaHTOyTOB.
XapakTepucTUUeCcKOoe ypaBHEHUE JIs ONpeaeIeHUS
KPUTUUYECKMX Harpy3okK 000JOYeUYHON KOHCTPYK-
LIMM 3aIlMUCBhIBAETC YEPE3 OINpPEeNeauTeNb OJOUHOM
MaTpUILIbL:

Aﬁ) @(2) @(2) @(2)
@(2) @(2) @(2) A(22A)‘
det| AY AY @% ©“|=0,  (13)
00 AL AL O
4) (4) 4) (4)
® C] A5y Ay

e
A? =H? (x,,x,)), A, =H2 (1),

cone 2,4 eyl

4 4 4 4
AL = H (X, X)), AY) = H) (x,%,)

cone cone

4 4 4
AE:% =Hy, (x,%,) 5 Aft,s) =Hy, (%,,%,)

cone cone

AY =HD (x,,1), A =H)(0),

cone eyl
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0
1.19
1.03
0.87
0.71
0.55
0.39 . . . .
0 200 400 600 800 G,
chl,z = 10’ G*conc,Z = 10’ - chl,z = 5’ G*cone,z = 55
- chl,Z = 1’ - chonc,z = l’ _ch1,2 = 0’ - G*cone] =0

Puc. 2. AHanu3 JOKaJIbHOI TOTEPU YCTOMYMBOCTU KOHMYE-
CKOTO TIpoJieTa 000I0UKK C OTHUM IIITAHTOYTOM CIIpaBa M 11~
JIMHAPUYECKOW — C OJIHUM IIIMAaHroyToM ciieBa (L = 2.5Rcy, )

npuyeM © — Hynesad marpuua, H,, (x,,x) 4
H,,(X) — MaTpuibl KOHMYECKOW W LMIUHIPU-
YeCKOW 4YacTu COOTBETCTBEHHO. BepxHuii mHaexc
«(4)» 0603HAYaeT, YTO MATPULy B COOTBETCTBYIO-
LIel Touke cienyeT OpaTh IMOJHOM, pa3MEpHOCTU
4 x 4, a unaexc «(2)» nmpeamnosaraet BblICICHUE U3
MOJTHOW MAaTpUILIbl ABYX €€ CTPOK, COOTBETCTBYIO-
1IMX TPAHWYHBIM YCJIOBUSIM Ha Toplie. Kpome Toro,
B ypaBHeHuu (13) HeoOXoouMO Ionaratb X, =X,
npu ucnonb3osannn BKb-meroma wm x, =x, +¢&,
rne <1, nnsa rubpunHoro BKb-Ianepxun-memo-
da. Marpuust H,,,(x),x,), H,,(0) onpenensorcst
bopmynamu

Hcone (‘x0’x0) = Acone (x0 7x0) ’

H,,(0)=4,(0)=E,
H (1) — dopmyioii (12), a B cuy (11)
H (xi’xs) B Acone (xi’xs) s

cone cone,s
i=0,12, s=1,2,3, i<s, x;=1.
Xapaxmepucmuveckue ypaenenus ycmouuueocmu
KOHUYECKOU U UUAUHOPUMECKOU ceKuuli 000404e4Holl
Koncmpykuuu. J1ns onpenesieHus KpUTUIECKOro J1aB-
JIEHUSI TIOAKPETUIEHHOW WM HETIOAKPETIJIEHHOW IT1-

8

JIMHAPUYECKON 000I0UYKM HEOOXOAUMO PELIUTh Xa-
PaKTEepUCTUYECKOE YpaBHEHNE
@
H./0)]
) -
H eyl (1)
IMockombky H,,(0)=A4,,(0)=E, To Marpuia sT0rO0
ypaBHEHHUSI IIpeodpa3yeTcsi B MUHOP BTOPOIO IO-
psiaka.
XapakTepruCTUYECKOe ypaBHEHNE HETIOOKPEIUICH-
HOW KOHMYECKOU 000JIOUKM UMEET BUL
@
Apne (Xy, X))

cone
cone (x0 s 1)

A
a TTONKPETIEHHOM — TIPENCTABIISIETCS Yepe3 OIpere-
JIUTEJb 0JI0YHOI MaTpULIbI, aHajdoruyHo (13).

Bo Bcex ciyyasix xapakTepUCTUUECKOE YypaBHE-
HUE CJIYXUT IJI OTbICKAHUSI KPUTUYECKOU KOM-
OMHALMKM Harpy30K Mpu MUHUMU3ALKUU BOJHOBOTO
Yyyrcia B OKPY>KHOM HarpaBieHUU.

det 0.

b

YUCJIOBBIE PE3YJIBTATBI

PaccmaTpuBaeTcst 000109e4Hast KOHCTPYKIIMS C XapaK-
TepucTukamu: A, = 2 MM, v= 0.32, £ = 68.6462 I'Tla.
Konwnueckass 06010uKka BeIOMpaeTcsl ¢ ImapameTpa-
mu: [} = 1.82m, [, =0.65/, , a=75°. Paguyc uu-
JIMHAPUYECKOI 000J0UKHU paBEH PalnyCy OOJIbILIETO
OCHOBaHMsI KOHyca, T0 ecTb R, =/ coso. Ecin
IUIMHY LWJIMHIPUYECKOM 000JI0YKM BBIOpaTh paB-
HOl L=2.5R, , TO ee KpUTUYECKOE AaBieHue Oy-
JIET COBITAJATh C KPUTUYECKUM JaBJIeHUEM KOHUYE-
CKOM 060/104KH g, = 31.253 klla mpwu ycioBUM, 4TO
00e 000JI0YKM IIAapHUPHO OIepThl. KecTKocTu

HIMMAHToOyTOB, pPACIIOJOXEHHBIX Ha KOHMYECKOM
060.]'[0‘{](6, MNPEACTABJIAIOTCS B BUIC
; N}
i _ 1°0 *
Gcone,l 4 3 ‘Gl,i s
[T cos” a
3
Gi _ l] lO . *
cone,2 ~ 14 2,i
ll'
rae ) 2
o on(nm=1)7(E),
e RC ’
20,2 2
. ni(n" =) (E)),
2,
O k)R

HccnenyroTes Takyie KOHCTPYKIIMM, YTO KOHMYE-
cKasl U LHUJIMHApUYecKas: 000JOYKY MOAKPEIIICHBI
LIMaHToyTaMU, KOTOPbIe UMEIOT paBHbIC 3HAYCHMUS
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0
1.30
1.12
0.94
0.76 "
I
I
1
0.58 ki
(
I N o
b
0.40 . . . .
0 200 400 600 800 G,
a
- chl‘z = 10, -= G*conc,Z = 10’ - ch],z = 5’ G*cone.z = 5’
Oy = = = P, = 15 — Gy, =05 — = G cone.2 =0

2.40

2.01

1.62 ,

1.23

0.84 |

0.45

G,

0 1000 2000 3000 4000

o6
5; Gyu,=1; G*

— = 5- * = =1-
ch].Z 57 -=-G cone, 2 c cone,2 1’

Puc. 3. AHanu3 ToKaTbHOM MOTEPU YCTOMYMBOCTA KOHMYECKOTO U LIMTMHIPUIECKOTO OTCEKOB 000JIOUKY C IBYMSI IIITIAHTOYTaMK
(a) u ¢ Tpems mmaHroyramu (0) B COOTBETCTBUM O cxeMamu (L = 2.5Rcy, )

KaXJI0ro U3 CJIEAYIOUIMX MapaMeTPOB KECTKOCTU
G:yl,l = chl,l > ckyl,z = chl,z > Gl*,i = G:one,l n GZ*,i = G:one,Z
msiBeex k=0,1, ...,m, ni=0,1,..m,, .

0O060J04YeYHbIE KOHCTPYKIIMU M3YYalOTCsl B TPeX
chydyasx. IlepBblii ciyyaii — IIAapHUPHO oOIlepTast
Ha TOpIIax KOHCTPYKIIUS C OTHUM IIMTaHTOYyTOM Ha
0oJTbIIIeM OCHOBAHMM KOHYCA M OMTHUM — Ha JIECBOM
TOpIIe MWIMHAPA; BTOPOU — KOHCTPYKIIUS C TTapoit
KpaeBBIX INMAaHTOYTOB Ha KaXIOW YacTH; TPETHIl —
KOHCTPYKIIMSI ¢ TpeMsl IIMaHroyTaMy Ha KaxIou
4YacTH, IBa U3 KOTOPBIX PACIIOJOXEHbI Ha Kpasix, a
OJIVH TMOCepeauHE.

B xaxnaoM u3 ykazaHHBIX CIy4aeB, OTIAEJIbHO JIst
KOHYCa ¥ IIMHIPA, TIOCTPOSHBI TparKu 3aBUCUMO-
creit (puc. 2 u 3) 6e3pa3MepHOro KpUTUYECKOro 1aB-
nenus Q=g /q, OT XKECTKOCTEl IIIaHIOyTOB G:W,1
u G, COOTBETCTBEHHO IS PA3HBIX 3HAYCHNUIA G;ne’z
u G, ,. CoderaHne XeCTKOCTEH IIMaHTOYTOB Ha KO-
HUYECKOM M HWIMHAPUIECKON YacTsIX KOHCTPYKIIUH,
00eCreynBaIOIMX COCTOSTHUE PAaBHOYCTOMUMBOCTH,
BBIOMpaeTCs TakK, KaK IoKa3aHo B TaoJI. 1.

AHanu3 3aBUCUMOCTEI Ha puc. 2 U 3 MoKa3bIBa-
€T, YTO TIOAKpPEeTUIeHNE KOHUYECKON M ITUITMHIPH-
YeCKOoi 000JI0YeK IIMMaHTOyTaMU He3HAYMTEIbHOMN

JKeCTKOCTU MPUBOJUT K CHUXKEHUIO KPUTUUECKOTO
JIaBJIEHUSI MO CPaBHEHUIO ¢ KPUTUYECKUM JaBJIeHU -
€M ¢, 3TUX 000JI04€eK, IIaPHUPHO OIEPTHIX 10 000-
uM Topuam (1. e. 9, <1). ITpu Groper 201 Gy, %0
st GosbIUKX 3HaYeHUit G, M G, | KPUTHIECKOE
JaBJIcHUE MOXET IpeB3oiT g, (0, >1). Korna na
000JI0YKaX YBEJIMUMBAETCS KOJMYECTBO IUIMAHTOY-
TOB, Jaxe HeOOJIbIINEe X KECTKOCTU Jat0T 3HAUU-
TeJIbHOE OTKJIOHEHUE KPUTUUECKOTO JaBJIEHUSI OT
g (0, >>1).

B paccmaTpuBaeMbIX cCiiydasix ¢ YBeJUUCHUEM
JKECTKOCTU IIIMAHTOYTOB KPUTUYECKOE NaBJICHUE
CTabMIMU3UpYeTC KaK Uil KOHUYECKOM, Tak U 151
HAJIMHAPUYECKON 0000UKkM (puc. 2—4) Ha IocTa-
TOYHO OJIM3KUX 3HAUEHUSIX.

OO6uiast morepsi YCTOMUMBOCTU HEMOJAKPEIJIEH-
HOU KOHCTPYKIMH THUIA <«IIMJIMHAP — KOHYC» C BbI-
OpaHHBIMU pa3MepaMu MTPOUCXOIUT TP JTaBICHUM,
KOTOpoe MouTH Ha 46 % HiKe JaBIeHUS MECTHOM
MOTEPU YCTONUUBOCTU.

[Hanee n3y4yeHbl COCTABHbIE KOHCTPYKIIMU MPU
BbIOOpE TaKMX KECTKOCTEM 1IMAHTOyTOB, PACIOJO0-
JKEHHBIX HA KOHUYECKOW W UWJIMHAPUYECKOU Jac-
TSIX, 4TOO 00eCIeuyuTh PaBHOYCTOMUMBOCTH 1I€Jb-
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HOM KOHCTpyKuuu (tada. 1). 3HaueHus KpuUTude-
CKOTO JIaBJIEeHUS] PaBHOYCTOMUYMBOK KOHCTPYKILIMU
HIDKeE, YeM OTIebHBIX ee YacTeii, MeHee yeM Ha 10 %.
OTO O3HayaeT, YTO C POCTOM JaBJIEHUS, BHauyale
MPOUCXOAUT OOIlasi TMoTepss YCTOMUMBOCTU BCei
KOHCTPYKIIMU 1 TPAKTUIECKHU Cpa3y — KOHUYECKOM
U UAJIUHIPUYECKON YyacTel.

CrenyrolmyM 3TarioM padoThl OBIJIO MCCIEIOBaA-
HUE€ KOHCTPYKIIMHU, LUJIMHAPUYECcKass 4acTb KOTO-
poii B 1Ba pa3a JJIMHHEe, YeM u3yuyeHHas Bbiie. To
ectb L=5R,, . st TOTO 4TOOBI BBIOPATH IITIAHTOYTHI,
HE CJIMIIKOM OTJMYalolIuecs MO KECTKOCTH, s
obecrieyeHus1 PaBHOYCTOMYMBOCTU KOHCTPYKIIUH,

comepkalieit naxe asa IIMaHToyTa Ha KOHYyce, Tpe-
OyeTcs TOAKPENUTh LMJIMHAP HE MeHee 4eM dYe-
TBHIPbMSI IITTAHTOyTaMMU.

Ha puc. 4 nmoctpoeHbl 3aBUCUMOCTU KPUTUYE-
ckux napnenuiior G, uG,, ipu G,,,., =G, , =5
IUISI KOHMYECKOW OOO0JIOYKM C NBYMSI KpaeBbIMU
LIMaHTOyTaM1, UIMJIUHAPUYECKON — C YEThIPbMS U
MATHIO PaBHOYNAJEHHBIMM IIIMAHTOyTaMU, IO JBa
U3 KOTOPBIX SIBJISIIOTCS KpaeBbIMU. B Tabi1. 2 moka-
3aHO COTJIACOBaHME JKECTKOCTEH IJIsT 00ecTieUeHUS
PaBHOYCTOMYMBOCTU KOHCTPYKIIUU <«IVUIMHAD —
KOHYC» C KOMOMHAIME! KOIMYeCTBa LIMNaHIOyTOB,
COOTBETCTBYIOLIEH puc. 4.

Tabauya 1. PaBHOYCTOHYMBOCTD MOJKPEILIEHHOI KOHCTPYKIMH TUNA «IMJIHHAP — KOHYC» npu L = 2.5Rcy,

G G O n Gy Gy Q. n Q. n
JJ1 KOHyca JUI HWIMHApa JJ1s1 KOHCTPYKLIMMU

0 50 0.843117 4 0 29.73 0.843111 6 0.8275 4

200 0.93679 4 60.96 0.936783 6 0.910547 4

600 0.992897 4 610 0.992895 7 0.963481 4

5 50 0.290172 4 5 38.85 0.910226 6 0.889502 4

200 0.324305 4 118.2 1.017298 7 0.989949 4

600 1.090632 4 555 1.090632 7 1.059793 4

10 50 0.9301619 4 10 43.77 0.930158 7 0.909567 4

200 1.0413069 4 126.7 1.041293 7 1.013965 4

600 1.1201358 4 418 1.120142 7 1.088711 4

0 50 0.843864 4 0 50.54 0.843864 6 0.814235 4

200 0.937032 4 109.8 0.937047 6 0.897803 4

600 0.992965 4 1213.5 0.992966 7 0.950033 4

5 50 0.990428 4 5 84.47 0.990425 7 0.975735 4

200 1.117896 4 233.34 1.117895 7 1.112482 4

600 1.19517 4 599.9 1.19517 7 1.136744 4

10 50 1.0299789 4 10 95.58 1.029973 7 1.019602 4

200 1.1763167 4 231.92 1.176317 7 1.14858 4

600 1.25631217 5 540.27 1.256315 8 1.228374 5

5 50 1.524709 5 5 241.2 1.524714 8 1.493477 5

200 1.861432 5 649.91 1.861434 9 1.855127 5

600 2.072091 6 1156.95 2.07209 10 2.04291 6

10
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0.77
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0.45 . . )

0 200 400 600 800 G,

Puc. 4. JlokanbHas oTepst yCTOYMBOCTA KOHUYECKOTO U 11~
JIMHAPUYECKOTO OTCEKOB OOOJIOUKM, MOAKPETUICHHOM! IIMaH-
royTamu B COOTBETCTBUM CO cxemaMu (L = SRCy,). Kpupas
[ — N4Th LIMAHTOYTOB Ha LIMJIMH/PE, 2 — JIBa LIMAaHToyTa Ha
KOHyce, 3 — 4eTbIpe IIMaHroyTa Ha LWIKHIPE.

Tab6auya 2. PaBHOYCTONYMBOCTH KOHCTPYKIIMM THIA «IIWIMHAP — KOHYC» mpu L =5R -

0
1.20

0.96

0.72

0.48

0.24

0 L L L L
0.1 0.2 0.3 0.4 T*

Puc. 5. Bnusinue oceBoro cxkatusi 7* u KpyTSIIEero MOMeH-
Ta M* Ha KpUTHUYECKOE AAaBJICHHUE COCTAaBHON KOHCTPYK-
uu (L = 2.5R8y, ). Kpusbie 1, 2, 3 —mis 3HayeHuit M* = 0,
1 1 2 COOTBETCTBEHHO.

*

cone,2 = chl 2 = 5

G 1 Qﬂ IUTSL KOHYyCa n ch” ch TUTSL [IAJTHHIPA n Q" JUIsE KOHCTPYKIHN n
600 1.19517 4 1117 1.19524 7 1.1635 4
1000 1.217857 5 1231 1.217848 8 1.1891 4
800 1.02976 5 800 1.201515 8 1.1988 5

Ha cnenytoem sTare padoThl M3ydyaaach YCTOM-
YMBOCTh KOHCTPYKIIUM IIPA COBMECTHOM BO3MIEii-
CTBUU TPeX YCUJIMIA: BHEILIIHETO JaBJIEHUS ¢ , OCeBO-
ro cxatusi T u KpyTsiiero MmomeHTta M . BBeneHbl
6espasmephbie yewnus: Q=q/q,, T =T /(ER),
M =M /(2nER’). Ha puc. 5 mocTpoeHbl rpaduKu
3aBucumocteit Q ot 7' Tpu pasnuuHbx M mnd
KOHCTPYKIUU «UWIMHAP — KOHYC», Ha KaXXI0U U3
YacTel KOTOPOM pacHoJ0XKEHO IO JABa TOPLIEBBIX
mmanroyTa. Ilpu [ =2.5 Rcyl nmapamMeTpbl paBHO-

YCTOMYMBOCTU KOHCTPYKIUM BBIOpaHBI paBHBIMU
Gcone,Z :chz,z =3, Gcane,l =600, chl.l = 599.9. Ana-
JIN3 pe3yJIBTaTOB MOKa3aJl, 4YTO YBEIUUEHUE OCEBOTO
cXKaTusl, a TakKe KPYTSIIEro MOMeHTa MPUBOAUT K
YMEHBIIEHUIO KPUTUUECKOTO JaBJICHMUSI.

ITpoGieMa ycTOMUMBOCTA LIMJAUMHAPUYECKON WIIU
KOHMYECKOI 000JI0YKM € pa3IMYHbIMU TUIIAMU Ipa-
HUYHBIX YCJIOBUM MO BO3NEHACTBUEM OTHOMN WU HE-
CKOJIbKMX Harpy30kK, TaKMX KaK HOpMaJIbHOE BHEIII-

HEC TaBJICHNE, OCEBOC CKATUEC N KPYYEHUEC, UCCIICOO0-
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BaJjlach B pabotax [3, 4, 9, 10], rae pe3ynbraThl ObLIM
HalIeHbl aHAIUTUIECKUMU, TPUOIVKEHHBIMY aHa-
JIMTUYECKMMU U YUCIeHHbIMU MeTomamu. IIpose-
JIEHbl pacyeThbl JJIsI COOTBETCTBYIOIIMX TI'PAaHUYHBIX
YCJIOBUIA U ClydaeB HarpykeHusl ¢ UCMOJb30BaHUEM
MU3JI0KEHHBIX METOA0B. /151 IMJIMHAPUUECKUX U KO-
HUYECKMX 000JIOUEK PE3YJIbTaThl OTIMYAIMCh MEHEE
yeM Ha 3 1 14 % COOTBETCTBEHHO.

IIpoGneMa yCcTOMYMBOCTU IOAKPEIUICHHOM IU-
JIMHIPUYECKON WJIM KOHUYECKOW OOOJIOUKM TIOAd
BO3IEIICTBMEM HOPMAaJbHOIO BHEIIHETO IaBJICHUS
pelreHa B paborax [3, 7, 9].

ITpoBeneH cpaBHUTEILHBIN aHAIU3 PE3yJIbTaTOB,
MOJYYEHHBIX C HcCIoJib3oBaHueM Metoma BKDb wu
ruobpuaHoro Merona BKb — lanepkuHa. 3HaueHust
KPUTUYECKUX JABJIEHUIA COCTAaBHOM ITOJAKPETUIEHHON
KOHCTPYKIWHU ObUTH Pa3IMYHbBI MeHee yeM Ha 14 %.

BBIBOJbI

B nmaHHOI#T paboTe mM3ydaercss YCTOMYMBOCTH 000JI0-
YEUHON KOHCTPYKIMM THUIIA <«LWIMHAP — KOHYC»,
HaxoMIIEeHCcsS TMOd  COBMECTHBIM  BO3ICKCTBHEM
BHEIIIHErO JaBJCHMSI, OCEBOTO CXaTUsI U KPYTSILETO
MOMEHTA. YCTONYMBOCTh COCTaBHOM MOIKPETUICHHOM
KOHCTPYKIIMM Y OTIEIbHBIX €€ YacTell HalaeHa Mpu
TMOMOIIYM MAaTPUYHOIO METO/Ia WJIW YPaBHEHUIA COMPSI-
xkeHust. Ocoboe BHUMaHUE YIensieTcsl MOUCKY Tapa-
METPOB PaBHOYCTOMYMBOCTU ITOAKPEIIEHHONW KOH-
CTPYKLIMM, B TOM YHCJe — BBIOOPY pallMOHAIbHBIX
JKECTKOCTEM IIMAaHTOyTOB Ha OTAEIbHBIX €€ YaCTSIX.
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I1. I. Jleemapenxo !, B. 3. Ipuwax 2,
J. . Ipuwax 3, H. M. JI’auenxo ?
1 TepxaBHe KocMiuHe areHTCTBO Ykpainu, Kuis, Ykpaina
2 3anopi3bKMil HALLIOHABHUIT YHIBEPCHUTET,
3anopixcks, YkpaiHa
3 LleHTpaNbHUI HAYKOBO-AOCHIIHUI iHCTUTYT 030POEHHS
Ta BiliCbKOBOI TexHiKM 30poitHux Crt YKpainu,
Kwuis, Ykpaina
10 TTPOBJIEMU PIBHOCTIMKOCTI
MIIKPITJIEHOT OBOJIOHKOBI KOHCTPYKIIIT
MNP KOMBIHOBAHOMY HABAHTAKEHHI

CrTiliKicTh 000JJIOHKOBOT KOHCTPYKIIii paKETU-HOCISI TUITY «I11-
JIIHAP — KOHYC» BUBYAETbCS MPU KOMOIHOBAHOMY HaBaHTa-
JKeHHi 30BHIILIHIM TUCKOM, OCbOBUM CTUCHEHHSIM i KDyTHUM
MOMEHTOM. Po3B’a3yBaibHi piBHSIHHS 3amadi po3B’SI3yIOThCS
aHAJITUYHO 3 BUKOPUCTAHHSIM aCUMIITOTUYHOTO TiAXomy. Y
BUITaIKy KOHIUHOTO BiJCiKy BMKOPUCTOBYIOThCS JIBa aHali-
tnyHux Metonu: BKB- i riopunuuiit BKb-TansopkiH-meron.
Js1 aHasizy CTiKOCTI MigKpirieHMX 000JIOHOK BUKOPUCTO-
BYETBHCSI MATPUIHUI METOJ, IO J03BOJISIE BUBHAYUTU 3MiHYy
HanpykeHO-1e(OpMOBaHOTO CTaHy 00OJIOHKM TP MePeXOi
yepe3 IIMAaHTOyT. XapaKTepUCTUYHE PiBHSHHS JJIs1 BU3HAYECH-
HSI KPUTUYHUX HAaBAHTAXEHb OTPUMAHO Ha OCHOBiI MaTPUYHO-
ro MeTojy i piBHSIHb cripsikeHb. OCOOJMBY yBary MpuiiieHO
BUOOpY Koe(pillieHTiB KOPCTKOCTI IIMAaHroyTa Jisi KOHIYHOL
i WAJIHAPUYHOI YaCTUH, sIKi 3a0e3MevyloTh piBHI 3HAYEHHS
KPUTUYHOTO TUCKY. OTpUMaHO, 110 3HAYEHHSI KPUTUYHOTO
TUCKY JIJIs1 PIBHOCTIKOT KOHCTPYKILIiT HYXKUE, HiXK Y 11 Bi/ICiKiB.
BuBueHO CTiliKicTh MiAKPIiMIeHOI KOHIYHOT KOHCTPYKIIii Npu
KOMOiHOBaHOI HaBaHTaxKeHHi. OOroBOPIOIOTHCS Pe3yJIbTaTU
YU CEJIbHUX PO3PAXYHKIB IS Pi3HUX TUITIB MiAKPITIEHUX KOH-
crpykuiid. [TokazaHo, 1110 B rpaHUYHMX BUIaAKaX IS LIVJTiH-
JIPUYHUX 200 KOHIYHUX 000JIOHOK YMCENIbHI Pe3yIbTaTh 3Ha-
XOISITBCSI B XOPOLLii KOPEJISILIl 3 BITOMUMMU MyOJTiKaLlisiMu.

14

Karouosi cao6a: 06010HKOBA KOHCTPYKLISI TUITY <«LMJTIHIP —
KOHYC», CTIlIKiCTb 0O00JIOHKH, PiBHOCTIMKICTh O00JIOHKH, XKOP-
CTKICTb ILIIMTAHIOyTa, KOMOiHOBaHE HaBAaHTaKEHHSI.

P. G. Degtyarenko 2, V. Z. Grishchak 3,
D. D. Grishchak *, N. M. Dyachenko 3

I State Space Agency of Ukraine, Kyiv, Ukraine
2 Zaporizhzhya National University, Zaporizhzhya, Ukraine
3 Central Scientific Research Institute for Armament
and Military Equipment of the Armed Forces of Ukraine,
Kyiv, Ukraine

TO EQUISTABILITY PROBLEM
OF THE REINFORCED SHELL STRUCTURE
UNDER COMBINED LOADING

The stability of a cylinder-cone-type shell structure of the
launch vehicle is studied under the combined loading of ex-
ternal pressure, axial compression, and torque. The resolv-
ing equations for the problem are solved analytically using
the asymptotic approach. In the case of the conical com-
partment, two analytical methods, such as the WKB and the
hybrid WKB-Galerkin methods, are used. To analyze the
stability of the reinforced shells, we use the matrix meth-
od that allows determining the change in the shell stress-
strain state through the ring. The characteristic equation
for determining critical loads is obtained based on the ma-
trix method and the conjugation equations. Particular at-
tention is paid to the selection of ring stiffness coefficients
for the conical and cylindrical parts providing equal critical
pressures. It is obtained that the values of the critical pres-
sure in the equistable structure are lower than in its parts.
The stability of the reinforced equistable structure under
the combined loading is studied. The results of numerical
calculations for different types of reinforced structures are
discussed. It is shown that in the extreme cases, for cylinder
or conical shells, numerical results are well correlated with
data of known publications.

Keywords: cylinder-cone-type shell structure, shell stability,
equistable shell, ring stiffness, combined loading.
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JIMHAMIKA Ta KepyBaHHS KOCMIYHUMH anmapaTamu
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A. B. llertapes, A. JI. Illentyn

TocynapcrBenHoe nipearnpusitiue « KoHcTpykTopckoe 61opo «kOxxHoe»

uMm. M. K. Anrens», JITnunpo, YkpauHa

METOI0JIOI'A, METO/IbI 1 PE3YJIBTATBI
ITEPBBIX OHEHOK BEPOATHOCTU CBJIINXKEHUA CITYTHUKOB
I'PYIIIIMPOBKU HA MAJIBIE PACCTOAHNA

TIpednoscenvt memoosl (AaHAAUMUYECKULl U YUCACHHbII HA OCHO8e UHMEe2PUPOBAHUS YPAGHEHULl OBUJICCHUS UeHmpa Macc 08yx
CHYMHUK08) OUEHKU 8ePOSIMHOCMU Nepebix CONUNCEHUIl CHYMHUKO8 ePYNNUPOBKU HA MANble PACCMOSHUS 8 ONUMEAbHOM noAeme.
Onpedenenvl ycao8us omoeaeHus CRYMHUK08, NpU pearu3ayu Komopbix 6 HeKomopom (onpedeseHHom 045 Kaxcooll napvl CRymHu-
K08) unmepeane yucen 6UMK08 noaema naockocmu ux opoum cognadarom. CoomeemcmeenHo 045 MaKux nap CHymMHUK08 8eposim-
HOCMb UX CONUINCCHUS HA MANble PACCMOSHUSL ABAAEMCS MAKCUMANbHOUL. JLis epynnupoéku uz 12 cnymuukoé nposedeno onpedesne-
Hue 8epossmHocmu coaudiceHus 08yx hap CNymukoe Ha paccmosuus 0o 100 m. Tloayuenst npedeapumenvHbie OUeHKU 6ePOSIMHOCIU

cOnuMNICeHUs CNYMHUKO08 8 epynnupogke yucaom 0o 100 wm.

Karouesvte caosa: epynnuposka cHymHuKo8, CoNHeHHO-CUHXPOHHbIE OpOUMbL, 8EPOSIMHOCHb CONUNCCHUSI CNYIMHUKOB.

BBEJIEHUE

B mMupe yBenmuuBaeTcsl KOJUUYECTBO 3aMyCKOB Of1-
HOW pakeTou IECSATKOB U COTEH CITYTHUKOB B paii-
OH OJIHOI1 0a30BOIt OPOUTHI. B MosieTe 3TU CIyTHU-
K1 00pa3yloT B OTpaHMYEHHOI 001aCT KOCMUYE-
CKOTO TPOCTPAHCTBA KOMIIAKTHYIO TPYITITUPOBKY,
IUTOTHOCTh PACIIOJIOKEHUST CITYTHUKOB B KOTOPOIA
B 10°...10° pa3 Gosblile TIIOTHOCTH PACTIOIOXKEHUS
KOCMHUUYECKUX 00BEKTOB B OJixkKHeM Kocmoce. [Tpu
IPYIIIOBOM OTAEJEHUU CIYTHUKOB HayajbHOE
YIJIOBOE pasHeceHUe MIOCKOCTeH X OpOUT HeBe-
JIMKO, OOBIYHO He 00JIbllle HECKOJbKUX I0JIel rpa-
Iyca, YTO TIOBBIIIAET BEPOSATHOCTb COJKEHUS
CITYTHUKOB Ha MaJible pacCTOSTHUS TTPU TTOCTIECIYIO-
IeM ABIKEHUH.

Hcxonst uz dusmyeckoir KapTUHBI JTBUXKEHMUS
CIYTHUKOB B rpaBuTalimoHHoM nosie 3emau (I'T13)

©A.B. IETTAPEB, A. 1. LIETITYH, 2019

X B3aMMHO OTHOCUTEJbHOE JTBUXKEHUE XapaKTepU-
3yeTcsl IepUOAUUECKUMU COMMKEHUSIMU Ha MaJible
PACCTOSIHUST U PACXOXKIECHUSIMU Ha pacCTOSIHUE TT0-
psanaka 2a (a — 1ojayoch 6a30Boil opOUThI). Yucio
rmap M3 7 CIYTHUKOB B TPYIIUPOBKE COCTABISIECT
n(n—1) /2, a KOIU4YECTBO COMVDKEHUI Ha S-JeTHEM
CpoKe e€ 3KCIUTyaTalluM YBEJIUUMBAETCS B KBampa-
TUYHOI 3aBUCMOCTH TIPMEPHO T10 3aKOHY 3.5- 1,
u nipu n=100 yucao cOAMKEHUII CITyTHUKOB Ha
sToM niepuone gocturaeT 30...35 ThICSY.

[ToaToMy nepBUYHasi OLieHKA BEPOSITHOCTU COJIU -
>KEHUSI CITyTHUKOB TPYMITUPOBKU HA MaJible paccTo-
sHus (Hanpumep 100 M) B HacTosIIee BpeMsl CUuTa-
eTcsl BITOJTHE YMECTHOM, a TOJIyYeHHE YMCISHHBIX
OLIEHOK TaKOI BEPOSITHOCTH IIPEACTABIISIETCS YXKe
OXXUIAEMBIM.

OcCHOBOI [IJis1 TIPOBeJCHMUsI paboT 10 OLIEHKE Be-
POSITHOCTU COJIMDKEHUSI TIap CIYTHUKOB Ha MaJible
pacCTOSIHUS SIBJISIIOTCSI XapaKTEePUCTUKU UX B3aMM-
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HO OTHOCHUTETBHOTO NBWXKECHUS U CONVDKEHUS TP
COBMECTHOM TIOJIETE.

o mocreqHero BpeMeHM BOIIPOCH COJKEHUS
CITyTHUKOB Ha MaJible pacCTOSIHUS Ha OOJIBIIIMX Bpe-
MEHHBIX MHTepBajaxX IOCe OTIAEJIEHUSI OT pake-
ThI-HOCUTEJISI OJHOBPEMEHHO WJIM C HEKOTOPHIM
pa3HeCEHMEeM BO BPEMEHHU OCTaBAJIMCh BHE TOJIS
3peHus MccienoBareieil. AHAIU3UPOBAIOCH IBU-
JKEHME TIap OTIETMBIINXCS CITYTHMKOB Ha TEPBBIX
BUTKAaX T0JIeTa MCKIIOUNTEIHHO C IIEJIbI0 TTOTyYe-
HUS TAHHBIX TT0 UX HECOYIapeHUIO MEXIy CO0O0i 1
KOpIycoM pakeTsl. OOBIYHO TIPY 3TOM TT0JIaraioCh,
YTO HeymnpaBJjsieMble B MM0JIeTe CIYTHUKU C TeYEHU -
€M BPEMEHU «CaMOCTOSITeJIbHO» Pa3oiIyTcsl Ha 0e3-
OIacHbIE PACCTOSIHUSI, U UX B3aMMHO OTHOCHUTEIIb-
HOe IBWXKEHUE B AaJibHEMIIeM He OyneT BAUSITh Ha
BBITTOJTHEHUE 3a/1a4 MycKa.

IlepBbie myOnuKanuy 1Mo COMMXKEHUIO CIYTHU-
KOB Ha OOJIBIIMX BPEMEHHBIX MHTEPBaIax IOSIBU-
JIMCh CPaBHUTEIBHO HemaBHO. B mokiame Ha 64-m
MEXIYHapOIHOM acTPOHABTUYECKOM KOHTpecce
B T. Uepycanmume [11] u paborax [5, 10] mist yacTHO-
ro ciiyyasl — OT/eJIeHUsI CITyTHUKOB Ha 3KBaTope —
OBbUIM TIPEACTABJCHBI PE3YJIbTaThl aHATUTUYECKUX
HCCJICIOBAHUI IO OMpeAeSIEHUIO YCIOBUI UX OT/e-
JIEHUST, TIPU peain3aliii KOTOPBIX MTPOUCXOIUT PaB-
HOMEpHOE pacXOXIeHWE CIIYTHUKOB Ha TIEPBBIX
BUTKaX aBTOHOMHOTO TIOJIeTa U COMKeHNe Ha Ma-
JIbIE PACCTOSTHUS B JaTbHENIIIEM.

Hoka3aHo, 9YTO B HEKOTOPOI OKPECTHOCTH YK CElT
BUTKOB N mosieta

N=N, :|T7—;T| :%AIIE)
J i Vij

(¥, — cxopocTs, AV,,”_ — Pa3HOCTh MPOEKIINIA CKO-
pocTeil oTaesaeHusl IByX CIYTHUKOB Ha HarpabJie-
Hue nosera; T;, T, — mepuojbl obpallieHus CryT-
HUKOB) IJIOCKOCTU OPOUT CIYTHHUKOB MOTYT Ipak-
TUYECKHU COBIAAaTh, a CaMU CIYyTHUKU TIPU ITOM
MOTYT HaXOOWUTbCS B MajiOli OKPECTHOCTH IpO-
CTPAHCTBA I10 OTHOLLEHUIO APYT K APYTrY. DTO COOT-
HOIIIEHNE TI03BOJISIET OMPENCIUTh MHTePBal BUTKOB
rnoJjieta nap CIyTHUKOB, MIPU KOTOPBIX MMPOUCXOIUT
ux cOMXeHue Ha Majible pacctosiHusl. Hampumep,
npu AV,,‘_J = 1 M/c ux cOaMKeHNEe MTPOUCXOIUT MPU-
MepHo Ha 2500 BUTKe 110JIeTa, T. €. IPUMEPHO Yepe3
rnoJjrona.

16

B ynmoMsiHYTBIX UCTOYHMKAX MPENCTaBICHO YMC-
JICHHOE TTIOATBEPXKIECHWE PEeaTbHOCTU COMMKEHUS
rnap CIyTHUKOB Ha paccTtossHue okojio 10 M 1o uc-
TEYEHUI0 HECKOJIbKHUX ThICSIY BUTKOB MoJieTa. 3aaa-
ya OLIEHKU BEPOSITHOCTH COJIMKEHMS Ha MaJible pac-
crosgHust (Hampumep 10 wiu 100 M) u3-3a ype3BbI-
YyaifHOU €€ CJI0XXHOCTU B ATUX MCTOYHMKAX HE pac-
cMmaTtpuBajiach. C Apyroi CTOpOHbI, IUIAHUPYEMbIE B
Onmkaiiiem OymyllieM BBIBEIEHMS OJHOM pakeToi
COTEH MaJIBIX CITYTHUKOB C YI€TOM YaCTOTHI IIEPBBIX
COIMKEHUIA BCeX YYaCTHUKOB JBUXKEHUST (CITYTHU-
KM + JMCIieHcep) NopsiiKa #° /2 aKTUBU3UPYIOT Ta-
Kue ucciaeaoBaHust. HakorieHHbIe Ha MpeabIIyIuX
aTarnax pe3ysabraThl paboT Mo COMMKEHUIO CITyTHU-
KOB TPYIIIUPOBKU HA OOJIBIINX BPEMEHHbBIX MHTEP-
BaJiaxX MO3BOJISIOT MPEMTIOXUTh METOIBI OLIEHKHU Ta-
KOI BEPOSITHOCTH.

1. METOOJIOI' A, HEJID
Y 3AJTAYM UCCJIEJIOBAHUI

OnHolt U3 HepelleHHbIX 1O HACTOSIIIEro BPeMEHU
MpoOJieM, CBSI3aHHBIX C BbIBEACHUEM B palioH Of-
HOIi 0a30BOI OPOUTHI OOJIBILIOTO YMCIa CITlyTHUKOB
TPYNIIAPOBKU, SIBISIETCS OLIEHKA BEPOSITHOCTU WX
COMDKEeHNsT Ha Majble pPacCTOSTHUS Ha OOJBIITNX
BPEMEHHBIX MHTEepBaIaX U MOJAr0OTOBKA peKOMeH1a-
LM TI0 CHUXXEHUIO YKa3aHHOUW BEpOSTHOCTU IS
rnap CIyTHUKOB TPYIIUPOBKHU, 7151 KOTOPBIX TaKOE
comkeHue HexenareabHo. Llenablo uccienoBaHuii
sIBJIsIeTCs] (hOPMUPOBAHUE AaHATUTUYECKOTO U YKC-
JICHHOTO (Ha OCHOBE MHTEIPUPOBAHUS YpaBHEHUI
JIBMKEHMST) METOJIOB OLIEHKM BEPOSITHOCTU COIMKEe-
HUSI CIYTHUKOB TPYNIMPOBKMA HA PACCTOSHMUS,
MEHBIINE 3aTaHHBIX. KOHEUHOI 11eTbI0 paboT MOJTK-
HO OBbITh MPOBEJEHUE YUCIEHHON OLEeHKU (Kesa-
TeJIbHO Pa3HBIMU METOIaMU) BEPOSITHOCTU COJTMKE-
HUsI TIap CIYTHUKOB Ha Malible PacCTOSIHUSI, CpaB-
HEHME TIOJYYEHHBIX JAHHBIX ABYMSI METOIAMU, UX
aHau3, GOPMUPOBAHUE MPEITOKEHUI 10 CHUXKE-
HUIO YIIOMSIHYTOI BepoOsITHOCTU. PacueTwsl mpoBo-
IUTHh TPUMEHMUTEIBbHO K BapMaHTy KOMITOHOBKU U
otaenaeHus 12 CIyTHUKOB, peaJM30BaHHBIX B IPO-
ekTe «[mobancrap». CTaBUTCS 3amava OIEHUTH BO3-
MOXHOCTb pacIpoOCTpaHEeHUsI TTOJTYYEHHBIX JaHHbBIX
MO BEPOSITHOCTSIM COJIMKEHUSI CIIYTHUKOB Ha Ma-
JIBIE PAaCcCTOSTHUA Ha APYTUe YCJIOBUSA MX 3aIlycKa U
OTHeCHUSI.
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B oGecrieueHue BBIMOJHEHUST 3TUX 3a1ay 10X~
HBI OBITB TTOCJIETOBATEIBHO PACCMOTPEHBI BOITPOCHI
pacxXoXmeHWs — CONMMKEeHUs TUIOCKOCTEe OopOouT
CITYTHUKOB B JJTUTEILHOM TTOJIETe TIPU UX OTIETIe-
HUM B JII000I TOYKE OPOUTHI U OIpEAeIeHbI YCI0-
BUSI, MUHUMU3UPYIOLIME B HEKOTOPOUl OKPEeCTHO-
ctu uucena N ~ Nij =(1/3)V/A VVij 3TO PACXOXJIEHUE;
HCCIEIOBAHO B3aMMHOE ABUKEHUE MepUTest U aro-
rest AByX COJIMKAIOIIMXCSI OPOUT U UX pa3HECEHUE B
OKpEeCTHOCTHU BUTKOB N ~ Ny

[MpuMeHnTETHHO K LIEJISIM U 3aa9aM HaCTOsIIIIei
paboOTHI METOIOJIOTHS OIPEIeIsIeT TO3TAITHOE TIPO-
BEICHUE UCCIIETOBAHWIA:

1) aHanM3 B3aMMHO OTHOCHUTEJIbHOTO JABMXKEHUSI
(cOnmuxeHus1) map CHOYTHUKOB TPYMNIUPOBKU Ha
0OJIBIIMX BPEMEHHBIX MHTEpBaIax MpU UX OTAese-
HUM B JIIOOOM TOUKE OPOUTHI;

2) onipesiesieHre YCIOBUIA OTIENEHUs CITYTHUKOB,
COOTBETCTBYIOIINX MAKCUMaTbHOI BEPOSITHOCTH X
COMDKEeHNS Ha MaJIble PAaCCTOSTHUS;

3) olieHKa BIUSHUS «MaJIbIX» (DaKTOpOB (aHOMa-
qmit I'TI3, atMochepHOro TOpMOXEHMS) Ha B3alM-
HO OTHOCHUTEJIbHOE JBUXEHUE CITyTHUKOB Ha 0OJIb-
LIKX BPEMEHHBIX MHTEepBalaX ¢ OLEHKON JTOMyCTU-
MOCTU MCIMOJIb30BAHUS YMPOIIEHHBIX BapUaHTOB
I'TI3 npu pacuere cOJMKEHUS CITyTHUKOB;

4) dopMupoBaHUE METOAOB OLIEHKU BEPOSITHO-
CTH COMKEHMS TIap CIYTHUKOB TPYIIIMPOBKM Ha
pPACCTOSTHUST, MEHBIINE 3aTaHHBIX;

5) uucieHHasl OLEHKa BEPOSITHOCTU COJMMKEHUSI
CITyTHUKOB Ha MaJlble PaCcCTOSIHUSI, aHAJIU3 pe3yJibTa-
TOB, PEKOMEHIALIMU 110 YCIOBUSIM OTIEJIEHHUS, UCKITIO-
YalOIIUM TIOBBILIEHHYIO BEPOSITHOCTb COJMIKEHUS,
MPOBEPKY UCTUHHOCTH MOJTyYEHHBIX PE3y/IbTaTOB.

IlepBblit 1 BTOpOIi 3Tambl PabOT OMpPEeIsIOT Xa-
PaKTepUCTUKU COVMKEHMSI CITYTHUKOB Ha MaJTble pac-
CTOSTHUSI M JOTTOJTHSTIOT paHee IOTyYeHHBIE Pe3yIIbTa-
THI TT0 COMIKEHUIO CITYTHUKOB Ha CTydail MX oTmese-
HUSI Ha JTFOOOM YIJIOBOM PACCTOSTHUM OT 9KBaTOpAa.

Pesynapraramu TpeThero M 4eTBEPTOIO 3TAIOB SIB-
JISIETCS CO3JaHue aHaJUTUUECKOTO M YMCJIEHHOTO
METOMIOB OLIEHKM BEPOSITHOCTU COJVKEHUsSI CITyT-
HUKOB Ha MaJible PACCTOSIHUS Ha OOJIBIIINX BPEMEH-
HBIX MHTEpBajax.

IIaTe1ii 3Tan 3aBepIiaeT UMK padoT 10 OIpeae-
JIEHWIO JIJIT OMHOTO BapyaHTa BBIBEACHWS CITyTHU-
koB Ha CCO BwicoTOI 650 KM BEPOSTHOCTH UX

cOmmkeHus: Ha paccrosHue, meHsblee 0.1 km. ITo-
JIydeHHbIE JaHHbIE MPEANOJ0XUTEILHO MOTYT pac-
MIPOCTPAHSITBCS M Ha ApYrue YCJIOBMs 3allycka (Ha-
npuMep, NMpU U3MEHEHUU HAKJIOHEHUS OpOUTHI),
MOCKOJIbKY HET HUKaKUX OCHOBAaHWM CUMUTATD MPEI-
JIOKEHHYIO METOJIOJIOTHIO B KAKOW-TO Mepe Mpume-
HUMOM TOJIbKO K OTHOMY YACTHOMY CJTy4alo OT/eJie-
HUSI CIYTHUKOB.

Bce pacueTsl mpoBeeHbI Il BaprMaHTa OTaeIeHUS
12 CIyTHUKOB, pacroJIoXKeHHBIX Ha OOKOBO MOBEPX-
HOCTH IHcrieHcepa B xapakTepHbIx Toukax I, 11, 111, IV
B TPEX HOPMaAJIbHBIX K ITpoosibHOM ocu PH 1iockoc-
TSIX, C OpraHU3alKMel X pPABHOMEPHOTO PACXOXIEHUS
Ha MepBbIX BUTKAX aBTOHOMHOTO MoJjieTa. Pe3ynbraThl
STUX UCCAEI0BaHUIA MpeacTaBlIeHbl B padoTtax [5, 10,
11] o1 yacTHOTO BapraHTa OTAEICHUS CIIyTHUKOB Ha
9KBaToOpe: ObLT TMPOBEAeH aHalv3 COMMKEHUSI-pac-
XOXJEHHUsI CITyTHUKOB Ha OOJBILIMX BPEMEHHBIX UH-
TepBajaXx. Huxe 3TOT aHaniM3 pacliMpeH Ha ciydai
OTJEJICHUS CITyTHUKOB B JII000# ToukKe opOuThI. Cxe-
Ma pacroyiokeHus1 12 CIyTHUKOB Ha OOKOBOI IMO-
BEPXHOCTU IMCIIEHCEePa, CKOPOCTU 1 HATTPABJIEHUS UX
OTIesIeHUs MPeACTaBIeHbI B padoTax [5, 7].

2. XAPAKTEPICTUKA MAKCUMAJIBHBIX
CBJIVDZKEHUM CITYTHUKOB I'PYIIITMPOBKI
HA BOJIbIIINX BPEMEHHbBIX NTHTEPBAJIAX
ITOCIJIE OTAEJIEHUA

B pesyabraTe oTneneHus ABYX COYTHUKOB (30eCh U
Jajee — CITyTHUK i I CITYTHUK j) C OTHOCUTEIbHBIMU
CKOPOCTSIMH I10 HalpaB/eHuio osiera AV, | MHOpMa-
M K TIOCKOCTH HavyalbHOM opouthl AV, 06-
pasytotcs ABe opouThl (puc. 1, 2) ¢ oTaInYaIIMMU-
cs1 pokanbHBIMU TapameTpamu AP, =r A VVij /Vu
HAKJIOHEHUAMH Al , = AV, [V cos(y,) ; 9KCLIEHTpH-
CUTEThI 3TUX OPOUT C TOYHOCTHIO 10 MAJIbIX BTOPOT'O
nopsifika COBManaor (¢, =e, = A VVij /V), apryMeHTBI
TIePULICHTPOB OPOUT B HHIOTOHOBCKOM ITOJI€ pa3He-
ceHbl Ha 180° ; B MOMEHT OT/IeIeHUSI CITyTHUKU pac-
TT0J1aTaloTCs B OMHOM TOUYKE TTPOCTPAHCTBA, i-CITyT-
HHUK — B arioree cBoeil (00pa30BaHHOI TTOCIIE OTIE-
JIeHUs1) OpOUTHI, j-CIYTHUK — B Iepuree coO-
CTBEHHOI OpOUTHI.

B naHHOM pasnese uccieayoTcsl BOIPOChl COMU-
SKEHUSI-PACXOXKACHHUSI Ha OOJIBIINX BPEMEHHBIX MH-
TepBajax IJIOCKOCTe OpPOUT ABYX CIYTHUKOB IO
BJIMSTHUEM Pa3HBIX UX MPeLecCHil, OTHOCUTEILHOTO
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AV,

Vis

Opbwura i-To
CITyTHHUKA

AQY,

Op6uTa j-TO CIIyTHUKA

Puc. 1. OpOUTHI IBYX CIYTHUKOB i, j TIOCJIe UX OTHEJICHUS
(Touka 0) [5]

Bocxongmue & HavanbHas
V3IIbI OPOMT i, | HamnpasneHue 1BuKeHUS opbuTa
Ha BUTKE BOCXOZSIIETO y3/1a
N~N,;

Puc. 2. [lonoxeHnue opOUT ABYX CIIYTHMKOB i, j uepe3 N, ’
BUTKOB TosieTa 5]

JNBUXXEHMUSI ariorest i -ro CIyTHUKA U Tepuresi j -ro
CIIyTHUKA, W3MEHEHUM MPOECKUUIA PpacCTOSAHUN
MEXy CITyTHMKAMU Ha 3Tare Ux COJIMKeHUST Ha Ma-
JIbI€ PACCTOSTHHUSI.

HccnenoBaHusi mpoBoasgTCs B OCHOBHOM MPUMe-
HuteapHO K I'TI3 oliiero 3eMHOro ajMncouaa c
MOJISIPHBIM cXaTtueM o = 1/298.25; mapameTphbI aT-
Moc(epbl IIPUHSTHI COIJIACHO [3]; BEKOBBIE U TIEpU-
OIMYECKHE BO3MYIIEHUSI OKOJIOKPYTOBBIX OpOUT

IIPUHSITHL cortacHo [6, 8, 9]. B He0OX0IMMBIX CITy-
yasgx ypoBeHb TouHOCTU I'TI3 moBkIiaercs — uc-
ITOJTB3YETCST TOCTATOYHO ITOJTHOE €TO TIpeICTaBiie-
HUE B BUJE pas3loXeHUs] B psiji MO CHepuIHbIM
GyHKIMSIM ¢ yaepxkaHreM 16 x 16 TapMOHUK pasiio-
KeHus (nanee — peanbHoe ['TI13).

2.1. Yeaosus coauxncenus naockocmeii opoum oeyx
cnymuukog. BnvisiHUe OTHOCUTENIBHBIX CKOPOCTEM
OTIeJIeHUSI CITYyTHUKOB 1O TPEM B3aMMHO TIepITeH-
TMUKYJISIPHBIM HATIPABJIEHUSAM: @ — TI0 CKOPOCTH T10-
JeTa AVV,,, , 0 — TI0 HOPMaJIU K TIJIOCKOCTU OPOUTHI
AVLVHI/I 6 — TI0O HAIIpaBJICHUIO paauyca OpOUTHI
AV — Ha xapakTep U3MEHEHHUs UX OpOMUT Mpel-
craBieHbl B padore [8, C. 47—50]. B Bapuante a
MMEeT MeCTO MX OMHOKpaTHOe COJIMXKeHWe Ha MU-
HUMasbHOe paccTosiHueyepe3 N ~ N, =T, / |7; —Tj|
BUTKOB I10JieTa (HarpuMep, A1 OpOUT C BBICOTOM
0K0J10 650 KM, ITeproIoM OOpaIleHUs (-TO CITyTHH -
ka 7, = 5900 ¢ 1 pa3HOCTBIO IIEPUOLOB OOPALLEHUS
7;. — T; = 1 ¢ cOmKeHe CITYTHUKOB MPOU30MIET B
okpectHocTu N, ; = 5900 BUTKa 10JIeTa).

B ornuume or BapuaHTa @, B3aMMHO OTHOCH-
TEJIbHOE JIBUXXEHHUE Iaphl 7, j CIIYTHUKOB B BApUaAH-
TaxX 6 U @ COIIacHO [8] XxapakTepusyeTcs UX cOJIMxKe-
HHUEM ABaXIbl Ha KaXk1IoM BUTKe 1oseta. CooTBeT-
CTBEHHO 3THM BapWMaHTaM OTHEICHUS CITyTHUKOB
COITYTCTBYET TTOBBINIIEHHAST BEPOSITHOCTh WX COIM-
JKeHUsI Ha MaJjible paccTosiHusl. C ydyeToM 4acTOThI
rnepecevyeHust OpoOUT MPEUMYILECTBO UMEET BApUAHT
OTJEJIEHUS TI0 CXeMe a, OIHAKO MTPY OOJIBIIIOM UKC-
JIe OTAEeJIsSIeMbIX CITYTHUKOB €ro peaau3aius 3aTpya-
HeHa M3-3a HeOOXOAWMOCTU CO3MaHUsI 3HAUYUMbBIX
CKOpPOCTEii OTIEIeHUS TIEPBHIX CITyTHUKOB, YTO CO-
MPSDKEHO € M3BECTHBIMU TEXHUYECKUMU TPYIHO-
cramu. OO0benMHEHNE BApUAHTOB @ U O MO3BOJISIET
CYIIIECTBEHHO (B pa3bl) YMEHBIITUTh MaKCUMATbHYIO
CKOPOCTb OTJIEJEHUS] CIyTHUKOB, 00ECIEUUTb UX
paBHOMEPHOE PacXOXIEeHNEe Ha TIEPBBIX BUTKAX I1O-
JietTa M HecOJMMKeHUWe Ha Mallble pacCTOSHUSI Ha
0OJIBLLIMX BPeMEHHbBIX MHTEPBaIaX.

IIpuMmepom Takoro oObeIMHEHUS CIY:KUT opra-
HU3aLUs OTHesIeHUsT 12 CIyTHMKOB, pacIioiOXKeH-
HBIX Ha OOKOBOI TTOBEPXHOCTH AVCIICHCEPA U OT/Ie-
JIIEMBIX TICPTICHANKYISIPHO K TIPONOJIBHON OCH
nucrieHcepa [5]. YrioBoil BbICTaBKOI JMCIIeHCcEpa
OTHOCUTEJIbHO TJIOCKOCTU OPOUTHI U BEKTOpPa CKO-
POCTU MOXHO JOOUTHCS peaiu3allui BapuaHTOB a
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u 6 . B KauecTBe MCXOAHBIX JaHHBIX JIsSI TIPOBEE-
HUSI UCCIIEIOBAHUI CIIeyeT UCITOIb30BAaTh:

e TI0 cXeMe PACITOJIOXEHUSI CITyTHUKOB Ha JIUC-
reHcepe, HalpaBJIeHUEeM 10 CKOPOCTSIM UX OTIese-
Hud (puc. 2 u3 padortsl [5]),

® 10 PacMoJIOKEHUIO CITYyTHUKOB Mocie 1-1o BUT-
Ka 1moseTa (puc. 3 u3 paboTsl [5]).

HamnpaBneHust 1 CKOpOCTU OTACNEHUS] CITyTHU-
KOB MpeACTaBIeHbI B Ta0. 1.

Huxe mpuBeneHbl OCHOBHBIE 3aBUCUMOCTU U
(opMyIbHBIE COOTHOIIICHUSI, UCTIOIb30BaHHbBIE TTPU
aHajM3e COMMKEHUSI CITyTHUKOB Ha MaJjible pacCcTo-
SIHMASI Ha OOJIBIINX BpEeMEHHBIX MHTepBaiax (000-
3HAYEeHUsI OOIIECIIPUHSATHIC) MPU UX OTIACJICHUM B
J10001i Touke opouTsl u, =0 (puc. 1, 2).

JIist onpeneseHHOCTU OyaeM IoJjaraTh, 4To JJIst
J11I000#1 Mapskl i, j OTAEIIeMbIX CITYTHUKOB BBITTOJIHSI-
I0TCS CJIEIYIOIIe HEPaBEHCTRA:

AV, =10

MOSICHEHMST OyKBEHHbBIX 0003HAYEHU B COOTHOIIIE-
HUX (1)—(6) 1 B LIETIAX COKPAIICHUS TEKCTa).

3a KaxIblii BUTOK IOJIeTa IBYX CIIYyTHUKOB 1O~
TrOThl BOCXOZSIIMX Y3JI0B UX OpOUT cortacHo [11]

MN3MECHATCA Ha
2

a
— e 7
8Q,, =—m| | a.cosiy,
Ty
2
a, o
Q) =—n| —— OLCOS(IO+Ali’j). 4)
r0+A;;J

PacxoxneHue 1ByX CIIyTHUKOB IO HaIlpaBJICHUIO
NBVDKEHMST OMpPEAEIsieTCsI pa3HOCThIO MX MEPUOIOB
obpauieHust AT, ;. B OKpeCTHOCTH 4YMCesl BUTKOB
nonera N ~ N, [5, 10, 11] ob6a criyTHMKa OKaXyTCst
B MaJIOI OKPECTHOCTH 110 OTHOILLIEHUIO IPYT K IPYTY,
TIpY 3TOM C Y4ETOM HEPABEHCTB 7 >ru 7} > T,
COYTHUK j K 3TOMY MOMEHTY COBEPIIMT POBHO Ha
OIIMH BUTOK MEHbLIE, T. €. N, — Nj =1.

B otninyue ot ucnosb3lyeMoii B padote [S] nmpu-
HsITa MOJIeJIb COJIMKEHUST BOCXOMSIIMX Y3J10B IBYX

Ai =i —i >0,
R opouT i,j Ha OOJBIIMX BPEMEHHBIX MHTEPBAIaX B
0 v OKPECTHOCTH YMCeJl BUTKOB Itojileta N ~ N, ..
Ar; =2-LAV, i
N B okpectHOocTH 4mcia BuTkoB mosnera N ~ N,
. AV YIJI0BOE pa3HeCceHre BOCXOISIIIUX Y3JI0B IBYX OPOUT
0 sinu, 1w,
AQ; =Q, -Q, =~ —? , (1) | OyneT onpenensiTbcsi COOTHOIIEHUEM
’ sin, f
AQ, (N ~N,,j.):AQ?j + AQ,(N)-AQ,(N +1). (5)
AV, ’ ’ ’
Ai, , ~—cosu, ?’ , (2) Yenoue (5) ¢ yaerom N ~ N, ¥ COOTHOLIEHMI
0 (1)—(4) MOXeT OBbITh IPEICTaBICHO B BUIIE
AV, ; AV,
AT:T—T:?,T(’) Vi >0 (3) AQ (N"’N ):Slnuoi
b V. i ij P
f sini, V,
(o603HaueHus coracHo puc. 1 u 2, unaekc «0» or- , R
HOCHUTCSI K 0a30BO#1 opOuUTE, IIPU 3TOM YCIAOBHO I10- a, . a,
.. - — +n| = | acosiy (N, +1)-n| ——| x
Jaraercs i = iy, V;=V,, r,=r,. Puc. 1 u 2 orpaxaior 2 b I+ A
1]
OOBIUHYIO KapTUHY JIBUXEHUSI IBYX CIIYTHUKOB U
B3aMMCTBOBAaHbI U3 PabOTHI 5] UCKITIOUUTETBHO 151 x acos(iy +Ai )N, ;. (6)
Tabauya 1. HanpaBiieHHsI M CKOPOCTH OT/IeJIEHHs CITyTHUKOB, M/C
IlnockocTtu crabunuzauuu
Spyca ycraHOBKU
CIIYTHUKOB 1 111 v
AV AV AV AV
B 0.667 - AV 0.833 - AV 0.667 - AV 0.833 - AV
0.333 - AV 0.667 - AV 0.333 - AV 0.667 - AV
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[pu AQ, (N~N, ;) = 0 (COOTBETCTBYET MaJIOMY YIJIO-
BOMY pa3HECEHMIO IVIOCKOCTE OPOUT ABYX CITYyTHH -
KOB B OKPECTHOCTH 4ucesn mojiera N~N, ;) COOTHO-
mreHue (6) ¢ yuetom (2), (3) mocie nmpeodpa3oBaHmit
¢ ylep:XKaHUeM YJICHOB He BBIIIEC TIEPBOIO MOPsIKa
MaJIOCTH pa3pelacTcs B BUIE

Atgiycosu,AV |,

AV, = @)
TA-B-AV,
rie i
’ |
nla ) sinu,
A=—| | acosi,, B=—
T V, sini,

ucnenHble 3HaYeHWsA BEMUMH U, , AV, ', AV,
YIOBJIETBOPSIONIAE COOTHOIICHUIO (7) 06ecr[eq1/1—
BalOT OJHOBPEMEHHO BBITIOJHEHUE YCJIOBUI OJU-
30CTU PACCTOSHUI MEXAY Mapamu I, j OTAEISIEMbIX
CITYTHUKOB B OKPECTHOCTM 4HUCEJ BUTKOB I0OJieTa
N ~N,, 1 MUHUMAJIbHOIO YIJIOBOTO Pa3HECEHMsI
IUIOCKOCTE X OpOUT (HE BBIIIE Pa3HOCTU HAKJIO-
HEHUIA OPOUT — 10 OJHON YIJIOBOWM MUHYTHI, 00Y-
CJIOBJIEHHOI ycioBUsiMu oTaeneHust). C yueTom Ma-
JIOM YIJIOBOW CKOPOCTU PACXOXKIECHUA MIOCKOCTEN
opOuUT (Ha ypoBHE JOJIEi YIJIOBBIX CEKYH 32 BUTOK
MoJjieTa) Takoe MojoxeHue (6JM30CTh MIOCKOCTEH
OpOUT U MECTOIOJOXEHUI CITyTHUKOB) OyIeT co-
XPaHATbCS JJIUTEJIbHOE BpeMs (Ha ypOBHE OT He-
CKOJIbKUX JECITKOB 10 COTEH BUTKOB TosieTa). [To-
cjeHee 00ecIreuyrBaET MOBBIIIEHHYIO BEPOSITHOCTD
CcONMXKEHUS Map CIYTHUKOB HA MUMHUMAaJIbHBIE pac-
crostHus. CornacHo gaHHbIM [5, 10, 11] Munumanb-
HO€ PACCTOSIHUE MEXIY Iapoul CITyTHUKOB I, j MO-
KeT pocturathb 10 M.

N3 BeipaxkeHnus (7) misi COJIHEYHO-CUHXPOHHBIX
op6urt (i, ~98.1°) ¢ BbIcOTOl OPOUTHI ) ~ 650 KM
MNpu OTAEJEHUU [BYX CIHYTHUKOB Ha 3KBaTOpE
(4, =0) cnenyer AV, ~AV . st paccmarpuBa-
eMoro npumepa (II. 1) OTZLCJ'[CHI/IH TPYIIIBL CITyTHH-
KOB B KOJIM4YecTBe 12 eAMHUIL] 9TOMY YCJIOBUIO OTBE-
4aloT napbl cyTHUKOB A, —C, n A, —C,, 114 KoTo-
PbIX HOMMWHAJIbHbIE 3HAYEHMST MPOEKIIUI OTHOCU-
TEJbHBIX CKOPOCTEW OTAEJIeHUS Ha HallpaBjeHUe
MoJieTa U NEPNEHINKYJISP K BEKTOPY CKOPOCTH paB-
HBI 1 cocTaBisior AV, =AV], =0.75 w/c.

Pesynbratel MHTErpUPOBAHUS CUCTEM YpaBHEHUIA
JBUKEHUS ATUX Map CITyTHUKOB MOATBEPINIIN MPUBE-
JIEHHOE BbIIIE aHAIUTUYECKOE HCCIeAOBaHUE — MX
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cOMmDKeHne Ha MUHUMAJIbHOE PACCTOSTHUE TTPOM30-
w10 Ha 3380 BuTKe 11os1eTa (IIpu IMpOrHO3UPyeMOM IO
YIpOIIEHHO# 3aBucumoctu N~N, ;= (1/3)V /AV =
= 3330 ButkoB). B ToM ciryuae, CCJ'[I/I 3HAYCHMUS AV ,
AVU,” OTHOCUTEJIBHBIX CKOPOCTE OTHEIeHUSs ;[Byx
CIYTHUKOB I, j HE YIOBJIETBOPSIIOT COOTHOLICHUSIM
(7), MIOCKOCTH OPOUT BTUX CITyTHUKOB MEPECEKAKOTCSI
(AQ, ; #0) u yron mepeceyeHust y, ; MOXET OCTH-
raTh HECKOJIbKMX TPpatycoB. C yBeIMYEHUEM YA ¥, ;
30Ha BO3MOXHOTO COJIVDKEHUSI CITYTHUKOB B OKPECT-
HOCTH TIepece4eHrs] OpOUT PEe3KO YMEHBIIAeTC,
YMEHBIIIAeTCsI Y BEPOSTHOCTh UX COMMKEHUsI Ha Ma-
JIbIE PACCTOSTHUSI.

2.2. Pacxoxcoenue cnymnukog no paouycy-6eKmo-
DY Ha 3mane ux cOAUNCEHUs1 HA Maable PACCIOAHUA.
I1pu BeimoaHeHuu yciaoBus (7) (T. €. IPUMEHUTEb-
HO K CJIy4yaio, KOTIa B OKPECTHOCTU YMCET BUTKOB
nonera N ~ N, ; BOCXOZSIIIKE y3IIbI IBYX OPOUT CO-
Briafaot — AQ, ; ~0) paccrosiHue 10 paauycy-BeK-
TOPY MEXIy IBYMsl CIIyTHUKaMU Ha 3THUX OpOUTax
MOXKeT JOCTUraTh Af, —4rAV / v [8]. Tlpu mpu-
HSITBIX YCIOBUSIX OTz[eneHI/m cnyTHI/IKOB (. 2.1) ot-
KJIOHEHUSI CPENHUX BEJWYUH DPATUYCOB HUX OPOUT
coctaBnsgiorT Ar% =1.2...3.1 kM. OctasnbHbie GakTo-
pbI Ha (pOHE TaKMX 3aMETHBIX BO3MOXKHBIX N3MEHE-
HUI BBICOT ITOJIETa IBYX CITYTHUKOB HAMHOTO MEHb-
mre. K atum pakropam otHOCcsTCS [8]:

® [EPUOINYECKUE BO3MYILEHUSI BBICOT OKOJIO-
KPYTOBBbIX OpOUT, OOYCJIOBJIEHHbIE BIMSIHUEM TIpa-
BUTALIMOHHOTO T0JIs1 3eMJIU. DTU BO3MYIICHMS TSI
IBYX OPOUT C pasHbIMU CPEIHUMHU BBICOTAMU
AR”, = AR 1 HaKJIOHEHUAMU Ai, ; BBI3BIBAIOT [0~
TIOJIHUTENbHBIE K A7 NEPUOINYECKHUE U3MEHEHUS
BBICOT OpOUT A fj’ 3TUX CcIyTHUKOB. C ydeToM
OJIM30CTH MECTOTONOXEHUH @; = ¢, CIyTHUKOB B
OKPECTHOCTHU 4MCeJ BUTKOB moseta N ~ N, coor-
HomeHue (13.19) B pabdore [8] mj1g BapuaHTa OTIe-
JIGHUSI CITyTHUKOB C OTHOCUTEIbHBIMU CKOPOCTSIMU
AVVU = AVLVH = (.75 M/c maeT cleayolyo OLUeHKY
TOTTOJTHUTEIBHON MaKCUMaJIbHOM pa3HOCTH TIEPUO-
MYECKUX BOBMYIIICHU BBICOT OPOUT ABYX CITyTHH-
koB Ha CCO ¢ pa3HbIMU CpPEeOIHMMHU paauycamu
Ariff = rj”” —r? 1 HaKJIOHEHUAMU Al S =0 =0

S(Anepr)| <1lm, S(Ampr)| <1m; (8)

® VIBMCHCHUE BBICOT Op6I/IT JBYX CITYTHUMKOB M3-
3a pa3HOIro BJIMUAHHUA a3pOJAMHAMHNYCCKOIo COIIpO-
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AZ < Apdﬂn

ij=
i-opbuta
J-opbuta

OkoJiokpyrosast
opbuta
BBbIBEJICHMSI

HOTo — Api'j < Apyoyt @ — TIO HANpaBJIEHUIO MONeTa AE” <

HOpPMaJIi K IJIOCKOCTH OPOUT AZ; i < APron i i

TUBJICHUSI IPU UX JBUXKEHUU 11O OpOUTAM C pa3HON
cpenHeii BEICOTOM Ahfj. . Bapuauus pasHoctu cpen-
HUX BBICOT OPOUT JABYX CITyTHUKOB IO OTKJIOHEHU-
sIM WX CPEIHUX BBICOT U TUIOTHOCTU aTMocdhephl B
okpectHocTH N ~ N, ; BUTKOB MOJIETA HA OCHOBA-
HUM YpaBHEHMS IJis1 Ar B cooTHolueHusx (14.34) B
pabore [8] mocie mpeoOpa3oBaHMil MOXKET OBITh
MpeacTaBjieHa B BUe

3 0p
A(Srl.’j)|N_Ni’j = 26 Cr, a—r("o). )
Pacxoxnenue BbicoT A(Sr; ; )|N~N” JIIBYX OpOUT

JBYX CIIyTHMKOB B OKPECTHOCTH YHCEJT BUTKOB 10J1e-
1a N ~ N, 3aBUCHUT OT MX OLTMCTHYECKOTO K0a-

¢umrenTa C = C.Sy , BBICOTBI OITOPHO OPOUTHI 7,
2m
MIPOM3BOIHON IIJIOTHOCTA aTMOC(eEphl MO BBICOTE

Op / Oh(r,) B OKPECTHOCTH OIIOPHOI OPOUTHI paauy-
ca r,, COJIHEYHON aKTMBHOCTU. [IjIs1 cpemHux coi-
HEYHON M T€OMArHUTHON aKTUBHOCTHM IPU BBICOTE
CCO 600...700 kM 1 Ga/UTUCTUYECKOM KO3 hUII-
€HTE, C OOJIBILIM YMCJIOM CITyTHUKOB B TPYIITTUPOBKE
Ha ypoBHe ¢ = 0.05 M2/KT pacxXoxXIeHue BBICOT
A(3r, )|N~N‘ _ 00bIYHO He TipeBbIiaeT 10 M. DTo pac-
XOXIEHUE BBICOT C YBEJUYEHUEM OAIMCTUIECKOrO
K03 PUIIMEHTa M COJTHEYHON aKTUBHOCTU MOXKET
JIOCTATATh HECKOJIBKUX JIECATKOB METPOB.

Hcxonst 3 MpeacTaBAeHHOIO aHaau3a cOJxKe-
HUE CIIYTHUKOB Ha MaJible pacCTOSIHUS (HarpuMmep,
MeHee 100 M) BO3MOXKHO TOJIbKO B OKPECTHOCTH TO-
YeK arrorest OpOUTHI i-TO CITyTHUKA WJIU TIEPUTEST Op-

Vi

ApZlorl U PaIuyCy-BEKTOPY Ar;/. %, <

Cren miIocKoCcTh
i-TOI OpOUTHI

AZ, < Apr}(m

L=

Cren MmIocKoCTh
Jj-TOli OpOUTHI

Cren rmockocTu AZ, < Apy,,

L=

Op6I/ITI)I BBIBCICHUA

6

OUTHI j-TO CITyTHWKA, YIJIOBOE PACCTOSHUE MEXIY
STUMM TOuKaMu He TipeBbimaet 0.4° (cM. 1. 2.4).

C y4yeToM M3I0KEHHOTO MPU COBMAICHUM TUIOCKO-
CTeii OPOUT JIBYX CITYTHUKOB (Y, ; =0) pasHOCTb MX pa-
JIYCOB B HEKOTOPOI OKPECTHOCTH ¥(; ; TOUKH ¢, (K nj)
C yueToM ;= {}= AVI.J./V, w, = 180° mw, = 0° MOXeT
OBITB IIpeICTaRIeHA B Bue (puc. 3, a)

P )
Ar . J i

= - . (10)
1+0,cos(0° +7,,) 1+,cos(180° y, )

ITocne npeoOpa3oBaHuii cootHoueHue (10) ¢ Tou-
HOCTBIO 1O MaJIBIX TIEPBOTO MTOPSIIKA MAJTOCTH 3aITH -
CBIBAeTCs B BUIE

v, (1 ) AV,
~—(l-cosy)=r——=y".
% X Vv X

A
Ar;’j =2r

Ecnu mMakcumaibHas pasHOCTb paandycoB OpOUT
JIByX CIIyTHUKOB 3aJlaHa HEPABEHCTBOM Ari, i < Apﬂon,
TO JOITYCKAEMOE YIJIOBOE OTKJIOHEHUE TMOJOXEHUN
JIBYX CITYTHUKOB T10 PaANyCy-BEKTOPY OTHOCUTEIb-
HO arioresi — nepurest OpoUT ABYX CITyTHUKOB OIIpe-
JIeJIsieTCsl HepaBeHCTBOM (puc. 3, a)

an

OueHka yria x,; ; JaeT TaKoi PE3yJbTaT: mpu
V'=7500m/c, AV, =0.75m/c, r~7000 Km,
Ap,., =0.1 KM umeeM y < 21.6°, . e. B Ipenenax no
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r, KM
7031 |
7029
7027
7025
7023

7021
7019

7042

7038

7034

7030

7026

340 360 20 40

30 40 50 60 70 80

Puc. 4. 3aBUCMMOCTDb paMycoB OPOMT JIBYX CITYTHUKOB OT YIJIOBOM NaJIbHOCTH Uy: @ — OTIAEJIEHUE CITYTHUKOB Ha 3KBaTOPE,
0 — oTHeNeHNE CIYTHUKOB Ha IMPOTe B = 45°; 1, 2 — nprotonosckoe 'T13, 3, 4 — peansnoe I'T13; UMITYJILCHI OTAENEHUA:
J-cnytHuK AV, = +0.375 m/c (BapuanTsbl /, 3), i-cliyTHUK AV, =-0.375 M/C (BapuaHTbl 2, 4); 4MCJIO BUTKOB IOJeTA:

J-cnyTHUK N, =3480 , i-ciyTHHK N, =3481

yry +21.6° oT Toukn a; (um nj) pa3HOCTb PaglyCcoOB
OpOUT IBYX CITyTHUKOB He OyaeT mpeBbiaTh 0.1 KM.
Ha xpasx »3Toro namama3oHa TIpW 3aJaHHOM
Ap,,, =0.1 KM cocraBisiomine OTKJIOHEHWH 110
HAIpaBJIEHUIO IBIXEHUA Al M HOpMaju K ILI0-
CKOCTH OpOUTHI AZ; ; JLOJKHBI OBITH paBHEI HYJI10. C
YBEJIMYCHUEM YIJIOBOTO DPasHECeHWsl OpOWT v,
YUCJICHHBIC 3HAYEHMs] TPAHUIL ), ; YMCHBIIAIOTCS,
COOTBETCTBEHHO YMEHBIIAETCSI BEPOSITHOCTh COMM-
JKEHMS CITyTHUKOB Ha MaJjible PAaCCTOSTHYSI.
Peanbnoe I'TI3 3ameTHO U3MeHsIET (hopMy OpOUT
CIYTHUKOB. DTO U3MEHEHHUE IS IpuMepa oTodpa-
JK€HO Ha puC. 4 B BUIE MEPUOINIHBIX KOJeOaHMit
paanycoB OpOUT ABYX CITYTHUKOB, OTIEISIEMbIX Ha
skBatope B, =0° u Ha umpore B, =45°. 3Haunmble
nepuoanvecKrue U3MeHeHUs paauycoB OpOUT CIYT-
HUKOB TMPHUBOMAT K TOMY, YTO UX MaKCHUMaJbHbIE
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cOMMKeHusl 1J1s1 0003HAYEHHBIX BbIllIe BapUMaHTOB
OT/eJIeHUsI TIPOUCXOISIT B pailoHax aroresl Win rme-
purest opoUT (B OTJIMYKE OT IBUKEHUS ABYX CITyT-
HUKOB B HbIoTOHOBCKOM I'T13, B KOTOpOM MX COJIN-
JKEHHE MTPOMCXOAUT B arioree i-it OpOUTHI 1 MIepuree
J-1i OpOUTHI).

IIpuBeneHHbIe HA puc. 3, a 1 4 HaHHbIE TO3BOJISI-
10T 3aKJIIOUMTh, YTO PA3HOCTU PAJUYCOB OPOUT ABYX
CIYTHUKOB IMPU UCTIOIb30BAaHUU B pacueTaX HbIOTO-
HoBckoro u peasibHoro I'TI3 B 06oux BaprnaHTax xa-
PaKTepU3yIOTCSl IPUMEPHO OJMHAKOBBIMU YCJIOBU-
SIMU OJIM30CTA OpPOWUT Ha y4yacTKax COJIVDKEHMS
CIIYTHUKOB Ha MaJjble PacCTOSIHUS. DTO OOCTOSI-
TEJbCTBO JAET BO3MOXHOCTb IPU pacyeTe BEpOsIT-
HOCTU COJIMXKEHMSI CIIYyTHUKOB I10 BBICOTE IOJIETa
(pagmycy opOUT) OpUEHTHUPOBATHCS HA MCIIOIb30Ba-
Hue cootHoweHus (11). IIpu aTom croxHast Mo-
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JIeJIb COBMECTHOTO JBVXKEHMSI Iap CITYyTHUKOB B pe-
anpHOM I'TI3 00ocHOBaHHO KaK OBl 3aMEHSIETCS Cy-
LIECTBEHHO 0oJiee MPOCTON HBIOTOHOBCKOW MOJE-
JIBI0O ¢ BO3MOKHOCTBIO TTOCTPOSHUST Ha €€ OCHOBE
AHAJIMTUYECKOTO PEIIeHUS TT0 OIIEHKE BEpOSTHOCTH
COIMIKEHMS Map CIYTHMKOB Ha MaJible PACCTOSTHUSI.
JomycTUMOCTh TakKoil 3aMeHBbI MpeIcTaBIsieTCs
BITOJIHE OYE€BMIHOU. B CBSA3M ¢ 3TUM HajbHEUIINA
aHaJIn3 MPOBOIUTCS MPUMEHUTEIBHO K JIBUKCHUIO
rmap CIlyTHUKOB B HbIOTOHOBCKOM ['TI3.

2.3. Ilpoexuus paccmosnus medxncoy CHymHuKamu
Ha Imane ux MaKCUMAAbHbIX COAUNCEHUI HA HOPMAL
K naockocmu 4060t u3 opoum. Pa3HOCTb MeCTOIOJI0-
SK€HUsI IBYX CITYTHUKOB IO HOPMAJIM K IUIOCKOCTU
OpOWUT C YYeTOM MPUHSITOTO JTOIMYIIEHUST O MaJOCTH
pPa3HOCTH X HaKJIOHeHu i (Ha ypoBHe 20" ) ornpene-
JISIETCS YIJIOBBIM Pa3HECEHMEM UX BOCXOASIIUX y3-
70B A(BQ, | )| _y — B OKPECTHOCTM 4MCe]l BUTKOB
mojieta N ~ IQITU V

ITo olieHKaM MpU MPUHATHIX B pabOTe YCIOBUIX
OTIEJIEHUsI CITyTHUKOB MaKCHUMaJbHOE 3HAuyeHUe
pasHoctu A(SQ, j)| vy HE TIPEBbIIIaeT 1.5°. Yrio-
BOE pa3HeceHe OpOUT TIPH ITOM PaBHO

Vi, =AGQ, ), sini.

IIpu oTmeneHUM CIyTHUKOB Ha 3KBATOpPE MOCIIE
MOJACTaHOBKHU B (7) ycnoBus u, =0 yrmosoe pasHe-
CeHUe TIJIOCKOCTEl IBYX OpOUT B OKPECTHOCTHU UM-
cenr N ~ N, ; BUTKOB [ojieTa npeodpasyercst K BUIy

Yij ZAX,

2
A :Zn(&j ousin 2i,

6 \r (12)

AV

1V ;
AVVM
N3 cootHomenus (12) caemyet, 4To MIOCKOCTU
OpOuUT ABYX CNYTHUKOB mpu N ~ N, coBmanaror,
eciim AVLVM / AV,,I_J =1. Jlna paccMaTpuBaeMOro B
paboTe ipuMepa u3 66 map CIyTHUKOB, 00pa3oBaH-
HBIX TIpU OTAEJeHUU 12 CIyTHUKOB, BOCXOISIIWE
y37IBI 0pouT coBrnanatoT y apyx map A4, —C,, 4,-C,,
IIJIsI KOTOPBIX X ~0 .
Hanuyure yriaoBoro pasHeceHusI IMJI0CKOCTe op-
ouT (1axke He3HAUYUTEJIbHOTO, HA YPOBHE HECKOJIb-
KUX YIJIOBBIX MUHYT) PE3KO CHMXKAET CyMMapHYIO

X =

MPOTSKEHHOCTh YYaCTKOB OPOMT JIBYX CITyTHUKOB
10 00€ CTOPOHBI OT TOYEK MX IepecedeHNsI, pacCTO-
STHUE MEXIYy KOTOPBIMU TT0 HOPMaJId K TUIOCKOCTH
JI0001 13 OPOUT He JOJIKHO IMPEBHIIIATh 3aJaHHOTO
paccTosgHus Azi’ i SAP o Harmpumep, nipu vy, ; ~ 1.5
u Ap,.. =0.1 KM cyMMapHas IPOTSKEHHOCTb 3THUX
ydyacTKoB He mpeBbimaer 200 kM ([Ist cpaBHEHUS
npu y~0° monaraercs, 4To MJIOCKOCTU OPOUT CO-
BMAJIAIOT).

2.4. Yecaosusa coauxcenus cnymuuroe no Hanpae.e-
Hu noaema. 31ech U najiee noJjiaraercs, 4YTo mocjie
OTIEeJIeHUsI IByX CITYTHUKOB MX MEepUOIbl oOpaiiie-
HUs yrnoBrieTBopsiioT yenosuto T, <T, (T. e. B pe-
3yJbTaTe OTAEJeHUs] i -CIyTHUK TOPMO3UTCS, a
J-CIYTHUK pa3roHsIieTcs).

B HavanbHBI MOMEHT BpeMEeHHU IOCJe OTAesie-
HUS OIWH U3 CIYTHUKOB (Hajee i -CIIyTHUK) Haxo-
JIATCA B aroree a; CBOei OpOUTBI, BTOPO ( j -CITyT-
HUK) — B IIEpuUree n, coOCTBeHHOI1 opouTthl. Yuc-
JIeHHbIEe 3HaUeHUs (POKAIbHBIX MapaMeTpoB OpOUT
JIBYX CITyTHUKOB OTIPENEISIIOTCS KakK

AV, v,
olw P 1
/ 2

P=r|l1-

Otnuust okanbHbiX apametpoB £, P, opout
3TUX CITYyTHUKOB OIPEIEeSIOT pa3Hble UX IMePUOIbI
oOpaleHus1. B okpecTHOCTH uKcesl BUTKOB I10JieTa
N~N,=T,/|[T,-T,|=(1/3\V, / AV, i-cnyrank
COBEPILUT Ha OJIMH BUTOK 0O0JIbliIe [0 CPABHEHUIO C
YUCIIOM BUTKOB j-ro criyrHuKa (N, =N, —1). Ecim
OKaXeTCsl, YTO B OKPECTHOCTH YK CeJl BATKOB IoJieTa
N~ N, anoreii i-opOUTbI U MepUren j-OpoUTHI
TakXke OyIyT HaXOAMThCS B MaJIOW OKPECTHOCTH IO
OTHOLIEHUIO IPYT K IPYTY, TO TAKOE COObITUE OyAeT
BECOMBIM JTOKA3aTeTLCTBOM BO3MOXHOCTH COJIMIKE-
HUS CITyTHUKOB Ha MaJTble PaCCTOSTHUS.

[TpoBenem oLieHKY YIJIOBOTO pa3HECeHUs aroresi
a; ¥ miepurest n; IByX OpOUT B OKPECTHOCTU YHUCE]
N ~ N, , ButkoB mosera. C y4eTOM COOTHOIICHUsI
N, =N, +1 ynomsiHyToe yrioBoe pasHeCeHHe I0-

JIOXKEHUM TOYEK a; n }'Zj 3alMCbhIBACTCA B BUIEC

2

T| a
8wy, =5 "

2

a(5cos’ i, —1)N, , -
)
—% & a(5cos’ i, —1) (N, ; +1).

i
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YUucneHHass OIEeHKa YTJOBOTO PacCTOSHUS
8(Au1)|N~Nw_ MEXIy TOUKaMu a; u 1; opouUT ABYX
CIYTHUKOB B IOCTATOYHO IIIMPOKOM THAITa30He CKOPO-
creii ux otnenenns AV, =AV,, =0.15..1.5 m/c —
JlaeT CTaOUIbHBIN pe3yabrar

3(Ay, )|N~N,,,. ~0.4°. (13)

W3 aT0T0 CrieayeT, 4TO B OKPECTHOCTH YMCEIT BUT-
KOB N ~ N, 1oneTa CliyTHUKOB B HbIOTOHOBCKOM
I'TI3 amoreii a; v epureii 1; HaXOMIATCS B HETIOCPEI -
CTBEHHOI OJM30CTH IPYr K Opyry. OTO O3HAYaer,
YTO €CJIM JIBa CIIYTHUKA B OKPECTHOCTU YITOMSIHYTO-
ro YKcjia BUTKOB MoJieTa OyayT HaXOAUThCSl OJHO-
BPEMEHHO BOJIM3M arorest a; Win repures n, opour
3TUX CIYTHUKOB, TO PACCTOSTHUE MEXIY HUMH MO-
JKET OBITh MaJIbIM.

2.5. Xapaxmepucmuka coauixicenuss CnymHukog Ha
Maavle paccmoAHUA HA 6OALUWUX BDEMEHHbIX UHMep-
éaaax. IlpoBenenuslii B . 2.1—2.4 ananu3 cOam-
JKeHUSI CITyTHUKOB Ha MaJible PacCTOSIHUS TI0 TPeM
OPTOrOHAJIbHBIM HaMpaBIeHUSIM — HaMpaBICHUIO
rnoJjieTa, paguycy-BeKTOPY MOJOXEHUSI CITyTHUKOB
o opOUTE M HOPMaJU K IJIOCKOCTU OPOUTHI — IO-
3BOJISIET TPEACTaBUTh KapTUHY MX CONVDKEHUS Ha
MaJible pacCTOSTHUS B OKpecTHOCTH uncea N ~ N,
BUTKOB T10JIeTa:

2.5.1. Tlocne otneneHus: CIyTHUKOB MEpBOHA-
yaJbHO (B OKPECTHOCTM YMCEeI BUTKOB TIoJieTa
N, ;/?2) criyTHUKHU PacXOAsTCs 10 PACCTOSHUSA 2a ,
B ITOCJIEAYIOIIEM ITPOUCXOIUT UX COMMKEHUE C TEM-
nom Ap, ; =3TAV, 3a K&Xblit BATOK TOJIeTa, NPy
3TOM MUHHUMAJIbHOE PACCTOSHUE MEXIy Mapoi
CITyTHUKOB /, j Ha 3Tare COMMKEeHNS TOTHO JICXKNT B
untepsaie 0...37 AVVM .

2.5.2. Ilo pocTukeHUHU HEKOTOPOTO HAUMEHbIIIe-
ro 3HaYeHUsl PaCCTOSTHUS épf‘ ; MEXIy CTyTHUKaMu
Ha k-M BUTKE MOJIeTa PACCTOSIHUSI MEXAY HUMU B
nocjaeayloleM OyayT ¢ TeM Xe TeMnoM (1oArt. 2.5.1)
YBEJUYMBATHCS.

2.5.3. Ilpu IOBTOPEHUHU OMBITOB C APYTUMU Xa-
paKTepuCTUKaMK IBUXKEHUS (pa3bpocaMu YCio-
BUI OTIeJeHNs, MU3MEHEHNEM TTapaMeTpOB BHEIII-
Hell cpelbl — TUIOTHOCTU BepXHel aTMocdepsl 1
JIp.) YMCIIEeHHOE 3HaYeHue épf‘ ; OyzeT M3MEeHSIThCs
B Tex ke npegenax 0...3TA V,,” , HO C IpYTrMM 3Haye-
HUEM épf‘ I

24

2.5.4. Tlpu OoJbIIOK BHIOOPKE WCIIBITAHUN
(umcia pacyeToB TPAEKTOPHU C pa3HBIMU YCJIOBUSI -
MU JBUXXEHHUS B MpejesiaXx MPUHSTHIX pazopocoB)
nepeMeHHast Ap, ; PAacroJioXUTCsl B WHTEpBase
0...3TAVV’J .

2.5.5. 30Ha cOAMXKEHUs Ha MaJjible PacCTOSIHUS
JIIOOBIX ABYX CITYTHUKOB IPYNITMPOBKY YBEJIUYKUBA-
€TCs M0 Mepe YMEHbILIEHWS MTPOEKIIUU OTHOCUTENb-
HOM CKOPOCTU UX OTJAEJIEHWS Ha HampaBieHUE MO-
JeTa AVVU_ (cMm. BeIpaxkenue (11)).

2.5.6. Atipropu 9acToTa COJMKEHMS TIap CIyT-
HUKOB I'PYIIIIUPOBKY Ha MaJjible paCCTOSTHUS OyeT
MaKCUMAaJbHOM IJ1s1 OPOUT C YIIOBBIM Pa3HECEHMU -
eM IutockocTeit, papHbM v, ; =0 (12). C yBennye-
HUEM yria y, , MPOTSXKEHHOCTh OIM3KMX ydyacT-
KOB OpPOUT M 4YacToTa COJIMXKEHMs CIIyTHUKOB Ha
MaJlble pacCTOsIHUE OBICTPO YMeHbInaoTcs. B 00-
1eM cayJyae 30Ha COMUXKEHUs JT00bIX IBYX CIYT-
HUKOB TPYNIUPOBKM Ha Majible pacCTOSHUS
BCerjJa HaxoAUTCs B 00JacTHU, OXBaTbIBAIOIIUI
amoreii — mnepureil - U j-i opOUT COOTBET-
CTBeHHO (puc. 3) Impu HEOOXOAUMOM YCIOBUU
HaXOXJIEHUS B 3TOU 00J1aCTU OJHOBPEMEHHO Maphbl
CITyTHUKOB 1, J.

YcnoBHO 30Ha COJMMKEHUSI CITYTHUKOB IIO0 BCEM
TPEM OPTOTOHAJIbHBIM HAIlpaBJIEHMSIM MOKa3aHa Ha
puc. 3. @opmyia ISt pACCTOSIHUS Ap; ; MEXK]LY CITyT-
HUKaMU Ha BUTKaX MX COJTMKEHUsI Ha MaJible pacCcTo-
SIHUSI MOKET OBITh 3arMcaHa B BUJIE

Apy= AL + A +AZ <00, (14)

roe A/ v, Al;’ T Azi! ; — TPOeKUMM PacCTOSTHUS
Ap; ; MEXy CTyTHUKAMU Ha OCU OPOUTAIbHOM CH-
CTeMbl KOOpJAMHAT (MO HAIpaBJE€HUIO ABUXEHUS,
paanycy-BeKTOpY TOJIOXEeHUS, OOKOBOMY cCMellle-
HUIO COOTBETCTBEHHO).

MaxkcumanbHble 3HAUEHMS] 3TUX TMPOEKIUIA s
MPUHSITOTO B paboTe MprMepa paBHbl Al v, = 13.1 kM,
Ar  =Az, ; =0.1 kM.

[Tocne mOCTUXKEHUSI HA HEKOTOPOM K -M BUTKE
MUHUMAJIBHOTO 3HayeHus1 cooTHoiueHus (14) B
npenenaax 0...13.1 KM Ha KaxKJI0M CJIEAYIOIIEM BUTKE
paccTosiHUE MeEXy CHYTHUKaAMMU OyleT yBeJIudu-
BaTbhCs IIpuMepHo Ha 3ATA Vv,,,-
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3. METOJbI OHEHKHN BEPOATHOCTH
CBJINKEHUA TIAP CITYTHUKOB I'PYIIIIMPOBKH
HA PACCTOAHME, MEHBIIEE 3ATAHHOTO

OTcyTcTBYE B JOCTYITHOM JINTEPATYPEe METOIOIOTHH,
METOJIOB M KaKMX-JINOO OILIEHOK BEPOSITHOCTH COJIH-
JKeHUsI CITYTHUKOB TPYIIUPOBKUA B IJITUTEIHHOM
MOJIeTe Ha MaJible PacCTOSIHUSI OOYCIOBIEHO CJIOXK-
HOCTbIO TIpobJieMbl. B maHHOM pazaesne mpenioxe-
HbI Ba METOJa MPOBEACHUSI TAKUX OLICHOK, KOTO-
phle clemyeT paccMaTpuBaTh KakK MpeaBapuTeIbHbIE.
I1epBblii 13 HUX chOpPMUPOBAH HA OCHOBE aHAJIUTU-
YECKOro TMPENCTaBICHUST B3aMMHO-OTHOCUTETEHOTO
TBIDKEHUSI TIap CITYTHUKOB 10 WX COTVMDKEHUIO Ha Ma-
JIbIe pacCTOSTHUS Ha OOJIBIITX BPEMEHHBIX MHTEPBa-
Jlax, BTOPOW MCIOJIb3yeT YMCIEHHOEe WHTEerpupoBa-
HHME COBMECTHOTO ABVKCHUS ABYX CITYTHUKOB IJIST
MOJYYeHUsI JaHHBIX TI0 BEPOSITHOCTU UX COJMKEHUS
Ha pacCTOSIHYSI, MEHbIIIME 3a1aHHBIX.

ITocTpoeHne MeTonOB Oa3upyeTcst Ha MaTepuraiax,
npeacTaBiieHHbIX B gokiaane [11], padorax [5, 10] u
pe3ysbTaTax UCClIeIOBaHMIA, M3JIOXKEHHBIX HITKE.

3.1. Anaaumuueckuii Memoo oueHKu 6epoIMHOCMU
cOauncenus. COoMXeHUE CIYTHUKOB MOXET IPOMC-
XOAUTb B JOCTaTOYHO ILIMPOKOM JIMaria30He BUTKOB
nojera B okpectHocth N ~ N, =(1/3)V'/ AVVM.
Hanpumep, mpu pasdpoce CKOPOCTH OTISJCHUS
AVVM , paBHOM S(AVV’_’/_ )= J_rO.lAVV’_’/_ , pa3dpoc uucia
BUTKOB N, ; paBeH
1 v A,

L =———=3(AV, )= = —
MO3AV? AV, 3AV, AV,

t T Vi

npu AVVM =0.75M/c pa3dbpoc yucia BUTKOB cOJM-
JKeHUs1 CIyTHUKOB coctasisier +330. JlomosHu-
TeJIbHO K 3TOMY MMEeT MeCTO pa3dopoc ynciia BUT-
KOB COJIMXKEHUSI CIYTHUKOB, OOYCIOBJIEHHBIN OT-
KJIOHEHHWEM TUIOTHOCTU BepXHeil aTtMocdepbl OT
HoMmuHanbHOM. ITo olleHKaM 3TOT pa3dpoc TakxKe
COCTaBJISIET HECKOJIbKO COTEH BMTKOB, CYyMMAapHO
pazdpoc BUTKOB COMMKEHUSI CITyTHUKOB MOXET JI0-
cturatb 500 u Goee.

BeposiTHOCTb COMMKEHMsT CITYTHMKOB Ha paccTosi-
HME, MEHBLIIEE 3AIaHHOTO Ap -, ONPENENAETCS BEPO-
SITHOCTSIMM peai3alii TPeX HE3aBUCUMBIX COOBITHIA:

3.1.1. Cobbimue nepgoe peanusyercsi B TOM CIy-
yae, €cJIi YMCJIO BUTKOB I0JIeTa ABYX CITyTHUKOB
Haxozmutes B imarnasode N ~ N, £ AN, tne AN, ; —

ij?

BO3MOXHbBIM pa3zdpoc uyuciaa BUTKOB IOJeTa CIyT-
HUKOB TPU UX COJMKEHUU Ha Majible PACCTOSTHUS.
ITpu BBINOJIHEHUM 3TOTO YCJIOBUSI BEPOSITHOCTh pe-
ajau3aluy NePBOTro COObITUS MO COMUKEHUIO CITYT-
HUKOB Ha Majloe paccTosiHue paBHa P =1, B mpo-
TUBHOM cityyae P, =0.

3.1.2. Cobbimue 6mopoe COCTOUT B YACTOTE peau-
3aluM ciydaeB, Koraa Ap; j < APpon - BeposTHOCTb
P3(Api’ < Ap;[on) COJIKEeHMS T1ap CITyTHUKOB TPYII-
NMPOBKM HA paccTOsiHUE Ap, ., MeHblee Ap,.
OYEBUJHO OMpeesisieTcsl 3aKOHOM pacnpeaeeHusI
CJIy4aiiHOM BEIMYMHBI Ap, ; B TMana3oHe ee U3Me-
HeHus 0...3TA VV,J Ha aTarne cOIMKEeHUsI CITyTHUKOB
Ha paccTosiHUe, MEHbILee Ap, .

KaptnHa n3MeHeHUsI pacCTOSTHUM Apff ; Mexay
CIYTHUKAMU Ha k -M BUTKE UX COJMXKEHUS Ha Ma-
JIbIE PACCTOSIHUS MPU PA3TIMUHBIX CLEHAPUX IBU-
KeHUs (B OCHOBHOM OIpeAessieMbIX pa3dpocom
CKOPOCTe OTAeNeHNS W TUIOTHOCTbIO BepXHEN
atMocdepbl) TNpeacTaBjieHa YCJIOBHO Ha puc. S.
Kazxnast u3 ycJ1oBHBIX KPUBBIX Ha PUC. 5 TTPEACTaBIIsI-
€T 3aBUCUMOCTb M3MEHEHMS MO BPEMEHM DPaCcCTOSI-
HUI MEXTy IBYMSI CITYTHUKAMU Ha CTaIM1 UX COJTMKE-
HUSI Ha MaJIble PACCTOSTHUS B TIpe/iesiax BUTKA MoJieTa
MpY peau3alui pa3HbiX (B JHaHHOM TIpumepe 10)
clieHapveB JBWKeHus. [IpoeKunu MUHHUMaTbHbBIX
pacCTOSIHUI TS KaXKJ0TO CLeHapusl JBUXKEHUST Ha
OCb OpAMHAT 0003HaUEHbI TOUKOI; UX IMAIIa30H 13-
MeHeHus coctasisieT 0...3TA Vv,,ﬁ Ha OCU OpAMHAT
Takxke 0003HaYeHO MPUHSITOE MPU OLICHKE BEpOSIT-
HOCTU COJIMXKEHHUS CITyTHUKOB JIOYCTUMOE PaccTo-

VR
Api,j

3TAV,,,

Apuon :

Bpewms nonera

Puc. 5. YcioBHoe rpaduyeckoe npeacTaBlieHue MU3MEHEHUs
MUHHMMAaJIbHBIX PACCTOSTHUI MEXIYy CIYTHUKAMW MPHU pas-
JIMYHBIX CLIEHAPUSX (BEIMYMHAX BO3MYILAOIINX (DAKTOPOB)
NBUKEHUS
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siHUE AP, MEXIy HUMU. B oGuiem ciyyae yuciio
KPMBBIX Ha IIJIOCKOCTH (puUC. 5) paBHO O€CKOHEYHO-
CTHU, TaK KaK MPU U3MEHEHUH YCJIIOBUIA OTIEIEHUS 1
MoJieTa OHU MEPEeMEIAOTCs BI€BO-BIIPABO, BBEPX-
BHU3, HO 0O0IIas1 KapTUHA UX TOJOXEHUST Ha TLI0-
CKOCTHU He u3MeHsieTcsl. He usameHsieTcst 1 KapTuHa
pacroJIoXEHUsT Ha OCUM OpAMHAT TOYEK, COOTBET-
CTBYIOIIMX MUHUMAQJIbHBIM PACCTOSSHUSIM MEXIY
CIIyTHUKaMU Ha 3Tarne MX COJMXEHUS] Ha TPaeKTO-
PpUSIX C Pa3HBIMU YCJOBUSIMU OTAEJIEHUS U TIOJIeTa.
3aKkoH pacrpeaesieHus] MUHUMAaJbHbIX PacCcTOsI-
HU B Apf.i ; BOTMEUYCHHOM BBILIIE INATIA30HE SIBIISICT-
cs1 paBHOMepHBIM. Ha Takyto 0COOEHHOCTb B JIMC-
KPETHBIX 3aJavyax M3MeHEeHUsl (PYHKLMU MepeMeH-
HBIX YKa3bIBas enle HpaHIly3cCKUi MaTeMaTuk AHpY
TlyaHkape npu OlLIEHKE BEPOSTHOCTU ITOJOXKEHMS
YaCOBOW CTPEJIKM, C CWJIOK paCKpy4YeHHOM Ha ropu-
30HTAJIbHO pacmoyiokeHHoM 1udepoaaTe. OH crpa-
BEJUTMBO TT0JIarajl, 4yTo ee MojioxkeHue Ha 1udepoa-
Te, MOCJIe TOrO KaK OHa COBEPLIUT HECKOJIbKO 000pO-
TOB, MOTYMHEHO PABHOMEPHOMY 3aKOHY pacrpere-
JieHus1. B oTimuue ot 3aga4yu co CTpeJIKOi B paccMa-
TPMBAaEMOM CJIydae YMCJI0 BUTKOB I10JIeTa CITyTHUKOB
OT OTIEJEHUS 10 UX CONMXKEHUS HA MUHUMAaJIbHbIE
PACCTOSTHUSI COCTABJIIET HECKOJIBKO ThICSY.

ITonb3ysich aHaIOrMel Co CTPEIKOI, BIIOJIHE 000-
CHOBAHHO MOXHO MoJlarath, YTO 3aKOH pacIripenesie-
HUSI paCCTOSIHUI Apf.‘~ ; SIBISIETCS] PABHOMEPHBIM.

W cxonst U3 U3105KEHHOTO, BEPOSITHOCTb Peain3alun
BTOPOTo COOBITUSI OyAEeM OIpPENesisiTh KaK YaCTHOE OT
JIeJIEHUs] Yrciia cy4daeB COMVMXKEHMS IBYX CITYTHUKOB
Ha paccrosiHue Ary i< S Apyon HA o0l11Iee YMCIIO CITyyaeB
cOommkeHns Ha paccTosnme Ar, ; <3TAV,

AP o

Py % 80son) =371 —

Kak ciieayeT U3 3TOro paBeHCTBa, C YMEHbILIEHU -
€M TIPOEKIIMU OTHOCUTEJIbHON CKOPOCTU OTHese-
HUSI 110 HAalpaBJIeHUIO mosieta AV, BEPOSITHOCTb
peanmn3aly TPeTbero COOBITUS yBeJII/I‘H/IBaeTCH ac
yBeIM4YeHHeM AV, — CHIDKAeTCsL.

3.1.3. Coobimue mpembe XapaKTepu3yeT CI/ITyaLII/IIO
B OKPECTHOCTH YHCell BUTKOB 1oieta N ~ N,
peanu3aluy KOTopoli o0a CmyTHUKa pacnonarauoT—
CS1 OTHOBPEMEHHO B HEKOTOPOM JOCTATOYHO MaJloi
OKPECTHOCTH arioresi i-ro CIyTHUKa (mepures j-ro

26

CITyTHUKA), OTpeAesseMOil TOIMyCTUMBIM MX YTJIO-
BbIM CMEILEHUEM T, , OTHOCUTEJbHO TOUKU @; UJIH

(pI/IC 3). BCPOHTHOCTB 3TOTO COOBITUS o6yCJIOB—
neHa BJIUSIHUEM TIOTPEIIHOCTEN OTHENCHMST CITyT-
HUKOB &(A VV,,,. ), &(A Vw,,,) Ha 4acTOTy UX COIMXKe-
HUST Ha MaJIble PACCTOSTHUS Ha OOJIbIIINX BPEMEHHBIX
WHTepBaJax. B mpearnonoxeHUu HE3aBUCUMOCTU
ATHUX MOTPEITHOCTEN U TTPU UX MaKCUMAaJIbHbBIX 3Ha-
yeHMsIX Ha ypoBHe T10 % OT HOMUHAJIBHBIX CKOPO-
CTeU OTIENICHUS] YUCICHHOE 3HAYEHUE MIEPEMEHHON
x B ypaBHeHuwu (12) paBHo x = =0.141. CoorBeT-
CTBEHHO MWHHMAJIbHAST TIPOTSDKEHHOCTh YYAaCTKOB
COMKEHUsI OPOUT IBYX CIIYTHUKOB B 00€ CTOPOHBI
oT Touku T wux mepeceyeHuit (puc. 3) cocTaBisieT
A Vi' _+(Ap}10n/A)(1/x) +250KM: nin X _+2
(MaKCI/IMaJleOC 3HAYEHUE HpOTﬂ)KeHHOCTI/I 9TUX
Y4acTKoB coracHo (11) paBHo y; =21.6°).

Maremaruueckoe oxunanue M[Al, | mpors-
KEHHOCTH YYaCTKOB COJIVKEHMSI CITyTHHUKOB CO-
m1acHoO (7) omnpenesseTcss MHTErpajioM

MIAL, 1= [ o(x)f(x)dx
(x)

e o(x)=Aly, (x)=(Ap,,, / A1/ x) ,
xe—0.141...+0.141 .

3akoH pacipeacjacHusd IMOorpCIIHOCTH OTACJICHU A
CIIYTHHUKOB X BIIOJIHE 00OCHOBAaHHO MOXKET OBITh
IIPUHAT HOPpMaAJIbHBIM

x2

1
(jxmexp 26)2{ ’
rae 6, =0.141/3=0.047 .

IMocne moncraHoBku B M[A/ v,,,] bynkImit @(x),
f(x) uumcieHHOEe 3HAUYCHME HHTErpajga C y4eToOM
0COOEHHOCTE# ero BBIYMCIICHUS B MaJOM OKpEeCT-
Hoctu x=0+g paBHO M [MV 1=2086 kM, wmim
Mly, 1=17. 1°

BepOHTHOCTb TPEeTbero cooniTus P, omnpenens-
€TCS1 YacTOTOM «MomanaHus» OMHOBPEMEHHO JIBYX
CIyTHUKOB B 30HY MX _COJMXEHMA Ha Majble pac-
CTOSIHMA ¢ pasmepamu , ; =21. 6° s My, 1==17. 1°,
x. =+2° ¥ BBMUCISIETCS] KAK YaCTHOE OT ,E[CJ'ICHI/IH

ATy
pa3MepoB 3TUX 30H Ha 27:

20%‘] 3
o

J(x)=

Ps[X;,/‘SO&i,j]:
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rae uncna o = 1; 0.141 xapakrepu3yoT MaKCMMaJlb-
Hble ¥ MUHMMAaJIbHBIE Pa3Mepbl 30H COJNMXEHMH,
a=Ml[y, 1/, =0.79 — nx MaremaTn4ecKoe 0Xu-
nanue. CooTBETCTBEHHO pa3MepaM 30H U3MEHAETCS
1 BEPOSITHOCTb Py| y, , <oy, ; |-

3.1.4. Tlocye moncTaHOBKU COOTHOILIEHUI O Be-
POSITHOCTSIM peai3allii YacTHBIX HE3aBUCUMBIX
coorituit B, P, P, B popMyily IIOJIHOI BEPOATHO-
CTH TIOJTYYUM

PZ(Api,j < ApﬂOl‘l) =P -P,-Py=

_BPan
3TAVVU_ L

(16)

3.2. Memoo ouenku 6eposmHOCMU COAUNCEHUS
CNYMHUKO08 HA OCHOGE UHMeZpUposanus oughgepen-
UUAABHBIX YPAGHEHUIl 0BUJCEHUsL 08YX CHYMIHUKOG.
3anaya OLIEHKU BEPOSITHOCTU COJMMKEHUS CITyTHU-
KOB I'PYIIINMPOBKY Ha Majble (HaIepen 3aJaHHbIe)
paccTossHUs SIBsIeTCsT cinoxHoil. E€ xapakrepu-
3yeT OOJIbIIoe Pa3HOOOpa3ne YCIOBUIl OTIACIEHUS
(pa30poChl CKOPOCTEl U HaIlpaBJICHUI OTASICHUS
CIMYTHUKOB), TPYIHOCTU aHAJUTUYECKOro MCCe-
JIOBaHUSI MO BIUSIHUIO Pa30pOCOB YCIOBUI OTaee-
HUST Ha XapaKTepUCTUKU B3aUMHO OTHOCUTEJILHOTO
JIBIDKEHUST TIap CITYyTHUKOB B JUTMTEJLHOM ITOJIETE.
Penrenue 3agaun Bo3aMoxkHo MeTonoM MonTe-Kap-
JIO, OITHAKO B CBSI3M C HEOOXOIMMOCThIO MHOTOKpAT-
HOTO UHTETPUPOBAHUS YpaBHEHMI TBYDKCHUS KaXK-
JIOTO CITyTHUKA TPYITITMPOBKY Ha 5-JIeTHEM TIEPHOIE
MUX 9KCIUTyaTallui C yueToM pa3dpoca HavyalbHbIX
YCJOBUI OTAENIeHUS] HEOOXOAMMbIE BPeMEHHBIE 3a-
TpaThl BBIXOJSIT 3a pa3yMHbIe Mpeaebl (0COOeHHO
MpY OOJIBIIOM YUCJIE CITYTHUKOB B IPYMIIPOBKE).

IlpenyiaraeMelii MeTOd, B CBOC OCHOBE OIMpa-
eTCS Ha pe3yJbTaThl NMPOBEACHHBIX paHee aHaIM-
TUYECKMX U YMCIEHHBIX MccaenoBanuii [5, 10, 11]
MIPUMEHUTETHHO K TPYIITUPOBKE M3 12 CITyTHUKOB
(11. 2). [Tpu 5TOM, MOCKOJIBKY B IEPBOM TMTPUOJIMKE-
HUU B3aMMHO OTHOCUTEIbHOE JIBMKEHUE T1ap CITyT-
HUKOB OITPEIEJISIETCSI B TOM UMCJIE MPOEKIIUSIMU OT-
HOCHUTEbHBIX CKOPOCTEI UX OTACJICHUSI, OCHOBHbIC
pPe3yJIbTaThl CIIPABEIIUBbI IJ1s1 TI0OOH pa3sMepHOCTH
IPYNIIUPOBKY MIPUMEPHO C TEMU XK€ YCIOBUSIMM OT-
JIeJIeHUsI CITyTHUKOB.

Merton OLEHKM BEpOSITHOCTA COJIVDKEHUST I1ap
CITyTHUKOB TPYIIITMPOBKY Ha MaJible (3amaHHbIe) pac-
CTOSIHUSI OCHOBBIBAETCS HA CIISAYIOIIMX MOJTOXKEHUSIX.

8(Ai7 ), 10°° rpa
A

12

8(AVy, ), 107" m/c

16

Puc. 6. O6GnacTb MOrpeuIHOCTeil MapaMeTpoB OTIECJCHUS
3(AV, /):O.IAVV?/ » 8(Ai, ;)=0.1Ai, CIyTHHKOB, KOTOpOIi
COOTBETCTBYIOT PACCTOSTHUSI MEXIy CITyTHMKamMu MeHee 100 M
[5]. Hauano koopavHaT COOTBETCTBYET HOMMHAJIbHBIM YC-
JIOBUSIM OTJIE/ICHHsI JIBYX CITYTHUKOB AV, =AV(, =075 m/c

1. IepBble cOMKeHYs TTap CITyTHUKOB £, j TPYIIIU-
POBKM Ha MaJIbIe PACCTOSTHUST IIPOMCXOMISIT B OKPECTHO-
ctu yrcen BuTkoB onera N ~ N, =(1/3)V, / AVVM_.

2. B rpynnupoBKe U3 n CIOYTHUKOB 0OpasyeTcs
n(n—1)/2 nap, cpeau KOTOPbIX UMEETCSl XOTsl Obl
OJ/IHa TMapa CIyTHUKOB ¢ OJM3KHUM K HYJIIO YTJIOBBIM
pa3HeceHUeM UX IJIOCKOCTEe B OKPECTHOCTU YHCET
BUTKOB mojieta N ~ N, .

3. Yrosoe paccrostiue 8Q, ; (N ~ N, ;) mexuy
BOCXOISIINMHU y3JIaMHU OPOUT ABYX CITYTHUKOB MaJlo
(AQ; ; ~0) n onpenensieTcst yCIOBUSMHU BBITIOTHE-
HUA COOTHOINEHUH (7) U CUCTEMBI YKCEN Uy, i,
AVV,,/ s AVLV,‘/. C TOYHOCTBIO IO Pa3HOCTU HAKJIO-
HEHMI TIIOCKOCTE OpOUT, OOYCIOBJIEHHOU Mpo-
LIECCOM MX OTHEJICHHUSI, YTOJI MEXIY MIOCKOCTSIMU
OpOMT ABYX CITYTHUKOB 7, ; OJIM30K K HYJIIO.

VrinoBoe pasHeceHHE IUIOCKOCTe OpOUT IBYX
CITYTHUKOB BBIYUCIISICTCST KakK ¥; ; = ACY; sinij . [lnst
ciyydast, Koraa v; ; ~ 0 Ha IJIOCKOCTH MapameTpos
{B(AV,,U),O, 8(Ai; ;)}, TO pesyibTaTaM OrpaHUYCH-
HOTO YMcJia BApDUAHTOB MHTErPUPOBAHUSI CUCTEMbI
ypaBHEHMH IBMKEHUSI IBYX CITYyTHUKOB MOKET OBITh
BbIIeIeHa obyacth {D*} (puc. 6), KOTOPOii COOT-
BETCTBYET PACCTOSIHUE MEXIY CIIyTHUKaAMU Ap,, —
— Ap,; < Ap,,, , Haripumep Ap_, = 100 m. [Tpu aTOM,
IMOCKOJIBKY pa3Mmepsl obactu {D*} (KOTOpoii oxKu-
JaeMO COOTBETCTBYET OUeHb He3HAUMTEIbHAST BEPO-
SITHOCTb COJIMKEHMST CITYyTHUKOB Ha MaJible paccTo-
SIHUSI), alpuopyd 3HAUMUTENIbHO MEHbIle 00JacTu
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{D}, omnpenensieMoii BO3MOXHBIMU pa3dpocamu
CKOpOCTEW OTaeIeHUS S(AVV,,, ), S(AVM_,) CIYTHU-
KOB, UMCJIO TTPOBOJMMBIX PACUETOB MPOTHO3UPYEMO
OyaeT HeOOJIbILINM.

B o6iem ciydae nojoxeHue obmactu {D*} Ha
TUIOCKOCTA TIapaMeTPOB {6(AV ) 0, o(Ai ;)=
=3(AV, w, )/V,} MoxeT OBITh HpOI/I3BOJ'ILHHM Mak-
CHMAJIbHAS BEPOSITHOCTD COJIMXKEHUS CITYTHUKOB Ha
MaJible (3aJlaHHBIE) PACCTOSIHUSI MpPU BTOM OyaeT
UMETb MECTO, eI LeHTp obaacTu {D’} coBmamaer
C HaYaJIoM KoopauHaT (Toukoil O) U riolanb 3Ton
obOsiacTu OyAeT (B OTHOCUTEbHBIX BEJIMYMHAX) MaK-
CHMAJIBHOM TI0 OTHOIIIEHUIO K 00JIaCTH, OMpeneisi-
€MOI TpeaebHBIMU pa3dpocaMu CKOPOCTEH OTIe-
nenns. [1pyu U3BeCTHOM TIJIOTHOCTH pacIipeneIeHUs
MOTpelIHOCTe! oTaeneHus: [ [6(AV,,f‘/),8i(Aii, ;)] Be-
POSITHOCTD COJIMKEHUSI JIIOOBIX IBYX CITyTHUKOB Ha
MaJible pacCTOSTHUSI COTJIACHO [2] MOXKET OBITh Ipe/-
CTaBJIeHa B BUIIE

P[3(A VV’:J A ) D)=
= j [ £18(AV, ),8(A; )IdS(AV,, )ds(Ai, ). (1)

ITorpemHocTy oTAEIEHUS S(AV ) AV w, ) C
JIOCTaTOYHOM CTEIIEHBIO CTPOTOCTU MoryT CUMTATD-
Cq He3aBUCUMBIMHU (TaK KaK OHM OIIpeNesIsITCsS B
OCHOBHOM HE3aBUCUMBIMHM MEXIY COOOM ITOTper-
HOCTSIMU CKOPOCTH OTHEJICHUST KaXKIOTO CITyTHUKA
W HampapjieHui ux otaeseHus). C yueToM JaHHOTO
obcTosiTennbecTBa (hopMyiia (14) MOXKET OBITh TIpea-
CTaBJIeHa B BUIIE

P[ES(AVVZ ),8(Ai; )= D=

= | F(AV, NdB(AV, ))ff(Al,,)d(Al,,) (18)

IR ‘—.Q\

3pech o, a, B, B — Opeaensl, oNpeaeysoIIne
TnonoxeHue oomact {D’} Ha IIOCKOCTSIX 3V, ),
O(Ai, ;).

LII/ICJ'[CHHOC 3HAYCHUE BEPOSITHOCTU P[S(AV )
8(Az )] onpenensiercs 3akonamu pacriperienieHust fo-
rpeumomen OTIEJCHUS S(AV ) 8(Az ). Brionne
06OCHOBAHHO MX MOXHO CUMTATD HO,H‘H/IHCHHI:IMI/I
HOpPMAaJIbHBIM 3aKOHAM pacIipele/ieHus ¢ COOT-
BETCTBYIOIIIMMM YMCJIOBBIMU XapaKTepPUCTUKAMU

(MaTeMaTUYeCKUMK OXUIAHUSIMU mAV), . mAi,
1] 3.

28

u pucnepcusimu DAV, ., DAi, ;). C y4erom u3-
JIOXKEHHOTO COOTHOoIIeHUs (18) mIsi BEeposITHOCTU
cOJIM>KeHMsI CHYTHUKOB Ha 3ajaHHoOe (MaJioe) pac-

CTOSTHME COTJIacHO [1] 3amuceiBaeTcs B BUJIE

PIS(AV, ), 8(Ai, ) D']=

1 K (AVy,  —Myy, )
= exp Ll L ld(Avy, )%
S A = L
Vi a j
B _(Allj _mA,'. ) ?
x Iexp ————1d(Ai;). (19)
G, 21y 20, ’

®opmyna (19) npu 3agaHHBIX XapaKTepUCTUKAX
nosioxkeHuss obaacty D° Ha TUIOCKOCTU Tapame-
TpOB (3(AV), ), 8(A; )) MO3BOJISIET BHIYMCIUTD Be-
POSITHOCTb cdnmxemzm KaXXIOM Mapbl TPYIITUPOB-
KU Ha paccTosiHue Ap; ;, MEHbILee 331aHHOTO Ap
Oxupaercs, YTO BEPOSTHOCTb COJIMXKEHUS KaxKa0i
napbl TPYIIIMPOBKM OyneT He3HAYUTEJIbHOU. Yuu-
TBIBasl, YTO B OOIIEM CTydae YMCIIO /1 00pa3oBaH-
HBIX TIap B TPYIIIMPOBKE U3 A CITYyTHUKOB MOXKET
ObITh 3HAYUTENbHBIM (m = n(n — 1)/2), 3amaua
OLIEHKW BEPOSTHOCTU COJIMXKEHUSI Tap CIYTHUKOB
B 1I€JIOM B TPYIIIMPOBKE coriacHo [2] hopMynupy-
eTCs CIEeAYIOIINM 00pa3oM: TpeOyeTCsl OnpeaeauTh
BEPOSITHOCTD (P*[S(AVVM_ ), 8(Ai, )= D'])  Toro,
9TO B TpOILIecce ABUXKECHUS /M TIap CITYTHUKOB XOTS
Obl OIIHA M3 HUX COJU3MUTCS HA PacCTOsiHUE Ap,
MEHbIIIee 3aIaHHOr0 Ap; i< AP o

CormntacHo [1] ipy 3HaYUTEILHOM YHMCIIE CiIydaii-
HBIX COOBITUI cCOMKeHus (OHM B JAHHOW 3amade
PaBHBI YK CJTy TIap CIIYTHUKOB) JUISI pellieHUs 3a1a4 i
1ejecoobpa3Ho nepel‘/‘ITI/I OT MPSIMOTO COOBITUS
(P,I3(AV, ),8(4i0 ;) c D) st Kaxoi napsl cnyT-
HUKOB K HpOTI/IBOHOJIO}KHOMy codbriio B, =1- P o
KOTOPOMY COOTBETCTBYET OTCYTCTBUE COJVDKEHUS
9TOI TMapbl CITyTHUKOB Ha PAcCTOSTHHWE, MEHbIIee
3agaHHoro Ap, . Torma mis Bcex m map CryTHU-
KOB BEPOSITHOCTb P, OTCYTCTBHUSI UX COVDKEHUI Ha
paccTosiHUE, MeHblee 3aJaHHOTo, OIPeACTUTCS
BbIpaXKeHUEM 66
(20)

C yuetom (20) BepOSITHOCTb COJMKEHUSI XOTS
OBI OMMHOI TTaphl CITYTHUKOB M3 M 00pa30BaHHBIX B
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IPYNIIMPOBKE HA PACCTOSIHUE, MEHBILIEE 3aJaHHOTO
Ap; i < AP jyopp» OTIPENIETUTCS TAKUM o0pazom:

P,=1-P, 1)

4. IEPBBIE OHEHKH BEPOATHOCTHU
CBJIINKEHN A CITYTHUKOB I'PYIIIIMPOBKI
HA MAJIBIE PACCTOAHNIA

HA BOJIBIIINX BPEMEHHBIX UHTEPBAJIAX

J71st yacTHOTO Ciydast 3armycka 12 CIyTHUKOB Ha COJI-
HEYHO-CUHXPOHHYIO 0pouTy (i) ~98.1°, A, ~ 650 KM,
OTJEJIEHNE CITYTHUKOB Ha 3KBatope u, =0, ckopoctu
OT/IEJIeHUSI IIPUHSTHI B COOTBETCTBUM C [5]) ompenerie-
HBI comIacHo (7) ase mapel crytHukoB 4, —C,, 4, -C;,
,E[J'[SI KOTOPBIX AV —AV —0 T5m/cu AQ, (N ~

N,;)=0 BOerCTHOCTI/I ; 3330 ButkOB HoneTa

C I/ICHOJTB3OBaHI/IeM aHanMTW{eCKoro U YUCJIeH-
HOTO METOJOB ISl 3TOI Mapbl CIIYTHUKOB HIXKE
orpeneseHbl OLIEHKH BEPOSTHOCTU MX COJNMKEHUS
Ha paccTosHus, MeHbIne 6p, =100 m.

4.1. Anaasumuueckuii memoo. OlieHKA BEPOSITHO-
CTH TIpOBeIeHA IJIST TPeX 3HAUYeHWH TPOEKIIU OT-
HOCHUTEJTLHOUM CKOPOCTH OTHCIECHUS ABYX CITyTHH-
KOB Ha HampasjeHue nonera AV, = 0.15, 0.75,
1.2 m/c. i

[ToncraHoBka B (16) 4MCIEHHBIX 3HAYEHUN KC-
XOIHBIX JAHHBIX MO MapaMeTpaM OTAEJCHMS CITyT-
HUKOB, XapaKTepHUCTUKaM OPOUTHI 1 MaKCUMAaJIbHO
JOTYCTUMON BETWYWHBI PACCTOSTHUS COMMKEHUS
STUX CITyTHUKOB JaeT TaKOW pe3ysIbTar:

AV, =0.15um/c, P, =0.008,
AV, =0.75m/c, P =0.0007,
AV, =12wm/c, P;=0.0003.

W3 npuBeneHHbIX JaHHBIX CIEIYeT, YTO C YBEIU-
YEeHUEM MPOEKIIMU OTHOCUTEIBbHOU CKOPOCTU OT-
JleJIeHUs1 JByX CIYTHMKOB Ha HallpaBjieHue IoJeTa
AVV BEPOSITHOCTh COJIMXKEHUSI CIT[yTHMKOB MOHO-
Tonitd YMEHBIIAeTCsA, W IJIsT KpalHWX 3HAYeHUH
AVV paccMaTpuBaeMOro n1Mara3oHa BepOsSITHOCTb
OTJH/tfiaeTcsI B 25 pas.

Takoe cylIecTBEHHOE CHUXXEHUE BEepOSITHOCTU
COMMOKEHUST CITYTHUKOB Ha MaJjible PAacCTOSIHUS C
yBEJIMYEHUEM OTHOCUTEJIbHON ckopoctd AV, B
BoceMb pa3 (¢ 0.15 10 1.2 Mm/c) mpu Heo6x0)114Mocm
MOXET HCITOIb30BaThCsA TPU HAa3HAYCHUU CKOPO-
CTelt OTmeIeHUs TTap CITYTHUKOB, UISI KOTOPBIX TT0-

BblIlLIEHHAs1 BEPOSITHOCTh COTMXKEHMSI X HAa HEOOJIb-
IIIe PACCTOSTHUS HeXeaTeIbHa.

OTtMedeHHast 0COOEHHOCTh CHIKEHUS BEPOSITHO-
CTU COMMKEeHUs TTap CITyTHUKOB Ha MaJjible pacCTo-
SHAST C YBEJIMYCHUEM TPOCKIIMY OTHOCHUTEIIBHOMN
CKOPOCTHM Ha HampaBJieHUe ToJieTa XOpOoIo coria-
CyeTcsl ¢ JAaHHBIMM TIPSIMBIX PACYETOB TPACKTOPUU
[6] — ¢ yBenmnueHMEM TPOEKLIMM OTHOCUTEBHOM
CKOpOCTH OTaeJieHus OoJiee SVV,-,,- >1.35M/c nme-
€T MECTO MOHOTOHHOE yBeTMYeHNEe MIUHUMAIbHBIX
pPacCTOSTHUI MeXXIy CITyTHUKaAMU TTPU HOMWHAJb-
HBIX YCIIOBHSIX OTHEJICHMSI.

4.2. Yucaennviii memoo (Ha ocHoge UHMeEZPUPO-
6aHuUsL cucmembvl YPAGHEHULl 06UICEHUsI 08YX CHymi-
Hurxoes). B pabote [5] ompenesieHbl Mapbl CIYTHM-
KoB A, —-C,, A, —C,, IIIOCKOCTU OPOUT KOTOPLIX B
okpecTtHocTH yucen N ~ N, ; BUTKOB IOJIeTa COBIIa-
natoT. JIJig 9TUX Mmap CIyTHUKOB Ha OCHOBAaHWH YKC-
JIEHHBIX PACYETOB TPACKTOPHI MX ITOJIeTa Ha TIIOCKO-
CTH TIAPaMETPOB {AV,, ,0, AVM } ObLIa TTOCTpOEHA
obnacts {D’}, T’paHI/II_IBI KOTOpOI/I COOTBETCTBYIOT
paccTosTHUSIM MexXay HuMmu, paBHbIM 100 M. Bug
9TOI 00J1aCTU 3aMMCTBOBAaH M3 paldoThl [5] U HIXKe
MIpeACTaBJICH Ha pUC. 6 UCKIIIOYMTEIBHO JIJIs1 HATJISII -
HOCTH pelieHus MmetonoM MonTe-Kapio 3agauu no
OIICHKE BEPOSITHOCTH CONVKEHUST YKa3aHHBIX BBIIIIe
mnap CIOyTHMKOB Ha paccTosiHue MeHsble 100 m.

OlleHKa BEpOSITHOCTH CONVDKEHUs CITyTHUKOB
TPYIIIUPOBKHN Ha 3aJaHHOE MUHUMAJIbHOE PacCTO-
sHue (Ap; TES APron = 100 m) onpeneneHa aj1s1 mapbl
cnyTHUKoB A, —C,, A, —C,, 17151 KOTOPBIX B OKPECT-
HocTn uncen N ~ N, —(1/ 3)-V, /AV, BUTKOB 1O-
JIeTa BBINOJIHSETCS yCJIOBI/Ie Y,; ~0 (c TOYHOCTBIO
0 Pa3HOCTH HAKJIIOHEHWI OPOMT 3TUX CITyTHUKOB
Ha ypoBHE Aj, :AVV,,,. /V,=10"* pan = 20" mocne
ux otneieHus). OmnpenejeHue BEPOSITHOCTU Mep-
BBIX COJIMKEHMIH Kax10ii nmapsl cryTHUKOB A, —C,
u A,—C, NpoBeAEHO METOAOM CTaTUCTUYECKUX
ucnbiTaHuii (1 MUJUTMOH ONBITOB, 0KoJio 800 «Imo-
najaHuii» B 0671acTh D), TIPU 5TOM MOTPELIHOCTH
OTIeJIEHNUs] IPUHSATHI paBHBIMU 10 % OT HOMMHAIb-
HBIX TTapaMeTPOB OTICIICHUSI.

[MonmyyeHo, 4To 3Ta BEPOSTHOCTH COCTABIISICT
0.0008. C yuyetom BbipaxkeHuit (20), (21) BeposT-
HOCTB TMEPBBIX COMMKEHUI XOTS ObI OMHOM M3 IBYX
0003HAaYEHHBIX ITap CITYTHUKOB Ha PACCTOSTHUE Me-
Hee 100 m coctapistet 0.0016.
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5. OBCYXJIEHMUE PE3YJIEGTATOB

3HayeHue BEPOSITHOCTEN COMMKEHUSI CIYTHUKOB
Ha paccTtosHus, MeHbIme 100 M, TTo IByM MeToaaM
OLICHOK ITpeACTaBJICHbI B Ta0JI. 2. DTU 3HAUCHMUS SIB-
JITIOTCS  TIPEABAPUTEIBHBIMA W CBUIETEIBCTBYIOT
TOJIbKO 00 YPOBHE OIIEHUBAEMOI BEPOSTHOCTH U Ha-
MpaBJIeHUY BIUSHUS OTHOCUTEILHBIX CKOPOCTEH OT-
JeneHust A VV,‘, Ha U3MEHEHUsI 3TUX BEPOSITHOCTEMA.

B paccMmarprBaeMoM mpuMepe TPYIITUPOBKU U3
12 cnyTHUKOB obpasyeTcs 66 map, U3 KOTOPBIX IS
neyx (A4, —C;, A, —C,) peanusyercst yciosue v, ~ 0.
ITirockocTr OPOUT 15T OCTATIBHBIX 64 TIap B OKPECT-
HoctH vucen N ~ N, mepecekaioTcst MO Yriamu
0.12°...1.2° (COOTBETCTBYIOIIE JAHHBIE IIPEICTaBIIe-
HEI B Ta0II1. 3).

CyMMapHasi MpOTSKEHHOCTb TMpUJIeralolmx Ha
paccrosiHue MeHee 100 M yJ4acTKOB BCeX OCTaTbHbBIX
nap opOMT CIYTHUKOB B 30HAaX WX IMepeceyeHuit
COCTaBJISIET 1O OLIEHKE 0K00 35 Thic. KM. [IpuHu-
Masi BO BHUMaHH€ 3TO 00CTOSTEIbCTBO U TOT (PaKT,
9TO CONMMKEHNE CITyTHUKOB MOXET TIPOMCXOIUTD 1
Ha 3TUX yJacTKaxX OpOWT, YMCIICHHOEe 3HAYCHUE Be-
posTHOCTH (21) cOMMKeHUsI XOTsI OB OTHOI U3 66
00pa30BaHHLIX Tap CHOYTHUKOB MOBBILIAETCS 10
0.0024. TpexkpaTHOE YMEHBIIEHHNE 3TOM BEPOSITHO-
CTU MOXET OBbITb JOCTUTHYTO TaKUM Ha3HaAYeHUEM
YUCJIEHHBIX 3HAYEHUI MPOEKLIMU OTHOCUTEIbHBIX
cKopocteii otaenenus AV, ., AV, mia kaxnoi
Mapbl CIIyTHUKOB, TIPX KOTOPOM [IJIST BCEX Tap YCIJIo-
Bue (7) He BBIITOJIHSIETCSI.

B 3akitoueHue mipeAcTaBisieTcsl liejiecoodOpas-
HBIM OTMETHUTH clieaylollee. B mpuBeneHHOM Mpu-

Tabauya 2. 3nadenusi BepOATHOCTEN COMMKEHUST
CIyTHHKOB 10 IBYM METOJaM OLEHOK

. Merton Ha ocHOBE
AHaTUTUYECKUHT
AV, ,mlc MeTon WHTETPUPOBAHUS JBIIKCHUS
" JIBYX CITyTHHUKOB
0.15 0.008 —
0.75 0.0007 0.0008
1.2 0.0003 —

Tabauya 3. KommgecTso NBap BAPUAHTOB NepeceyeHus
OpOMT CIYTHUKOB IPYNMIMPOBKH 101 YIJIOM 7, ’

Yij 0.12° | 0.16° | 0.20° | 0.33° 0.5° 1.2°

N 32 22 2 4 2 2

Bap

30

Mepe u3 66 map CyTHUKOB TUIOCKOCTU OPOUT ABYX
map crmyTHUKOB (3 % oT o01iero yncia oopa3oBaH-
HBIX IIap) COBITAIM MEXKAY COO0M B OKPECTHOCTH UM~
cen N ~ N, ButkoB monera. Ecin Takast TeHueH-
1us (B MPOLIEHTHOM OTHOILIEHWM) IO COIMKEHUIO
Mmap CHYTHUKOB COXPAHWTCS M IJIST TPYIIIMPOBKH
cocrosuieit, Hanpumep, u3 100 cmyTHUKOB (Bcero
nopsiaka 5000 map), TO TMJIOCKOCTU OPOUT COBITAIYT
y 3 % ot ux o011ero yucia map, (T. . B 150 ciyyasix).
B aTtoMm ciyyae coorHomenus (20), (21) maioT opu-
EHTUPOBOYHO TAKYIO OLICHKY BEPOSITHOCTHU IIEPBBIX
COVKEHMIA XOTSI ObI OTHOI TTaphl CITyTHUKOB IPYII-
mupoBku (13 5000 map) Ha paccrosiHue 10 100 M:

Pylp <100 M] =0.01.

OTU JaHHBbIE MO3BOJISIIOT MPENBAPUTETBLHO Clie-
JIaTh BBIBOI, UTO [IJIS1 HOCTATOYHO OOJIBIIION 1O YUC-
JICHHOCTH TPYMIITUPOBKM CITYyTHUKOB BEPOSITHOCTH
CcOMMKEeHUsT XOTs1 Obl OJHOIM Mapbl CIYyTHMKOB Ha
paccrossaue 1o 100 M Bce e ocTaeTcsl JOCTaTOYHO
Majoit. OmHaKO ¢ YMEHBIIEHHEM MPOEKIINN OTHO-
CUTEJIbHOW CKOPOCTH MO HamnpaBJeHMIO MoJjieTa A0
AVV,._, ~(0.15M/c cuTyauusi MOXeT 3aMETHO U3Me-
HUTBCSI.

3AK/IIOYEHHME

1. OnpenesieHbl YCIOBUST OTAEJICHUS IBYX CITyTHU-
KOB i,j NpU peaiu3allMyd KOTOPBbIX B HEKOTOPOM
okpectHocTh uncen N~ N, =(1/ 3)(VV’_J / AVV,,,)
BUTKOB T0JIETA OHU OKaXyTCS HAa MaJlOM ynaje-
HUU JPYr OTHOCHUTEIBHO Ipyra, MIOCKOCTH OpOUT
9TUX CIYTHUKOB OyIyT MPaKTUUYECKU COBIAIATh, a
YIJIOBbIE CKOPOCTU COMUKEHUSI-PACXOXKACHUS TLIO-
cKocTeill OynyT MUHMMaJIbHbI (Ha YPOBHE AECSTBIX
IIOJICH YIJIOBBIX CEKYH]I 3a BUTOK). TeM caMbIM CO3-
JAlOTCSl YCJAOBUS JJIsSI COJIMXKEHUSI C TTOBBILLIEHHOM
BEPOSITHOCTBIO Map CIyTHUKOB Ha MaJible paccTos-
HYsI B OKpecTHOCTH ncen N ~ N, ; BUTKOB IOJIeTa.

2. Ha mpumepe otmeneHust 12 CIIyTHUKOB IO
teMe «[j1oGasicrap» onpeneneHo, yto u3 66 oGpasy-
IOIIMXCS B TIOJIETe Map IJIOCKOCTA OPOUT ABYX Map
CHYTHUKOB C TOYHOCTbIO 10 PAa3HOCTY HAKJIOHEHU I
opout (okoyso 20") coBmamaioT. I OCTanbHBIX
64 map CITyTHMKOB Ha MOMEHT MX MaKCUMAaJbHOTO
COJIMKEHUS YIJIOBBIE PACXOXIEHUS OPOUT MOTYT
pocturathb 1.2°.
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3. I1o pesyabrataM aHaJIMTUYECKOIO MCCIeA0Ba-
HUST YCTAaHOBJICHBI CJIEMYIOIINE OCHOBHBIE 3aKOHO-
MEpPHOCTH CONVDKEHUS Tap CIYTHUKOB TPYITITAPOB-
K1 Ha MaJible pacCTOSTHUS:

3.1) TIocKOCTH OPOUT JIOOBIX Map CHYTHUKOB
IPYTIIIUPOBKY B OKPECTHOCTH YK Cesl BUTKOB MoJieTa
N ~ N, coBnanaoT npu peainsauuu ycIoBuii oT-
JeeHUsI AV,,I_J, AVLVM, omnpeneasieMbIX COOTHOIIIE-
HueMm (7); B YaCTHOCTHU, IPU OTACICHUHU IBYX CITyT-
HUKOB Ha 9KBaTOPE MJIOCKOCTH OPOUT NBYX CITyTHH -
KOB COBITQAAIOT IIPU AVV;.,- = AVu/,,j ;

3.2) npu BBHIMOJIHEHUU yciaoBUil mo 1. 3.1 cKo-
POCTb YIJIOBOTO PACXOXKAEHUS TUIOCKOCTE OpOUT
CITYTHUKOB B OKPECTHOCTHU 4Yucen BUTKOB N ~ N, |
MUHUMAaJIbHA (IecsIThie JOJM YIJIOBBIX CEKYH[ 3a
BUTOK). B TeueHue IeCcSITKOB (axxe COTeH) BUTKOB
ToJieTa IBYKeHUE Mmap CIyTHUKOB ITPOXOIUT I10 Op-
OuTaM ¢ MaJIbIM YIJIOBBIM pa3HECEHUEM; BO3MOXK-
HOCTbH CONMKEHUST CIIYTHUKOB Ha MaJible PacCcTOs -
HUS TIPU 3TOM SIBIISIETCST MAKCUMAJTbHOM.

4. OueHKa BepOSITHOCTU COJIMKEHUST ABYX CITyTHU-
KOB TPYIIMPOBKU Ha paccrosiHue, MeHbilee 0.1 K,
cocTaBiisieT (ISl paccMaTpUBaeMOro B CTaTbe Ba-
puaHTa OTaeeHUs 12 CIyTHUKOB NpU 7, ;~0 u
AV, =0.75m/c) 0.0007 aHATUTHIECKUM METOIOM
u 0.0008 YnCIEHHBIM METOLOM. DTH pacxoxXaeHus
OIIEHOK BEPOSITHOCTU HE SIBJISTIOTCS 3HAYMMBIMU U
CBHUIIETEIBCTBYIOT O BO3MOXKHOCTH MCITOTH30BaHUS
MPeTOXKEHHBIX MPUHIIUINAIBHO Pa3HbIX METOOB
OLICHUBaHMUSI.

5. Habmiomaemoe 25-KpaTHOe CHMKEHUE BepO-
SITHOCTU COJIMDKEHUST CITyTHUKOB TPYIITMPOBKU HA
MaJjible PAcCTOSIHMSI TIPU YBEJIMYEHUU TPOCKIIMU
OTHOCHUTEJIbHOI CKOPOCTH AVV’_J ¢ 0.15 mo 1.2 m/c
CBUIIETEILCTBYET O 3HAYUTEIBHOM YBETUICHUU
pacXoXIeHHWST NBYX OPOWT W COOTBETCTBYIOIIEM
CHUXEHUHU BEPOSITHOCTU COMMKEHUST CITYTHUKOB.

6. 1151 CHIDKEHMST BEPOSITHOCTH CONVKEHUST T1ap
CIYTHUKOB i, j TPYNIIUPOBKHU Ha MaJible PACCTOSIHUSI,
JUTST KOTOPBIX TaKOe COMDKEHUE HexXelaTeIbHO, He-
00X0IMMO ITapaMeTphbl OTIEJICHUS CITYTHUKOB A VV[ o
AVL,,”_ BBIOMPATh 13 YCIOBUS MAKCUMAJIbHOIO YIJIO-
BOTO PasHECeHU OPOUT ¥, ; B OKPECTHOCTH YMCEll
BUTKOB mosieta N ~ N, U ¢ peannsanuein Makcu-
MaJIbHO BO3MOXHOI OTHOCHUTEIbHON CKOpPOCTHU
AVVM_. [IprMepoM pe3KOro CHUXKEHUSI BEpOSITHO-
CTU CONMMKEHUST CIYTHUKOB Ha MaJjible pacCTOSIHUS

Ha OOJIBIIMX BpEeMEHHBIX MHTepBaJIaX CIYKUT CXeMa
IPYIIIOBOTO OTAENeHUs CIlyTHUKOB Ha PH «/IHenp»,
peanusyroniast AVV;.,- =5...6M/cu AVu/,,j ~0.

7. Pe3ynsraThl MPOBENEHHBIX paboOT 1Mo cOIMXKe-
HMIO CITyTHUKOB IPYITITMPOBKI Ha MAJTbIe PACCTOSTHUST
1 OLICHKaM BEPOSTHOCTH TaKWX COMVIKEHWIA TIpeaBa-
PUTEITHHO MOTYT CYMTATLCS MHBAPUAHTHBIMU K YWC-
JIy CITyTHUKOB B I'PYIIITMPOBKE, €CIM OTHOCUTEIbHbBIE
CKOPOCTH OTIEJICHUSI CIYTHUKOB (AVV’,‘/ , AVN,,, ) Ha-
XOIISATCS Ha YPOBHE TAaHHBIX, UCITOJIb3YeMBIX B CTAThe
TIPU TIPOBENEHUH OIIEHOK M COOTBETCTBYIOIINX pea-
JIM30BaHHBIM B TIpoeKTe «[j1o6ancTap».

8. 1o nipoBeneHus OoJiee AeTalbHbIX UCCIeloBa-
HUI pe3yabTaThl MPOBEIeHHBIX pabOT MOTYT pac-
CMaTpuBaThcsd KaK TeOpeTMYecKoe OOOCHOBaHWE
BO3MOXHOCTU COJIMKEHUST CITYyTHUKOB I'PYIIITUPOB-
KU Ha MaJjible pacCTOSIHMS Ha OOIBIINX BPEMEHHBIX
uHTepBasiax. [Ipyu 3TOM YCIIOBUSI OTHAEIEHUS IBYX
CITyTHUKOB, KOTOPBIM COOTBETCTBYET MaKCUMalb-
Hasl BEpOSITHOCTh UX COVDKEHUS Ha MaJIble pacCTo-
STHUST Ha OOJIBIIMX BpeMEHHBIX MHTepBaiax, orpe-
nensitores cooTHomeHusMu (7) u (16).
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HepxaBHe ninnpueMcTBo «KoHCTpyKTOpChKE OI0pO
«IliBneHHe» iM. M. K. Aurens», Hinpo, Ykpaina

METOAOJIOIA, METOOMU

I PE3VJIBTATHU ITEPIINX OLIITHOK
VMMOBIPHOCTI 3BJIMKEHHA CYITYTHUKIB
YI'PYITOBAHHSA HA MAJII BIACTAHI

3anponoHOBaHO MeTonM (AHAJTITUYHUI 1 YMCEeNbHUI Ha
OCHOBIi iHTETpYBaHHSI PiBHSIHb PyXy LIEHTPY Mac JBOX Cy-
MYTHUKIB) OLIIHKM WMOBIPHOCTI MepIINX 30JIMXKEHb CYITyT-
HUKIB YIpynyBaHHSI Ha MaJli BiICTaHiI B TPUBAJIOMY IOJbO-
Ti. Bu3dHaueHO yMOBM BilOKpeMJIEHHSI CYNyTHUKIB, ITiJ Yyac
peaiizalii SIKUX B IesIKOMY (O3HaU€HOMY UIsSI KOXKHOI Mapu
CYMYTHUKIB) iHTE€pBasi YKMcesl BUTKIB MOJbOTY IJIOIIMHU 1X
op0biT 30iratoTbes. BinnmoBigHO ISt TaKWX Map CYMyTHUKIB
MUMOBIpHICTB 1X 30JIMXKEHHST Ha MaJli BiICTaHI € MaKCHUMaJlb-
Hoto. [{71s1 yrpynoBanHs 3 12 cymyTHHKIB MPOBEAECHO BU3HA-
YeHHsI MMOBIPHOCTi 30JIMXKEHHSI JBOX Tap CYMyTHUKIB Ha
Bincrani 1o 100 M. OxgepkaHo AaHi 3a MOINepeIHbOIO OLliH-
KO0 MMOBIpHOCTI 30JIMKEHHS CYNYTHUKIB B YTPYIIOBaHHI y
pasi 30UIbLIEHHS 1X KiJTbKOCTI, HanpukJiaa, 10 100 oquHub.

Karouoei caoea: yrpynoBaHHSI CYNYTHMKIB, COHSYHO-CHH-
XPOHHIi OpOiITH, UMOBIPHICTb 30IMKEHHSI CYITyTHUKIB.

0. V. Degtiarev, A. D. Sheptun

Yuzhnoye State Design Office
named after M. K. Yangel, Dnipro, Ukraine

METHODOLOGY, METHODS,

AND RESULTS OF THE FIRST ESTIMATES
OF THE PROBABILITY OF CLOSE APPROACH
BETWEEN CONSTELLATION SATELLITES

Analytical and numerical methods are proposed for estimat-
ing the probability of first close approaches of the satellites in
a constellation during a long flight. Both methods are based
on the integration of equations of motion of centers of mass
of two satellites.

The satellite separation conditions are determined under
which the planes of their orbits coincide in a certain interval
of the number of orbits. This interval is defined for each pair
of satellites. Accordingly, for such pairs of satellites, the prob-
ability of a close approach will be maximal. The probability of
a close approach of two pairs of satellites to a distance of up to
100 m has been determined for a group of 12 satellites. Data
have been obtained on a preliminary estimate of the probabil-
ity of satellites’ approach in a constellation if their number
increases, for example, to about 100 units.

Key words: satellite constellation, sun-synchronous orbits,
satellite approach probability.
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OIITUMMUBALINA KOHCTPYKIIUN

NMITYJIbCHBIX TBEPAOTOINIMBHBIX

PAKETHBIX IBUTATEJIEN C METAJUIMYECKMMU KOPITYCAMU
ITYTEM OBBEAUHEHMSA UX B MOHOBJIOYHBIN OTCEK,
M3TrOTOBJEHHBIN U3 BBICOKOITPOYHOTIO IJIACTUKA

Paboma noceswena umnyabcHbim meepoomoniUHbIM PAKEMHbIM 08U2AMEeNAM, NPeOHA3HAYEHHbIM 045 YNPAGACHUS NOAeMOM
aspOOUHAMUYECKUX U KOCMUHECKUX 006eKmos. Ynpaenenue noiemom a3apooOuHamu4ecKux u KOCMUHeCKux o06eKkmoe mocem
0CYuecmensimoCsi ¢ NOMOWbI0 MEepOOmMONAUBHbIX PAKeMHbIX dgueameneil, 004a0arouux cneyualbHbIMU YCmpolucmeami, no360-
ASIOUWUMU USMEHAMb HANpasaeHue eekmopa mseu (n0gopomHvle CoOnaa, 2azogoie pyau u op.). O0nako smu ycmpoiicmea He 6cee0a
nozeoastom obecneuums HeoOX00UMYI0 OUHAMUKY u3MeHeHus gekmopa msieu. [loamomy npouecc ynpagrenus noAemom Moxcem
npoucxooums 3a cuem NPpUMeHeHus: Habopa Mar02adapumHbIX UMRYAbCHbIX MEEPOOMONAUBHBIX PAKeMHbIX 08u2amenell, cpaba-
MbIBAIOWUX 8 HYICHBLI MOMEHM 8PeMeHU U 8 mpeOyemMomM HANPaGAeHUU.

Paccmompena koncmpyKkyusi umnyabCHbIX MeepoomonaUGHbIX PAKemHbIX 0gueameneil ¢ MeMmaitudecKumu Kopnycamu, a makice
KOHCMPYKUUsl, KOMOpast N03604sem 006e0UuHUmMb 0su2amenu 8 MOHOON0UHbLI OMCEK, U320MOBGACHHDBLI U3 BbICOKONPOYHO20 NAACMUKA.
Takoii nepexod moxcem nO360AUMb YMEHbUUNMb MACCY 08USAMENbHO2O OMCEKA, 8 OCHOBHOM 3a CHem Nepexooa om KOHCMPYKUUU 6
sude omoenvHbIX dgueameneil ¢ MEMANNUYECKUMU KOPRYCAMU K KOHCMPYKUUU, KOmopas o0seduHsiem ux ¢ MOHOOA0YHbII Omcek,
U320MOBNCHHDLIL U3 BLICOKONPOYHO20 NAACIMUKA MemMOO0OM A0OUMUBHbIX MEXHOAOUN, A MAKICe 3G CHem UCKAIOHEHUS U3 KOHCMPYKUUU
OMCEKa NeMEeHMO08 KPenaeHus Kaxncooeo omoeabHo20 UMNYAbCHO20 MEepOOMONAUBHO20 PAKeMHO20 08U2amensl.

Ilpuseden cpasrnumenvblii AHAAU3 U ONUCAHBL 0COOCHHOCMU KOHCMPYKYUU UMAYAbCHbIX MEEPOOMONAUBHBIX PAKEMHbIX 08U~
eameaneil ¢ MEMANAUMECKUMU KOPRYCAMU U KOHCMPYKYUU, KOMOPAsl no3eoasem 00seduHums dgueamentt 8 MOHOON0YHbLI OMCEK,
U320MOBACHHBLI U3 8bICOKONPOUHO20 naacmuka. [lpueedenvl pesysbmamol pacuema Kodgh@uuyuenma 3anaca npoHHOCMu KoH-
CMPYKYUU KOPRYCca UMNYAbCHBIX MEepOOmMONAUGHbIX PAKEMHbIX dgueameneil 8 00ulem omcekxe, U320mogaeHHOM Memoodom adou-
MUBHBIX MEXHOA0RUL, A MAKICe CPABHUMENbHBLE 8ECOBbIE XAPAKMEPUCMUKU, KOMOPble N0360AI0M OUEHUMb UeAeCO00paA3HOCTb
nepexoda K KOHCMPYKUUU UMNYAbCHIX MEEPOOMONAUBHBIX DAKEeMHbIX dgueameneil 6 00ujem omceke, u3eomoeAeHHOM MemoooM
adoumueHbvIX MexHON0UIL.

Karouesvie caoea: MoHoON04HbLI OMCEK, UMNYAbCHBLI 08U2AMEND.

JUIsT yrmpaBieHUsT TOJIETOM a’pOAWHAMUYECKUX W | HBIMM YCTPOMCTBAMU, ITO3BOJISTIOIIMMM W3MEHSTh
KOCMHUYECKNX OOBEKTOB IIIMPOKO UCITOJB3YIOT TBEP- | HaIlpaBJIeHME BEKTOpa TATW (ITIOBOPOTHEIE COILIA,
JIOTOIUTMBHBIE IBUTATEIM, O0Jagalolye ClielMaib- | ra3oBble pyau u Ap.). OmHako 3TH yCTpoiicTBa He
©5. K. MADIUH., E. C. IMUTPEHKO, T. 5. TONOUbSIHLL Bceraa IMo3BOJISIIOT 00eCcIieunTh HEOOXOIUMYIO M-

H. C. MUXAWJIOB, B. B. DWJIMIIIIOB, B. B. OIVIUX, 2019 HaMUKY UBMEHCEHUA BEKTOpaA TATH, U B 9TOM CJIy4ac
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Puc. 1. KOHCTPYKIIMST UMITYJIbCHBIX TBEPIOTOIUIMBHBIX pa-
KETHBIX IBUTaTeseil: / — nmuponarpoH, 2 — Kpbllika, 3 —
KopIyc, 4 — BOCIUIAaMEHUTE)b, 5 — 3apsiji, 6 — TpyOKa-au-
adparma

5

\
,\ Wi

Puc. 2. Cxema cOOpKM UMITYJIbCHBIX TBEPAOTOIIMBHBIX pa-
KeTHBIX IBUraTeneit: / — nmuponaTpoH, 2 — Kphllika, 3 —
BOCIUTAMEHUTENb, 4 — 3apsia, 5 — Kopmyc, 6 — TpyOKa-1au-
adpparma

JUUIS1 YTIpaBJIEHUS TTOJIETOM MOXKET IMPUMEHSIThCS Ha-
0op MaJioradapuTHbBIX UMITYJIbCHBIX TBEPAOTOTLINB-
HbIX pakeTHbIX aBurateneit (MPATT), cpabaTbiBa-
IOLIMX B HYXXHBIA MOMEHT BPEMEHU U B TpEOyeMOM
HampasiaeHuu [1, 2].

B crarbe paccMOTpeH BapuaHT KOHCTPYKIIUU
WUPATT paspadorku I'TI «<Kb «FOxxHOoe» B BUae OT-
JIeJIbHBIX MMITYJIbCHBIX JBUTaTeNel ¢ MeTalinye-
CKMMM KOopIycaMu (BapHaHT 1), a TakKe Ipemioxe-
Ha KOHCTPYKILIMSI, KOTOpasi MO3BOJIsIeT 00beIUHUTD
WMITYJIbCHbIE JBUTATEIM B MOHOOJOUHBINA OTCEK,

34

WU3TOTOBJIEHHBI M3 BBICOKONIPOYHOIO IUIaCTHKA
(BapuanrT 2).

Texanmyeckne TpeOOBaHHS K WMITYJILCHBIM TBEPIO-
TOILUIUBHBIM PAKETHBIM ABUraTe M. 1151 OLleHKU 11e-
JIeCOOOPa3HOCTH Mepexoaa OT OTAETbHBIX UMITYJIbC-
HBIX JBUratejell ¢ MeTaNIMYeCKMMU KOopIlycaMu K
MOHOOJIOYHOMY OTCEKY MMITYJIbCHBIX IBMTaTesei
ObUIM KCITOJIb30BaHbl TAKME 3HAYEHUS OCHOBHBIX
xapaktepuctuk UPITT:

© BpeMsI OJJHOI0 UMITyJibca Tsiru — He 6osee 0.07 ¢;

e Mmacca otrceka ¢ ynpasisiomumu UPITT u ane-
MEHTaMM KpeljieHus — He Oosee 112 K.

CpaBHUTEIbHBIN aHAU3 Pa3IMUHbIX BApUAHTOB
koHcTpykiuu MPJTT nBurarenbHOTo oTceka B lie-
JIOM TTPOBOAMJICS JJIS1 YCJIOBHO TIPUHSITOTO KOJUYe-
crBa UPATT — 72 u 3HaYeHUS] CYMMapHOIO MM-
MyJbca oTaeabHOro npurarenst — 30 Kre-c.

KoHcTpyKumsi 0T€1bHOT0 MMITYJIbCHOTO TBEP/O-
TOINJIMBHOTO PAKETHOTO JABUraTeJis ¢ METAJIIMYECKUM
kopmycom (Bapuant 1). Koncrpykuus WPIATT
(puc. 1) mpeacrasisgeT co00if TUTAHOBBINA, LEIb-
HOCBapHOU Kopryc 3 ¢ pe3b0OBbIMU MTOCaT0YHbBI-
MM MeCTaMU T0J KPbIIKY 2 U TpyOKy-auadparmy
6. B nBuraresie B KauecTBe TBEpAOro TOIIMBA UC-
MOJIb3YETCS aAPTUJIEPUUCKUIN TTMPOKCUIMHOBBIN
nopox [3]. CHapsikeHHe ITOPOXOM 5 IIPOUCXOAUT
3aChINKOM TpaHyJ uyepe3 pe3bO0OBOE OTBEPCTHUE B
KOpITycCe.

Cxema cOopku BapuaHTa KoHCTpykuuu UPATT
npuBeneHa Ha puc. 2. CoOopKa IBUTaTeIsI BBIITOIHSI-
eTcsl B cliefyIollleil mociea0BaTe/IbHOCTH:

— B KOPITyC BKpy4YMBaeTcsl TpyoKa-auacdparma;

— yepe3 ropJIOBUHY KOpITyca 3aChINalTcsl TpaHy-
JIBI TIOPOXOBOTO 3apsifia;

— B pe3b00OBOE OTBEPCTME TOPJIOBUMHBI KOpPITyca
BKPYUYMBAETCS KPBIIIKA C BOCIIJIAMEHUTEJIEM;

— B pe3b00BOE OTBEPCTHE KPBILIKUA YCTAHABIU-
BaeTcsl MUPOMNATPOH.

KoHcTpykTHBHASA cXeMa 0TCeKa PAKeTbl C MMITYJIb-
CHBIMH TBEPIOTOIIMBHBIMU PAKETHBIMH JBUTATEISAMH
¢ MeTa/lIm4ecKumMm Kopmycamu. Puc. 3 pencrasisier
KOHCTPYKTUBHYIO CXEMY OTCeKa paKeTbl, KOTOPbIi
coctouT u3 otaeabHbix MPIATT, Kopmyca KOTOpPBIX
MU3TOTOBJIEHBI U3 TUTAHA.

MMnynbcHbIE TBEPAOTOIIMBHBIE PAKETHbBIE JBU-
raTeJii yCTaHABJIMBAIOTCS B OTCEK PaKeThl Mapa-
JienbHbIMU spycaMu. [Ipu olieHKe Macchl Kopryca
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sl

Puc. 3. KOHCTpyKTHBHAsI cXeMa OTCeKa PaKeThl

1 2 ;3 4 6
/ 8.25 7
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Puc. 4. KoHCTPYKITUST UMITYJTbCHBIX TBEPAOTOIUIMBHBIX pa-
KEeTHBIX JABUTaTeNeil: | — mupomnarpoH, 2 — BOCIIAMEHU-
Tenab, 3 — ceTKa, 4 — KopIyc, 5 — 3apsin, 6 — raiika, 7 —
coruio, § — 3arnymka, 9 — nuadparma, /0 — yrioTHUTENb-
Hoe Kosblo, /1 — KpblllKa, /2 — npokJiaaka

HWUPATT ucrionb3oBaimch 3Ha4eHNUE TIOTHOCTU TH-
tana 4.5 r/c M3 u npenen npounoctu 750 MITa.

KoHcTpyKius iMnyJIbCHOTO TBEPIOTOILIMBHOTO pa-
KEeTHOro Japuratejsi (BapuaHt 2). B KauecTBe ajibTep-
HaTuBbl KOHCTpyKUMu VPITT ¢ MeTaminyecKumu
KOpITycaMM PacCMOTPEH BapMaHT, B KOTOPOM KOp-
nyca UPIATT u xopmoyc oTceka IIpeacTaBiIsSIOT CO-
001 OIHY OOIIYI0 KOHCTPYKLIWIO, U3TOTOBIEHHYIO
METOIOM adAUTUBHBIX TexHoaoruii (3D-nevaTs) us
BBICOKOITPOYHOTI'O IIACTHKA.

—

u

—W

/N

Puc. 5. Cxema cOOpKM MMITYJILCHBIX TBEPIOTOIIMBHBIX pa-
KETHBIX ABuraresieii: / — muponarpoH, 2 — Kpblllika, 3 —
BOCIUIAMEHUTENTb, 4 — KOPITyC, 5 — TpyOKa-nuadparma, 6 —
3apsii, 7 — raiika, & — CcOruio

Puc. 6. LlenbHblii KOPITYC OTCEKA UMITYJIBCHBIX TBEPAOTOIUIUB-
HBIX PaKEeTHBIX IBUTaTEJICi

KOHCTpYKIIS OTAETLHOTO 3JIEMEHTa 3TOTO KOPITY-
ca TIpeZicTaB/ieHa Ha puc. 4, a ero cbopka — Ha puc. 5.

CoOopka aBuraressi BBIMOJHSETCS B CeIyIOIei
MMOCJIeI0OBATEIbHOCTH:
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Puc. 7. Pesynbrarbl pacyera koo uliMeHTa 3araca MpoYHOCTY KOHCTPYKIIMU Kopryca: a — B 1, 6 — Buj 2

\

1 2

Puc. 8. KoHcTpyKTUBHas cXemMa OTceKa pakeTbl: / — UMITYJIb-
CHBIII TBEPIOTOIUIMBHBIA PAaKEeTHBIN IBUraTeb, 2 — OTCEK
pakeThI

e B KOpIIyC BKpYy4YMBaeTcsl TpyOKa-muagparma,
yCTaHABJIMBAETCs raiika 1 COILIo;

e yepes3 ropJIOBUHY KOpIIyca 3achINaloTCs rpaHy-
JIBI TIOPOXOBOTO 3apsifia;

e B pe3b0OBOE OTBEPCTHE TOPJIOBUHBLI KOpITyca
BKPYYMBACTCS KPHILIKA C BOCIJIAMEHUTEJIEM;

e B pe3b00BOE OTBEPCTHE KPBIIIKN YCTaHABINBA-
eTCs ITMPOIIaTPOH.

Kopnyc uMnyabCHBIX TBEPIOTOILIMBHBIX pPaKeT-
HBIX JIBHTaTejieil B 001eM OTCEeKe, H3rOTOBJIEHHOM
METOAOM AJIUTHBHBIX TexHojormii. Kopryc um-
MYJbCHBIX TBEPAOTOIUIMBHBIX PAKETHHIX JIBUTATE -
JIell, MpeacTaBiseT coOOi LIeTbHYIO KOHCTPYK-
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11110, HaleyaTaHHy1o Ha 3D-npuHTepe. DTa KOH-
CTPYKIIMSI COCTOUT M3 KaMep, pacnojaraloiuimnxcs
napajjieibHBIMU sipycaMu. SIpychl cMellleHbl Ha
30° Ipyr OTHOCUTEJIBLHO APYra U COeAMHEHBI MeXK-
ny coboli pedOpaMu KeCTKOCTH.

B xauectBe Marepuana IS M3TOTOBICHUS
Kopmyca mpemiaraercs Iuiactuk tuna PEEK.
PEEK — mcKycCTBeHHBII MaTepuajl ¢ BBICOKON
IIPOYHOCTHIO, YIIPYTOCThIO, TEIUIOCTONKOCTBIO K
(GOPMOU3ZMEHEHUI0O U HU3KUM KO3(DPULIMEHTOM
TpeHus. [To MpoYHOCTH U yNIPYroCTH OH MPEBOC-
XOAUT OOJBIIMHCTBO TEXHUYECKUX MCKYCCTBEH-
HBIX MaTEepUaIoB, OCOOEHHO TMPU BBICOKUX TEM-
nepatypax. JlaHHBII MaTepuas MPUMEHUM IJIsT
W3TOTOBJICHUS IeTajeil MEeTOAOM aJIMTUBHBIX
texHosoruii (3D-nmeuath). IIpu olLieHKE Macchl
KOpITyca WCITOJb30BAIMCh CJEAYIOIINE TaHHBIC
st tutactuka tuia PEEK:

e IOTHOCTL — 1.49 1/cMm3;

e ripeaes npoyHoctu — 200 MITa.

Pesynsrarhl pacuyeToB KOHCTPYKIMH KOpIyca M3
BBICOKONPOYHOro Iiactuka. [IpoBeneHHBIE B IpO-
rPaMMHOM KOMITJIEKCE «ANnsys» pacyeThl Ha MPOY-
HOCTb, MpeACTaBJIEHHbIE HAa pUC. 7, TTOKa3aau, 4ToO
IUJIS IPUHSITBIX TeOMETPUUECKMX TTapaMeTpOB CUJIO-
BBIX BJIEMEHTOB, MEXaHUUYECKME XapaKTepUCTUKU
MPUMEHEHHBIX MAaTEPUAIOB U HATPY30K, MPOYHOCTh
koHcTpykunu UPITT st BceX pacyeTHBIX ClydaeB
obecrneynBaeTcsl ¢ MUHUMAJbHBIM KO3(hGUIIMEH-
TOM 3araca npoyHocTu: n > 1.04.
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ITpoBeneHHbIE pacyeThl Ha MPOYHOCTb MOATBEP-
JIJIM TTPAaBUJIbHOCTb BbIOOpA KOHCTPYKTUBHOM CXe-
Mmbl yrpasistiommux UPIATT.

ITpounocts ynpasisitomux UPATT mist npuns-
TBIX TOJIIIIMH CUJIOBBIX 3JIEMEHTOB, HarpeBe, ypoB-
HSIX Harpy3ok M MeXaHWYeCKMX XapaKTepUCTUK
MPUMEHEHHBIX MaTepUaaoB 00ecrieynBaeTCsl.

KoHcTpykTHBHAsI cxeMa MMITYJIbCHBIX TBEPIOTOI-
JIMBHBIX PAKETHBIX JBUraTeJieil B MOHOOJIOYHOM OTCe-
Ke, M3rOTOBJEHHOM M3 BbICOKOMPOYHOIO IJIACTHKA.
Ha puc. 8 mpencraBieHa KOHCTPYKTHMBHASI CXema
OTCeKa paKeTbl, KOTOPbIIA M3TOTOBJEH C UCIMOJIb30-
BaHMEM alIUTUBHbBIX TexHosioruii (3D-nevarn).

B oTceke npeaycMOTpeHbl yriyoaeHust 1JIsl 3apsi-
JIOB TBEPJOTO TOIJIMBA UMITYJILCHBIX TBEPAOTOILINB-
HBIX pPaKeTHBIX JIBUTaTeNieil, KOTOphbie pacroJjara-
I0TCS NTapasuleJIbHBIMU SIPYCaMU.

CpaBHUTENbHBIN aHAJIU3 METAJUIMYECKOTO U T1a-
CTUKOBOTO BapuaHTa KOHCTPYKIIMU JABUTATEIbHOTO
orceka MPATT moxasan, 4To ero macca MOXKET
OBITb CYIIIECTBEHHO YMEHbIIIeHaA.

Jlnst yclIOBHO MPUHSITBIX 3HAYEHU CyMMapHOIO
nmitysbea otaeapHoro MPATT u ux konnuectBa —
3TO YMEHBIIIEHWe COCTaBUJIO BeMuuHy 15 %. Bro
YMEHbILIEHUE MPOU30IIJI0O B OCHOBHOM 3a CYET UC-
KJIIOYEHUS U3 KOHCTPYKLIMU OTCEKA SJIEMEHTOB Kpe-
TUIEHUS] KaX/I0TO OTAEJIbHOTO UMITYJIbCHOTO TBEPIO-
TOIJIMBHOTO PAKETHOTO JABUTATEJIS.

BbIBOJbI

B HacTosiiiee BpeMsi B pa3HbIX 00J1aCTSIX HAYKU 111U -
poKoe MPUMEHEHUE U PacIpOCTpaHEHUE MOTyJaroT
JIeTaJIM, U3TOTOBJEHHBIC C MCMOAb30BAaHUEM AU~
TUBHBIX TexHoJoruii (3D-1euatn).

B pesynbrare npoBeneHHONM NPOEKTHOH pabOThHI B
TocynapctBeHHOM Tipeanpusitiu «KoHcTpykTOpcKoe
61opo «kOxHoe» nMenn M.K. AHresnst MOXXHO cienarthb
BBIBOJI, YTO B CJlyyae Iepexofa OT KOHCTPYKLIMU B
BU/JIE OT/IEIbHBIX UMITYJICHBIX TBEPAOTOIUIMBHBIX pa-
KETHBIX JIBUTaTe/Iei ¢ MeTaTIMYECKMM KOPITycaMu K
MOHOOJIOUHOMY OTCEKY, U3TOTOBJIEHHOMY U3 BHICOKO-
[IPOYHOTO IIACTUKA METOIOM aJIUTUBHBIX TEXHOJIO-
T'MiA, MacCy IBUTaTeIbHOTO OTCEKA MOXKHO 3HAYMTEITb-
HO YMEHBIIHTb.

Kpome Toro, Takoit Iepexon IO3BOJIIET CYIIe-
CTBEHHO YMEHBIINTL TPYLOEMKOCTb U CTOMMOCTD
MU3TOTOBJICHUSI IBUTATEJIbHOTO OTCeKa.
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ONTUMIBALISI KOHCTPYKIIIT

IMIIYJIbCHUX TBEPAOITAJIMBHUX

PAKETHUX JIBUTYHIB 3 METAJIEBUMMU
KOPITYCAMMU HIIAXOM Ob'€JHAHHA

iX Y MOHOBJIOYHUU BIACIK, BATOTOBJAEHHUM
I3 BUCOKOMIIHOI'O ITNTACTUKY

PoGoTy mpucBAYeHO iMITyJIbCHUM TBEPAOIIAJTUBHUM PaKeT-
HUM ABMIYHAM, NMPU3HAYEHUM JJIsI KEPYBAHHSI I1OJbOTOM
aepoAMHaMIYHUX i KOCMiYHMX 00’eKTiB. KepyBaHHS Mobo-
TOM aepoAMHaAMiIUHUX i KOCMIYHUX 00’ EKTIB MOXKe 3[ilCHIO-
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BaTHCS 32 JOTIOMOTOIO TBEPIOTIAJIMBHUX PAKETHUX IBUTYHIB
i3 creuiaJIbLHUMU IIPUCTPOSIMU, 1110 JO3BOJISIIOTh 3MiHIOBATU
HaIpsIMOK BEKTOpa TATU (ITOBOPOTHI COIUIa, ra30oBi pyJii Ta
iH.). OnHaK 11i TPUCTPOI He 3aBXKIU T03BOJISIIOTh 3a0e3Ieun-
TU HEOOXiIHY IMHaMIiKy 3MiHM BeKTopa Tsru. Tomy mporec
YIIpaBIiHHS ITOJTLOTOM MOXKE BiOYBaTHCh 332 paXyHOK 3aCTO-
CyBaHHSI HaOOpy MajorabapuTHUX iMITyJIbCHUX TBEpIOIla-
JIMBHUX PAaKETHUX IBUTYHIB, CIPAllbOBYIOUMX Y MOTPiOHMIA
MOMEHT Yacy i y NOTpiOHOMY HaMpsIMKY.

Po3risiHyTo KOHCTPYKILilO iMITyJIbCHUX TBEPAONAIUB-
HUX PaKEeTHUX IBUTYHIB 3 METAJIEBUMU KOPITYyCAMU, a TAKOX
KOHCTPYKIIilO, sIKa M03BOJISIE 00 €IHATU IBUTYHHU B 3arajib-
HU BiICiK, BUTOTOBJCHUI i3 BUCOKOMIITHOTO TLIACTHUKY.
IIpu npoMy Takuii mepexig MoOXe I03BOJUTU 3MEHILIUTU
Macy IBUTYHHOTO BiJICiKy, B OCHOBHOMY 3a paxyHOK Mepe-
XOJly BiJl KOHCTPYKIIii Y BUIJISIZIi OKPEeMUX JBUTYHIB 3 MeTa-
JIEBUMU KOpPITycaMU 10 KOHCTPYKIIii, sika 00’€IHYE iX y MO-
HOOJIOYHMIA BiJICiK, BUTOTOBJICHUI i3 BUCOKOMIIIHOTO TIjlac-
TUKY METOJIOM aIMTUBHMX TEXHOJIOTii1, a TAKOX 3a pPaXyHOK
BUKJIIOUEHHS i3 KOHCTPYKIIil BiJICIKy €JIEeMEHTIB KpirIeHHS
KOXHOTO OKPEMOro iMITyJIbCHOTO TBEPIOMAIMBHOTO paKeT-
HOTO JIBUTYHA.

[TpuBeneHo MopiBHSUTLHUI aHaJTi3 i OMTMCaHO 0COOIMBOC-
Ti KOHCTPYKIIi1 iIMITYJIbCHUX TBEPAOTAJIMBHUX PAKETHUX JIBU -
TYHiB 3 METaJIeBUMU KOPITyCaMM, a TAKOXK KOHCTPYKILisl, siKa
JI03BOJISIE 00’ €AHATU IBUTYHU Y MOHOOJIOYHUI BifICIK, BUTO-
TOBJICHU i3 BUCOKOMIILIHOTO I1acTuKy. [IpuBeaeHo pe3yib-
TaTU PO3paxyHKy KoedillieHTa 3amacy MillHOCTi KOHCTPYKILil
KopIyca iMITyJIbCHUX TBEPIOIAIMBHUX PAKeTHUX IBUTYHIB
y 3araJlbHOMY Bi/ICiKy, BUTOTOBJIECHOMY METOIOM aIUTUBHUX
TEXHOJIOTi, a TaKOX IMOPIBHSUIbHI BaroBi XapakKTepUCTUKU,
SIKi TO3BOJISIIOTh OLIIHUTHU JTOLIJIBHICT TEpexoay 10 KOH-
CTPYKIIii iMITyJIbCHUX TBEPIOIAJUBHUX PAKETHUX TBUTYHIB
y 3araJlbHOMY BiZICiKy, BATOTOBJICHOMY METOJIOM aJIUTUBHUX
TEXHOJIOTIH.

Karouoei caoea: MOHOOJIOUHUI BiICIK, iIMITYJIbCHUI TBUTYH.
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OPTIMIZATION OF THE DESIGN

OF PULSE SOLID-PROPELLANT ROCKET ENGINES
WITH METAL BODIES BY THEIR ASSOCIATION

IN THE MONOBLOCK COMPARTMENT MADE

OF HIGH-STRENGTH PLASTIC

The article concerns the pulse solid-propellant rocket engines in-
tended for flight control of aerodynamic and space objects. Flight
control of aerodynamic and space objects can be implemented
by means of the solid-propellant rocket engines equipped with
special devices, allowing changing a thrust vector direction (ro-
tating nozzles, jet vanes, etc.). However, these devices do not
always provide the necessary dynamics of thrust vector change.
Therefore, the flight control procedure can occur through the
application of a set of small-size pulse solid-propellant rocket
engines firing at the right time and in the demanded direction.

We consider the design of pulse solid-propellant rocket
engines with metal bodies, as well as a design that allows inte-
gration of engines into the monoblock compartment made of
high-strength plastic using additive technologies. The substi-
tution of the set of separate engines with metal bodies by the
monoblock of integrated engines and elimination of each en-
gine mounting elements should provide the reduction of the
weight of a propulsion compartment.

The comparative analysis is given, and the design features
of pulse solid-propellant rocket engines with metal bodies are
described along with a design that allows them to be integrat-
ed into the monoblock compartment made of high-strength
plastic. The results of calculating the safety factor of the pulse
solid-propellant rocket engine body in the joint compartment
are presented along with comparative weight characteristics,
which can be used for the assessment of the advisability of de-
sign change to monoblock one.

Keywords: monoblock compartment, pulsed thruster.
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Hay4Hblit IEHTP a9pOKOCMUYECKUX UCCIIEIOBAHMIA 3eMIIn
HMHcTutyTa reosornyeckrx Hayk HalmoHanbHOM akageMun HayK
VYkpaunbl, Kue, YkpanHa

HAITMOHAJIbHAAL CUCTEMA
AUCTAHITMOHHOI'O 30HANPOBAHUA 3EMJIN:
TITOUCK PAIMOHAJIbHBIX PEHTEHNUN

B cmamuve ananuzupyromes mupoguie menoeHyuu co8peMenH020 OUCMAaHYUOHHO020 30H0uposanus 3emau (/133). OchosHol MUpoeoil meHoeH-
yueil /133 aengemcs ececmoporHee UHGopmayuoHHoe odecheuerue pearuzauuiu Konyenyuu yemoiusoeo paseumus OOH. Dmo peanuzyem-
€51 NYMEM OpeaHUu3ayuy OUCMAHYUOHHO20 MOHUMOPUH2A PA0A 00513aMeAbHbIX U CHeyUdUu1eckux noKkazameneti yecmoiMugo2o pazeumus mep-
PUMOPUIL HA HAYUOHANLHOM, DEUOHANBHOM U 2100a1bHOM YposHsx. Ha ocHose npoeedéntoeo anausa npediazaromes U 000CHO8bIBAOMCSL
Hanpaeaenus pazeumus /133, npuopumemnsie ona Yipaunol. K ueasim pazeumus HayuonanvHol cucmemst /133 Ykpaunoi credyem omnecmu
Y0081emeopeHe UHPOPMAUUOHHbIX NOMPeOHOCMeL Ome1ecmEeHHOU NPOMBIUUACHHOCU, CeNbCK020 X03SLCMea, OU3Heca, HayKu u 20cyoap-
CMBEHHO20 CIPOUMEAbCMBA, BKAKMASL YKpenieHue 000poHocnocobHocmu. OnpedeneHbl 0CHOBHbIE chepbl YKPAUHCKOU SKOHOMUKU U 0esi-
MeAbHOCMU 20CY0apcmea, 6 KOMopbixX NPUMEHeHUe CRYMHUK0801L uHgopmayuu 6ydem Haubonee 3¢gexmugHbim. K Hum omHeceHbl cenbckoe
XO35ICME0 U NPUPOOHbIE PECYPChbL, IKOA0USL, A MAKICe HAUUOHANbHAS 000pOHA. Paccmompersl mpebosatus K CHYMHUKO080L UHGopMayu,
cneyughuueckue 0ns Kaxcooi u3 yKazanHoix cgep. OmoenavHo oceeuyeHbl 0npochl KAAUOPOBKU CsEMOYHOL annapamypbsl, cepmupukauuil
Daspadamuvieaemvix Menmooos U MexHOA0ULL C UCHOAb308AHUEM CO30a6AeMO20 OMEHECMBEHHO0 HA3CMHO20 NOAU2OHA J133.

H3n001cero0 Hosoe uUdeHUe hopMUPOBAHUs NEPCeKMUBHOI YKPAUHCKOU CHYMHUK080U epynnuposku JI33, komopoe yeaecoolpasto ocy-
WeCmeNsims no NPOCMPAHCIMBEHHO-UePAPXUMECKOMY NPUHUUNY. 3ampazueaemcs 60npoc cocmasa 60pmosoii Hazpy3Ku NepcReKmueHbIX on-
eUeCmeeHHbIX CHYMHUK08bIX cucmem J[33. B uacmmuocmu, muposas npobnema Hedocmamxa UH@PAKpacHsiX CHYMHUKOBbIX U300paiceHull
CpedHe20 paspeuenls Modcem Oblmb CMASHEHA BKAIHEHUEM 6 COCMAs O0PMOBoli ceeMouHOI annapamypbl /133 nepchekmusHbIX YKPaAuHCKUX
CHRYMHUKOBbIX CUCIEM UHPAKPACHO20 CHeKMPOpaoduomMempa ¢ cyonukceabHoil pecucmpaiueti U 06pabomkol u300paxcenuii 015 nogbiuie-
Hus ux paspeutenus. Onucan umerowuiics 8 Ykpaure 3aden é 0anHoil obnacmu.

Karoueevie caoea: ducmaryuonnoe 30n0uposanue 3emau, Hayuonarvias cucmema /33, cmpameeus: pazgumus, MeicoyHapooHas
Koonepauus 6 HabaoeHuu 3emau, HayuoHalbhvle npuopumemst /133, bopmosas naepyska cnymuukog J133.

BCTYILVIEHUE

VYKpanHa BXOOWUT B YMCJIO CTpaH, KOTOPBIE OCY-
IIECTBISIOT Pa3HOOOPA3HYI0 KOCMHYECKYIO JIes-
TEJIbHOCTb, U OJHUM M3 €€ KOMIIOHEHTOB SIBJISIET-
¢ IUCTaHLUMOHHOE 30HaupoBaHue 3emum ([33).
Harreir ctpaHoif cO3MaHO M 3aITyllleHO HECKOJIBKO
cnyTHUKOB /133, ykpauHCKUe YYEHbBIE U CIIEIAATIM -
CThI pa3pabaThIBAIOT HOBbIE METOAMKHU U TEXHOJIO-

© M. A. TIOIIOB, B. U. IAJIbKO, C. A. CTAHKEBHUY, 2019

MU pEelIeHUs TeMaTUYeCKUX 3aJa4y, B TOM YKCIIE B
paMKax MeXXIyHapOIHbBIX IPOCKTOB.

OnHako JOCTUTHYThIE PE3YJbTaThl €ll€ He IMOJI-
HOCTbBIO OTBEYAIOT UMEIOLIEMYCS HaydHOMY U Hay4-
HO-TEeXHUYECKOMY MOTEHLIMAIaM, IO3TOMY BechMa
aKTyaJIbHBIM SIBJISICTCSI BOIIPOC BBIOOpA WU KOP-
PEKTUPOBKM CTPAaTeTUM IaJbHEHIIEro pa3BUTHUSI
oTeuecTBeHHOI cucteMbl J133.

B coBpeMeHHBIX YCIIOBUSIX KOHKYPEHIIUS B KOC-
MMYECKOM JesITeJIbHOCTH, B yacTHocTh B 1133, ycu-
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Puc. 1. Bunbl MOHUTOPUHTA MTOKa3aTesei yCTORYMBOTO pas-
BUTHS

JINBaeTCsl, MHOTHE TrOoCy1apCcTBa U KOMIAHUU Mpe-
JlaraloT CBOM YCJIyTY B pellIeHUM TeMaTUUeCKUX 3a-
nau 1133. YKkpauHa noKHa HalTU CBOIO «9KOJIOTH-
yecKylo Huly» /133 He ToIbKO B MHTepecax Halllo-
HaJIbHOT'O Pa3BUTHUsSI, HO W JJIsI PaBHOIPABHOTO U
5 (HEKTUBHOTO BKIIOYEHMS B MEXKIYHAPOIHYIO KO-
orepanuio. JIjist 3Toro ecTb BCe OCHOBAHMSI, HEO0-
XOJMUMO TOJIBKO MMPOAHATIU3UPOBATh U BLISBUTH ITE€p-
CIEKTUBHbBIE HAIMpaBJeHUS TIPUIOKEHUS YCUIUI B
obmactu 33 ¢ yu4€ToM Kak CIOXUBIIEICSI B MUpPE
CUTyallUU, TaK U UMEIOLIMXCS HayYHbIX, TEXHUYE-
CKUX U MTH(GOPMALIMOHHBIX HApabOTOK.

TEHAEHIIM COBPEMEHHOI'O MUPOBOTI'O
JUCTAHIHMOHHOI'O 30HJANPOBAHUA 3EMJIN

Kak u3BectHO, B ceHTs10pe 2015 roma Ha ceccun
IenepanbHoii Accambnen OpraHuszainuu OObeau-
HeHHbIX Hamumit (OOH) crpaHamu-yyacTHULIAMU
OblIa MPUHSTA MapagurMa yCTOMUYMBOTO Pa3BUTHS
MHPOBOIO cooOl1iecTBa U cGhOpPMYIMPOBAHBI CO-
oTBeTcTByIoIIMEe I1ieau (Sustainable Development
Goals — SDG) u 3aganus Ha nepuon g0 2030 roga
[6]. Llenmm HOCAT rITOGATBHBIN XapaKTep, a UX TOCTHU -
JKeHVe OCHOBBIBAETCSI Ha pe3ysbTraTax, MojlydaeMbIX
OTHEJNbHO KaXJOW CTPaHOW-YYaCTHULIEX B XO[e
BBIMIOJIHEHUSI 3aJJaHuii, TIPU 3TOM OHa CBOOOIHA B
BBIOOpE MYTU MOCTUXKEHUS YCTOMYMBOTO Pa3BUTHS
U MMeeT BO3MOXHOCTh Ha 3TOM ITyTH pelliaTh Hau-
0oJiee akTyaJbHbI€ U BaXKHbIE 151 HEE 3a1aui.
OO0s13aTeIbHBIM 3JIEMEHTOM ILIaHA peaan3aluu
KOHIICTIIIUM YCTOMYMBOTO PA3BUTHS SBISICTCS Te-
KYILIUA KOHTPOJIb YCIEITHOCTU BhIMOJIHEHUS chop-
mynupoBaHHbix OOH 3amau. [Iast aToro ornpene-
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JISTFOTCS CeMaTbHbIE TTOKA3aTeIu (MX KOJIUYECTBO
MOXET OBITh 00JIee COTHM), YacCThb U3 KOTOPBIX SIB-
JIsIeTCSI MaHIATHBIMU (T. €. BXOIST B CIIMCOK 00sI-
3aTeJIbHOM OTYETHOCTH Ha YPOBHE BCEro COOOIIe-
CTBa), a 4YaCTh ITOKa3aTesieil BELIOMPAETCST MCXOIST U3
0COOeHHOCTEM 1 cielM(pUIECKUX IIPO0IeM TaHHOM
CTpaHbl 1 B OCHOBHOM MCIIOJIb3YeTCSl Ha HalluO-
HajbHOM ypoBHe [3]. Kaxnasi ctpaHa uMeeT BO3-
MOXHOCTb CaMOCTOSITEJIbHO ONpPEAe/IsITh MPUPOLY
rnokazaTeJsiel, MX XapaKTePUCTUKU, CDOKH U METO/IbI
cOopa TaHHBIX 1 TToKa3aTeJieil B COOTBETCTBUM C Ha-
LIMOHAJIbHBIMU IIPUOPUTETAMU U TTOTPEOHOCTSIMU.

IIpuMepamu TakMx IoKa3aTesieil MOTYT CITy>KUTh
OLICHKM COCTOSIHUMSI 3€MEJIbHBIX, JIECHBIX U BOIHBIX
PeCypCOB, YPOXaMHOCTh CEJIbCKOXO3SICTBEHHBIX
KYJBTYp, MOKa3aTejJu MOMCKa U JOOBIUM MOJE3HBIX
KWCKOTIaeMbIX, YPOBEHb 3arpsI3HEHHOCTU aTMoCde-
pbI, TEXHOT€HHbIE HATrpy3KUW Ha MPUPOIHYIO Cpe-
1y, COCTOSIHME JTOPOKHOM MH(MPACTPYKTYpbl U JP.
IIpu 3TOM KO BCeM ITOKa3aTessiM TPeabsBISIOTCS
TpeOoBaHUS OAHO3HAYHOCTHU, TOCTOBEPHOCTHU, BO3-
MOXHOCTH COIIOCTaBJICHUSI, CTPOTOIO COOTBETCTBUSI
MEXIYHApPOIHBIM CTaHIAPTAM.

INokazarenn pacCUMTHIBAIOTCS Ha OCHOBE IaH-
HBIX, KOTOPBIE, B 3aBUCUMOCTU OT (PU3UUECKOTO CO-
JiepKaHusl TToKazaTesisl, MOTYT COOMPAaThCsl pa3HbI-
MM CIIOCO0AMM M C TIOMOIIBIO PA3IUYHBIX CPEJCTB
[3]. MOHUTOPUHI HEOOXOAUMBIX JAHHBIX MOXET
BBIIIOJIHSITHCS HAa HAlLlMOHAJIbHOM, PETMOHAILHOM U
r100aIbHOM YpOBHsIX (puc. 1).

HanumoHanbHBIE MOHMTOPMHTI SIBJISIETCS Hanbo-
Jiee BaxKHBIM YPOBHEM MOHMTOPHMHTA U OTIUPAETCS Ha
CYILIECTBYIOIIME B JaHHOM CTpaHe BeOMCTBEHHbIE 1
ME>XBEIOMCTBEHHbBIE CUCTEMbI COOpa U aHaIM3a IaH-
HBIX, TOCYIApCTBEHHbIE OpraHU3alluu, aKIMOHEpP-
HbIE, IPUBATHBIE U IPYTrMe KOMIIAaHUU, paboTatolLue
B COOTBETCTBYIOLLIEH chepe NesITeTbHOCTHU.

PervioHa/ibHbIIi MOHUTOPUHI ITPOM3BOAUTCS CHU-
JIaM1 HECKOJIBKMX COCEOHMX CTPaH U JaeT BO3MOX-
HOCTB IOJIy4aTh COIIACOBAHHbBIC 9KCIIEPTHBIE OLICHKU
OTHOCUTEIHHO (DYHKIIMOHUPOBAHMUSI U TEPCIEKTUB-
HbIX HarlpaBjJeHUl JaJbHEHIero pa3BuTUsI OOILIei
MH@PACTPYKTYPhI TIPUPOIHBIX, YpOAaHN3UPOBAHHBIX,
BOIHBIX U JPYTUX KOMIUIEKCOB, PACIIOJIOXEHHBIX Ha
TEPPUTOPHUSIX STUX CTPaH.

IIpenMeToM TIJ100AJIBHOTO MOHMTOPMHIA SIBJISI-
IOTCsI TTOKa3aTe/in, KOTOphIe HECYT B cebe nHpopMa-
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LIMI0 O TEKYIIEM COCTOSSHUM OOBEKTOB ILJIaHETap-
HBIX IIPOCTPAHCTBEHHBIX pa3MepOB, HATIPUMED OKe-
aHOB, MOpEi, OTAEJIbHBIX MAaTEPUKOB U 3eMJIU B
mesioM. brarogapst Takoit mH(GOpPMaLIMM MOXHO OCY-
LIECTBJISATh KOOPAMHUPOBAHHYIO MOIEPKKY CTpaTe-
Ui yIpaBJeHUs] MOJOOHBIMU O0OBbEKTaAMU, OIpPEe-
JISITh, KaKWe CTpaHbl WJIM PETMOHBI HYXIAIOTCSI B
HaunOOJIbIIIEH MOMOIIM, Y pellIaTh Ipyrue MoJgo0HbIe
3a/1auM.

ITporpecc B 1OCTUXKEHUHN YCTOMYMBOTO PA3BUTHS
B 3HAUMTEJIbHOI CTEIEHN 3aBUCUT OT YCIIEXOB B Ta-
KUX KJTIOYEBBIX chepax 4eIOBeUeCKOM AesATeTbHOC-
TH, KaK CEJIbCKOE XO3SIMCTBO, MPOMBIILIEHHOCTD,
SHEpreTHkKa, oOpa3oBaHUE, MOATOTOBKA KaapoB U
Ip. B cBsizu ¢ aTuM, Hapsiay ¢ NepeyucaeHHBIMU
BbIILIE TTPUMEHSIEMbIMU BUIAMU MOHUTOPUHTA, OT-
JIEJbHBIMU CTPAaHAMU WJIM TPYIIIIAMU CTPaH MOXKET
TaKKe BBIIOJHSITHCS TEMATUYECKUIA MOHUTOPUHT
(cM. puc. 1), opueHTUPOBAHHBIN Ha MOJIYYeHHUE I10-
KazaTeJieil TEKYIIEro COCTOSIHUSI B COOTBETCTBYIO-
et cepe nesaTeTbHOCTH.

CripaBelJIMBO CYMUTAETCS, YTO OJIHUM M3 HamOO-
Jee 3(P(PEeKTUBHBIX CPEACTB IMOJYYEHMS] IaHHBIX,
Ha 0a3e KOTOPBIX CTPOSITCSI OLIEHKM MoKa3zaTresei
YCTOMUYMBOTO pa3BUTHS, SIBJISIIOTCSI CUCTEMBI U TEX-
HOJIOTMU JTUCTAHLIMOHHOTIO 30HIMPOBAHMST 3eMJIU
(133) [10, 26]. K uncay TakMx CUCTEM OTHOCSTCS,
B IIEPBYIO OYepedb, CUCTeMa HaOJogeHus 3emiu
«Copernicus» 1 «cucTeMa CUCTeEM» HAOIIOAeHUS 3a
taHetoit 3emass GEOSS (Global Earth Observa-
tion System of Systems).

«Copernicus» — eBporieiickasi cucreMa MOHUTO-
pUHIa OKpyXKalollleil cpelbl, BKJIOUaoIlas rpyr-
MMUPOBKY CIYTHUKOB «Sentinel» [26]. OpourtanbHas
rpyrnmnupoBka «Sentinel» Hauaja co3naBaTbes B 2014
rony, B 2020 rogy B Heli OyIeT HEe MeHee IeCSTU KOC-
MMYECKHUX allllapaToB C Pa3IUYHBIMU BUIOBBIMU
TEXHUYECKUMU CpeacTBaMK st (hOPMUPOBAHMS
ONITUYECKNX MHOTOCIIEKTPAIBHBIX M PagroJIOKa-
LIMOHHBIX MHOTOIOJISIPU3ALMOHHbBIX U300pakeHU
3¢MHO# MOBEPXHOCTU PA3HOIO MPOCTPAHCTBEHHO-
ro paspeureHust (B ocHoBHoM — ot 10 go 300 M Ha
MecTtHocTH). TlojiyyaeMasi cmyTHUKaMu «Sentinel»
nHbopMalMs TpeaHa3HavYeHa ISl UCTIOIb30BaHUs
B MOHMTOPUHIE COCTOSIHUS 3eMeJib, UCCICAOBAHUU
coctaBa arMocdepbl, HaOMIOAeHUN MOTPAHUYHBIX
TEPPUTOPUIA, B MOPCKUX MUCCIIEIOBAHUSIX, KPU3UC-

HBIX CUTyalMsIX, B 3aJadyax U3y4yeHUsl KJIUMaTude-
CKUX U3MeHeHuii u ap. [IpoekT «Sentinel» puHaH-
cupyetrcsi EBpocoro3oM, o0l11Me 3aTpaThl Ha EPUOI
1o 2027 roga oueHuBaroTcs B 5.8—7.0 MiIpI eBpo.

Cucrtema «Copernicus» 3a4acTylo paccMaTpuBa-
€TCs KaK eBpOoIelicKasl COCTaBJISIIONIAs TJ100aaIbHOM
cucteMbl HaOmoaeHud 3a twiaHetoi 3emiass GEOSS
[https://www.earthobservations.org/activity.
php?id=1435].

GEOSS npeacrasisier co00it UHTETPUPOBAHHYIO
CHUCTEMY, BKJIIOYAIOLIYI0 MHOXECTBO HE3aBUCUMO
(bYHKIMOHUPYIOLINX MOJACUCTEM, CBSI3AHHBIX, OI-
HaKo, B MHTepecax pelieHus: oomux 3agay [4]. Ta-
KMMU 33Ja4aMU SIBJISTIOTCS IIPOTHO3 ITOTOIbI, MOHU -
TOPUHT KIIMMATUYECKUX U3MEHEHMST, KOHTPOJIb SHEP-
reTUYEeCKUX, BOIHBIX, 36MEIbHBIX PECYPCOB, U3y4e-
HUe Ouopa3zHOOOpa3us, MCCIeIOBaHUE ITOCIEACT-
BUI MPUPOIHBIX OEACTBUI, YIpaBIeHUE CEIbCKUM
xo3sicTBoM U Jp. [loacuctemMbl co3aatoTcst U 9KC-
TUIyaTUpPYIOTCSl pa3HBIMU CTpaHaMu, B UX paboTe
HCTIOIb3YeTCsl KaK CIYTHUKOBasl, TaK M Ha3eMHasi
uHdopMaIusl.

Hauano co3nanusg cucrembl GEOSS natupyet-
cs1 2005 room, U ¢ TeX MOp MOJYy4eHO MHOTIO Bax-
HBIX TIPUKJIAIHBIX Pe3yJbTaToOB, BKIIOUasi paspa-
0OTKY MPUHILIMIIUAIBHO HOBBIX TexHoJioruit /133
Ha OCHOBE CaMbIX COBPEMEHHBIX MOjiejiell reo- 1
5KOCUCTEM, CO3JaHue UH(MOPMALIMOHHBIX CEPBU-
COB, aJalNTUPOBAHHBIX K MOTPEOHOCTSIM KOHEY-
HOTO MOJIb30BaTes, U AP.

Opnna u3 3amad cuctrembl GEOSS B Gnmukaiinieit
MEepPCIeKTUBE — 00eCneYUTh MOHUTOPUHT ITTOKa-
3arejieil ycroituuBoro paszsutus SDG. Ilpennona-
raeTcsi TAKUM ITyTeM OIIEPATUBHO IIOJy4aTh TEKY-
11y10 MHGhOPMALIMIO O CTa IT00AJbHbBIX TTOKa3aTeJIsIX
SDG, a TakXe DOMOJIHUTEIHLHO OTCJIEXKWBATh Ha-
LIMOHAJIbHBIE TTIOKAa3aTeJIM, KOTOPble B COBOKYITHOC-
TH OTOOpaxKarmoT BeCh CHEKTp mokazateieir SDG,
CBSI3aHHBIX C OKpY:Kalolleil cpemoii [26].

TakuMm oOpa3oM, B COBpEMEHHOM MUPE pa3iny-
HbIE CTpaHbl OOBEAVHSIIOT CBOM YCUIIMSI M YCIIEII-
HO CO3[al0T KOJUIEKTUBHBIE CUCTEMBI HAOIIOACHMS
3eMJIi, KOTOPbIE TIOMOTAIOT, B YACTHOCTH, B pellie-
HUU TAaKOW aKTyaJbHOM M XU3HEHHO BAXXHOW IS
yeJoBeYecTBa 3ajaur, Kak TMepexoja K yCTOMUMBO-
My pasButuio. Ho, K coxaneHuto, YkpauHa Ioka
HE HalllJla CBOEro JIOCTOMHOIo MecTa B MEXAyHa-
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Puc. 2. Pacnipenenenue 3amyiieHHbIX B TedeHue 2017 roma
CITyTHUKOB 10 UX (PYHKLIMOHAIBHOMY MpeIHA3HAYCHUIO

POIHOM KOCMMYECKOM cooOiiecTBe. M3HayaabHO,
Tocjie TOJyIeHUs] He3aBUCMMOCTHM, Hallla CTpaHa
nMeNla XOPOIIWA HayIHO-TEXHUISCKWI W TIPOU3-
BOJICTBEHHbII MOTEHIIMAT B KOCMUYECKON OTpac/u.
DTOT NMoTeHU KA Mo3BoJIsT YKpauHe B 1990-¢ roabl
BXOJIUTh B MSITEPKY CTPaH, KOTOPbIE UMEIU MOJTHbIN
LIMKJI TIPOM3BOACTBA paKeT-HOCUTEEH CIYTHUKO-
BOM anmnaparyphbl.

B nocnenytoiiye roabl ObLIO BHIBEASCHO HA OPOU-
Ty HECKOJIbKO YKPauHCKUX CITYyTHUKOB /133, psimom
opranm3auuii (310 HayuHBIil LIEHTp a3pOKOCMU-
YeCcKUX MccaenoBaHuii 3eMiu, [ocymapcTBEHHBIN
Hay4YHO-MPOU3BOACTBEHHbIN 11eHTp «[Ipupoaar,
LleHTp pamnodu3ndecKoro 30HAMPOBAHUS 3eMIIH,
Mopckoit ruapodusnyeckuit MHCTUTYT, Tocynap-
CTBEHHOe Mpeanpusitue «JIHernpokocmoc», MHCTH-
TYyT KOCMMYECKUX HcciaegoBaHuii HammoHanbHOM
akageMuu HaykK YKpauHbl U TocymapCTBEHHOTO
KOCMMYECKOIO areHTCTBa YKpauHbl) pa3padaThi-
BaJIUCh HOBBIE METOMUKM PEIICHUS TeMaTHYeCKUX
3agad /133, u HEeKOTOphIe U3 HUX HAIIM IIPaKTUIe-
ckoe npuMeHeHue. OnHaKO HY»KHO MPU3HATh, YTO B
1IeJIOM 3a BCE IroJIbl KAKMX-JIN0OO CEPhE3HBIX YCTIEXOB
B YKPaMHCKOI KOCMOHABTUKE JOCTUTHYTO He ObLIO,
a MpMHUMAaeMble B CTpaHEe KaXIble MsSTh JeT Ha-
LIMOHAJIbHBIE 1I€JIEBble KOCMWYECKME MPOrpaMMbl
XPOHMYECKH HEOBBIOJHSINCE.

Ho MupoBas kocMudeckast oTpacib aKkTUBHO pa3-
BUBAETCS: CPEIHETOMOBOM SKOHOMMWUYECKU POCT B
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nocyiegaue 15 et 3aech cocTaBiiseT okono 7 %, a
10 HEKOTOPbIM HampaBleHUsIM, B yactHocTy 133, —
10—12 % [1]. Ha manHOe BpeMs MOJHBIM LIUKIOM
MPOM3BOICTBA M 3aIlycka KOCMHUYECKHUX arrapa-
TOB 00J1a1a10T YKe He MSITh, KaK 3T0 ObLI10 B 1990-¢
ronsl, a 13 crpad. MHorue ctpansl etle 20 JeT Tomy
Ha3aj BOOOIIe He MHTePECOBABIIMECS KOCMOCOM U
€ro BO3MOXXHOCTSIMU, CETOAHSI UMEIOT HallMOHAb-
HbI€ CITYyTHUKU U J1axke TPYIIMPOBKU OPOUTATBHBIX
KOCMUYECKUX armnapaToB (TaKUX CTpaH HACUUThIBA-
etcs 6omee 60).

B 2017 roay KOaM4ecTBO COYTHUKOB, 3aMyIlEeH-
HBIX Pa3HBIMU CTpaHaMU B MHTepecax HaOIIONeHUS
3emiu, coctaBuio 49 % ot 00I1ero KoJIM4ecTna 3a-
MOYLIeHHBIX CIIyTHUKOB (puc. 2) [1]. B mocnennue
TOIbI aKTUBHO MIET MPOIIECC CO3MAaHMUS Ha OpouTe
IPYIIUPOBOK, COCTOSIIIMX U3 IECSTKOB U AaXe CO-
TeH MUKPO- U HAaHOCMYTHUKOB («Skybox», «Dove»
U Jp.), YTO YK€ AaJ0 BO3MOXKHOCTh MOJHOTO €Xe-
CYTOYHOTO OOHOBJICHUSI TAHHBIX O COCTOSIHUU BCeii
3eMHOM MOBEPXHOCTU Y MPUPOITHOM CPE/IbI.

KocMuueckue cpeacTBa ¢ TaKUMU BO3MOXKHOC-
TSIMU SBJISIIOTCS OMHUM U3 MHCTPYMEHTAJILHBIX PhI-
YaroB, 0OECITEYMBAOIINX TIEPEXO OOIIeCTBA M M-
pOBOIT KOHOMHKN K HOBOMY TEXHOJOTUYECKOMY
yKJajay, B KOTOPOM BaXXHYIO POJib UTPAIOT T€OUH-
JIyCTPpUSI, UHTEJUIEKTyaIbHble MTH(OPMaLIMOHHBIE cep-
BUCBI, TEXHOJIOTMH OOpaOOTKM OOJIBIINX 0OBEMOB
naHHbIx (Big Data), rmobaibHble BHICOKOCKOPOCT-
Hble TeJleKoMMyHUKauuu [26]. [TosTtoMy omHa u3
aKTyaJIbHBIX 3a4ay YKPaAaMHCKOU KOCMUYECKOU OT-
paciam — TIPEoIoJIeTh MMEIoIeecss OTCTaBaHUE OT
Pa3BUTHIX CTPaH B 00JIaCTH AUCTAHIIMOHHBIX MCCIIe-
MOBAaHWI W BBHIUTH Ha 3G (MEKTUBHYIO TPACKTOPHIO
pa3BuTus oTeyecTBeHHOro J133.

st YkpanHbl TJ1aBHOU 1I€JIbIO SIBJISIETCST CO3Ma-
HUE KOCMUYECKUX CPEJICTB, OOBbSAMHEHHBIX B HALIMO-
HaJbHYyI0 cucteMmy 33, mpoayKThl JAesITeabHOCTU
KOTOPO#l MaKCUMaJIbHO OTBeYaloT MHMOPMAIIMOH-
HBIM 3aIIpocaM OTeUeCTBEHHOU MPOMBIIIUIEHHOCTH,
CEJTbCKOTO XO3iCTBa, HAyKW W OM3HEca, a TaKxke
CITOCOOCTBYIOT YKPEIUICHHIO 00O0POHOCTIOCOOHO-
ctu cTpaHbl. CTpaTernyeckuM BOIIPOCOM SIBJISIETCS
TakxXke KOHKYPEHTOCIIOCOOHOCTh HallMOHATbHOM
cuctembl /133 npu mHOpMaLMOHHOM obecrieye-
HUU TJI00ATbHBIX M PETMOHANBHBIX 33a7a4 B paMKax
MapagurMbl YCTOHYMBOTO pa3BUTHS.
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BesycnoBHO, cTparerust pa3BUTHS OTEYECTBEH-
Horo JI33 momkHa 0a3mpoBaThbCs HA MMEIOIIEMCS
HAayYHO-TEXHUYECKOM W IIPOM3BOICTBEHHOM II0-
TeHLMaJe CTpaHbl, MEXIYHApOIHOM OIIbITE CO3-
naHus cucteMm 33 u peanusaliuy KpymHBIX Hayu-
HO-TEXHUYECKUX MPOrpaMM U BMECTE C TeM Y4UM-
ThIBaTb BO3MOXHOCTU U PECYPCHbIE OIpaHUYECHUS
OTEUECTBEHHON SKOHOMMKM U TTPOMBIIIJICHHOCTH.
AHaJ13 MoKa3bIBaeT, YTO JIUIITL TPU CTPAHBI B MUPE,
str0 — CIIA, KHP 1 P® — npucyrcTByIOT mpak-
TUYECKHU BO BCEX CEKTOpAaX KOCMOHABTUKU, U B TOM
qyucie B odjiacTu HabmoneHust 3eMun. JloctaTouHO
cKazaTb, YTO KOJIMYECTBO CITyTHUKOB, 3aMyIIEHHbIX
CIIA 3a Bech neprog KOCMOHABTUKM, COCTaBIISICT
okoJ10 900, 3anymeHHbIx Kutaem — nopsinka 300 u
Poccueit — oxoiio 170. CymMMapHO 3TO COCTaBJISIET
JIO YETBEPTU BCEX 3aMyIICHHBIX B MUPE CITyTHUKOB.

OtmMmeTuM, 4TO B IociaenHee aecatuiaerne Kurait
aKTUBHO HapallriBaeT CBOI0 KOCMUYECKYIO TPYIIITH-
poBKy; B 2018 . aTa cTpaHa BBIBena Ha opouty 37
KOCMUYECKUX aIlliapaToB, OMEePEINB ITO KOJIMYECTBY
3amyckoB 1 CIIA (34 3amyckoB), u PD (18 3amyc-
KoB). Takue 1oCcTUKeHUsI, 6€3yCI0BHO, HEBO3MOXHbI
0e3 3HaUUTEJbHBIX (DMHAHCOBBIX BJIOXEHUIA: TOA0-
BoOil OromkeT HalMoHanbHOTrO yIIpaBlieHHsI MO adpo-
HaBTuke 1 kocmocy CIIIA (NASA) coctaBisieT mopsiji-
ka 20—21 muapn mojapoB, a OwomkeTrsl Kutas u
Poccuu Ha kocmuueckue uccaenosaHus B 2018 1. ouie-
HUBAIOTCS B CYMMY IIPUMEPHO 3 MJIPI J0JIIapOB.

Hpyrue cTpaHbl TpaTSIT Ha KOCMUYECKUE KCClie-
JIOBaHUSI W Pa3pabOTKM 3HAYMTEIbHO MEHbIINE
CYMMBI 1, COOTBETCTBEHHO, UX aKTMBHOCTb B KOC-
Moce Huxke. YTo KacaeTcsl eBpOIeicKux cTpaH, To
BO MHOTHUX CJIydyassX OHU UMEIOT BO3ZMOXKHOCTb MPHU
peain3aliMi CBOMX KOCMHUYECKMX IPOCKTOB OIM-
patbcs Ha uHaHCOBYIO moaaepxKy EBpomneiicko-
ro kocmuueckoro areHrctsa (ESA) ¢ ero romoBbsiM
GroKeTOM TIopsiaka 5.5—6.0 miipa eBpo (3aMeTUM,
YTO B 3TOM Ol0/KeTe Ha HabJoaeHue 3eMJIUM OTBO-
IUTCs 00BIYHO TTopsiaka 1.5 mipa eBpo). Tak, [Tomb-
111a, BLIMOJIHSISE B pamKax HallmoHaabHOM KocMuye-
ckoii mporpaMmbl Ha 2017—2021 rr. mpoekT Earth
Observation Envelope Programme cTrouMocTbio
9.7 MiH eBpo, noJiydaeT oT ESA Ha ero peanuzanuio
okoJ10 3.0 MJiH eBpo [5]. YkpauHa, umeromas ¢ 2015
roja corjaileHue o6 accouuanuu ¢ EBpocorwosom u
YYaCTBYIOIASI B KPYITHEMIIEH €BPONENCKON uccie-
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nIoBaTebcKoit mporpamme «Horizon-2020», Takke
MMeeT IpaBo Ha (PMHAHCOBYIO NoaaepKKy EBpoco-
103a MpU CO3IaHUM HOBBIX cucTeM J133.

ITPUOPUTETHI
B JMUCTAHIITMOHHOM 30HANPOBAHNHN
3EMJIN JJ1A YKPAHBI

ITpouecc co3maHus HalMOHaJIbHOUM cucTeMbl J133
JIOJKEH HAuMHATLCS C OmpenesieHus: cdep Ku3He-
JIESITEIbHOCTU TOCYIapcTBa 1 OOIIEeCTBA, B KOTOPHIX
CIyTHMKOBas H(popMaLus HauboJiee BocTpeOoBaHa
1 MOXET IIPUHOCUTH HamOobimii 3¢ ¢ekT. besyc-
JIOBHO, COCTaBJIieHUe 1 0O0CHOBaHME TIePeUHsT TaKUX
cep — cloxHas 3amada, pelieHue KOTopoil B 00-
IIIEM CJIydae TpeOyeT MpoBeneHUs OOJIBIIIOr0 00bEMaA
TEXHUKO-IKOHOMUYECKUX, (DUHAHCOBBIX U APYIUX
pacuéToB, 3HAHUS U MMPOTHO3UPOBAHMST KOHBIOHKTY-
PBI MEXXITYHAPOIHBIX PHIHKOB M T. . OMHAKO BO3MO-
>K€H 1 IPYTOi MyTh, a UMEHHO — OOpaIieHne K MeTo-
Ty OKCITEPTHBIX OlleHOK. [1poBeneHHBIIN SKCIIepTaMu
aHaJIM3 TIOKA3bIBAET, YTO CITyTHUKOBAs MHMOPMAITUS
HauOosiee BOCTpeOOBaHa B YKpanHe B TaKUX cepax:
® CeJIbCKOE XO3SIMCTBO U MTPUPOAHBIE PECYPCHI,

® JKOJIOTMS,

e 00OpOHa.

Ceabckoe xo03aiicmeo u npupooHvie pecypcbl.
ArpapHbiit cekTop opmupyeT 14 % BajoBOro BHy-
TPEHHETO TMPOAyKTa YKpauHbl 1 maet cosee 40 %
BaJIIOTHOM BBIPYYKU. B cTpaHe (GyHKIIMOHUPYET
LIEJTBII psI KPYITHBIX arpOXOJIINHTOB, Pa3BUBAIOTCS
(epMmepckue Xo3s1cTBA.

[Tpon3BOOUTENN CEITBCKOXO3SIMCTBEHHON TIPO-
JIYKIUU CTATKUBAIOTCSI C HEOOXOAUMOCTBIO pelliaTh
Takue 3aJayM, KaK OlLEHKa IMOCEBHBIX ILIONIAIeH,
KOHTPOJIb BCXOJIOB, OINpeAeJeHUE BIaXKHOCTH MOYB,
MPOTHO3MPOBAHUE YPOKAINHOCTH OCHOBHBIX CEJTHCKO-
XO3SMCTBEHHBIX KYJIBTYP U 1Ip.

Ha Ttepputopun Haleit cTpaHbl U3BECTHO OKO-
710 20 ThICSY MecTopoxXaeHuit u 6obire 100 BumoB
MIPOSIBIICHUI TTOJIE3HBIX MCKoMaeMbIX. [lo moTeH-
IMAJTBHOM CTOMMOCTH TTOATBEPKICHHBIX M3BIIeKac-
MBbIX 3aIlacoB YKpauHa 3aHUMaeT 12 MecTo B MUpe
(2.2 % moTeHUMATbHON CTOMMOCTH MMPOBBIX 3a-
1MacoB). YKpauHa pacriojlaraeT OOJIbIIMM KOJU4Ye-
CTBOM MECTOPOXICHUM KEeIe3HBIX M MapraHIIEeBbIX
pya, 3anacamu yrisi, HeTu U raza. MUpOBOU ONbIT
CBUIIETEIBCTBYET, UTO IJIS TIOMCKA M Pa3BEIKU Me-
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CTOPOXJEHUI MOJIE3HBIX HCKOIMAaeMbIX BCE LINMpE
HCIIOJIB3YIOT a3POKOCMMUYECKHE METOIbI [23].

DKoaoeus. YpoBeHb 3arpsi3HEHUsI OKpyXKarollen
cpenbl B YKpauHe — OJMH U3 CaMbIX BbICOKMX B
EBporie; TeM He MeHee HcClieOBaHUS KJIHOUYEBbIX
BKOJIOTUYECKMX TToKaszaTeseil — YUCTOThI BO3IyXa,
KayecTBa MUTbEBON BOABI, 3arpsiI3HEHHOCTU TPYH-
TOB U T. [I. TPOBOASITCS TOJBKO 3Mu3oauyecku. Ha
WCIIpaBJIEHUE CO3[aBLIEICs CUTyallud HampasjieH
npuHaTeiii B despasie 2019 . BepxoBHoit Panoii
Ykpauns! 3aKoH «O0 OCHOBHBIX IpUHLIMMIAX (CTpa-
Teruu) rocy1apCTBEHHON 3KOJIOTUYECKOW MOJUTU-
k1 Ykpaunsl Ha nepuon no 2030 roma». [lus pea-
JIN3allMX HOBOM TMOJUTUKU B 00JAaCTU 9KOJOTUU B
HacTosilee BpeMsi pa3pabarbiBaeTcsi HaumoHaib-
HBI TUIaH NEWCTBUM, MpeayCMaTpuBaIOLIMIA MO-
HUTOPUHT KJIIOYEBBIX UHAMKATUBHBIX IOKa3aTeIen
OKpPYXalolllei cpenbl, TAKMX KaK YPOBHU 3arpsizHe-
HUS BOJIBI U aTMOC(EPHOTO BO31yXa, TUIOIIAIN 3€-
MeJib MPUPOIHO-3AMOBEIHOI0 (POHIA, COCTOSIHUE
JIeCOB, 0OBbEMBI TBEPABIX OBITOBBIX OTXOIOB, 9KOJIO-
TMYECKHe PUCKU, KIIMMATUYECKUe U3MEHEHUs U JIp.
BaxHoe MecTo B TaKOM MOHUTOPMHIE OTBOAMUTCS
MeTtonam J133.

Ob6opona. CniyTHUKOBast nHGOpMaLIs MO3BOJISIET
peliath HUWPOKUIA CIEKTP 3aa4 OTHOCUTEbHO Ha-
MEPEHUN U NEHCTBUI BO3MOXHOIO arpeccopa — OT
HaOJIIOIEHUS 32 TIPOLIECCOM pealu3alliy ero cTpa-
TErMYECKUX TJIAaHOB 0 BbISIBJIEHUS] OMlepaTUBHO-TaK-
TUYECKMX U TaKTUUYeCKUX Liesieit. [TonoOHbIe 3anaun
Ype3BbIYaltHO aKTyaJbHbI ISl YKpauHbI, OMHAKO 10
CEroJIHSIIIIHETO [IHSI Hallla CTpaHa He MMeeT co0-
CTBEHHbBIX CIIYTHUKOB, KOTOpPbIe 0OecIieurnBaiu Obl
BOCHHBIX TMOTpeOuUTEIeil BUIOBOM WMH(OpMaLeii
TpeOdyeMOro MPOCTPAaHCTBEHHOTO pa3pelieHus.

Heobxonumo yuuThiBaTh, 4YTO Kaxnaas cdepa
JKM3HENESATEbHOCTU JIMKTYET CBOM crieluduye-
CKHe TpeOboBaHUS K KaUeCTBY M ONIEPAaTUBHOCTU He-
00XOIMMBIX CHYTHUKOBBIX MaTepUaioB, HOMEHKJIa-
Type U coAepKaHUI0 MH(GOPMALIMOHHBIX TPOIYKTOB
Ha ux ocHoBe. M pa3paboTka, 1 000CHOBaHME TaAKMX
TpeOOBaHUII — IOCTATOYHO CIOXHBIN U HE 10 KOH-
11a pEIIEHHBINA BOMpoc. B To Xe BpeMsl yCWIUsIMU
psilla MEXIyHAPOIHBbIX OPTaHU3aLMi U KOMUTETOB
(International Organization for Standardization —
1SO, Committee of Earth Observation Satellites —
CEOS u ap.) BOCTUTHYT 3HAYUTEIbHBIN IIPOTpece B
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CTaHJAPTU3ALMM TEONPOCTPAHCTBEHHOM, B TOM
YKCJie BUIOBOU CITYTHUKOBOM MH(OpPMAaIUM U CII0-
co00B e€ noyryyeHus [2]. MexayHapoaHbIMUA CTaH-
JlapTaMu ornpeejieHa COBOKYITHOCTh (h)OpMAaTOB ISt
MpeacTaBlIeHUs] N300pakeHU, YCTAaHOBIIEHBI HOP-
MAaTUBHBIE TPeOOBAaHUS K KauyeCTBY KOCMUYECKUX
caumkoB (ISO-19113, ISO-19114, ISO-19138 u
IIp.), COTJIacOBaHbl YPOBHU 00pabOTKM M300paxe-
HUI U X coAepKaTeJbHOE OIMMCAHUE, CTAaHIAPTU-
3oBaHbl MeTamaHHble (ISO-19115 u np.), co3maH
Kjaccudukarop 60pToBbIX ceHcopoB (ISO-19130,
ISO-572003) u T. 1.

HyXHo oTMeTHUTb, YTO B YKpauHe 1Mo MHULIMATH-
Be TocymapcTBEeHHOTO KOCMMYECKOTO areHTCTBa B
Hayvaje 2000-x romoB OblIa HayaTa padboTa Mo CTaH-
maptuzauuu B obsactu J133, B 4acTHOCTH ObLIM
pa3paboTaHbl M MPUHATHI TPU TOCYIAPCTBEHHBIX
cTaHIapTa, a UMEHHO:

o JICTY 4220:2003. ducTaHliliHe 30HIyBaHHS
3emti 3 kocMmocy. TepMiHM Ta BUBHAYEHHS IIOHSITh;

o JICTY 4758:2007. JducraHuiiiHe 30HIYBaHHS
3emJii 3 kocMocy. O0pobieHHsT JaHux. TepMiHU Ta
BU3HAYCHHS MOHSITD;

o JICTY 7894:2015. JducraHiiiiHe 30HIyBaHHS
3emii 3 kocMocy. Meroguka oOpoOJIEeHHSI HaHUX.
IMopsimok po3pobIeHHS.

OpnHako nanbHelas paboTa 1Mo co3gaHuio oTe-
YeCTBEHHBIX CcTaHmapToB B oOsactu 33 Oblia
OCTaHOBJIEHA MO NMPUYMHE OTCYTCTBUS (PUHAHCHU-
poBaHUusA. Mexny TeM ISl BbIXOAAa CO CBOEH KOC-
MMUYECKOU MpOAYyKLMEH HAa MEXIYHAPOIHBIA pbI-
HOK YKpauHe BaXXHO MMETh CTaHIAPTU30BAaHHbIC
METOAUKU KaTUOPOBKM Pa3IUYHBIX BUAOB OOPTO-
BOIl ChEMOYHOI ammapaTyphl, IIPOLIEAYPhl CEPTH-
dUKALIMKU METOIOB M TEXHOJIOTMIA peLIeHUsT TeMa-
TUYECKUX 3ama4d U IIp.

Ho xanubpoBka ChEMOYHOI ammapaTypbl, Cep-
TuduKauus pa3dpadaTbIBaAeMbIX METOJOB M TEXHO-
JIOTUIA, UX COBEPIIEHCTBOBAaHUE HEBO3MOXHBI 0e3
MPOBEICHUS] HA3eMHbIX MCCIEIOBAHUI U 3aBEPOK.
IToaTOoMy omHa M3 3agay, TPEOYIOIIUX PEIICHUS B
caMoM OJmKaiiiieM OyaylieM — 3TO CO3JaHMUe OTe-
yecTBeHHOTO Itojmrona /133, B cocTaBe KOTOpPOTro
IIOJDKHBI OBITh HAYyYHO-METOANYECKIEe U NH(pOpMa-
LIMOHHO-U3MEPUTEIbHbIC CPEICTBA JIJISI:

® MIPOBENCHUS OLIEHOK MPOCTPAHCTBEHHOTO pa3-
peleHust 00pTOBOI armapaTyphi;
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® BBITIOJTHEHUE PATUOMETPUUECKON KaanOpOBKU
OopTOBOI1 ammaparypbl U (OpMUpPOBaHUE MHDOP-
MaIIMOHHBIX TTPOAYKTOB XOTSI OBI IIEPBOTO YPOBHS
00paboTKU;

o [10JTy4eHUsI MOJIEBbIX (Ha3eMHBIX) JaHHBIX O Pe-
aJIbHBIX (DU3MYECKUX TapaMeTpax 3eMHOI MOBEepX-
HOCTHM (B YaCTHOCTH, paclpelIesIeHUIl TeMIiepaTyp
3eMHBIX TTOKPOBOB, BJAXKHOCTU MOYBBI U €€ XUMMU-
YeCKOro COCTaBa) M XapaKTEePUCTUKAX PACTUTEIb-
HOCTHU;

e CO3MaHUs U BeIeHMs 0a3 CIeKTpadbHBIX JaH-
HBIX (CIIEKTPaIbHBIX OMOIMOTEK) IIPUPOIHBIX 00b-
€KTOB U JIp.

Takoli MOJUTOH JOJIKEH CO3/1aBaThbCsl C yUeTOM
pekoMeHaaluii MexXayHapoJHOTO KOMUTETa I10
cnytHukam HaomoneHus 3emun (CEOS) u ¢ nmepc-
MEeKTUBOI BXOXIECHUSI B MEXIYHAPOIHYIO CeTh Ka-
JIMOPOBOYHO-BaJIUIALIMOHHBIX ITOJIMTOHOB J133.

TemaTnueckre 3amadyd TEPEUMCICHHBIX BBIIIE
MPUOPUTETHBIX sl YKpauHbl cdep 33 mmeror
OUeHb IIMPOKWE AWAIa30HbI TPeOOBAHMIT K TIPO-
CTPaHCTBEHHBIM 1 BpeMEHHBIM TTapaMeTpaM ChEMKHU
[12], kOTOpBIE HEBO3MOXHO BBITIOJHUTH MPU TTOMO-
1M HEKOW €IMHCTBEHHOW YHUBEPCAIbHOM CITyTHU-
KOBOI1 cucteMbl. OCOOEHHO 3TO MPOSBISIETCS B 3a1a-
yax, TpeOYIOIIMX OMEepaTUBHOIO MPOCMOTPa OOJIb-
LIMX TEPPUTOPUI, YACTO — BCEU TEPPUTOPUN YKpa-
WHBI, THOTIIA — BMECTE C COTPENETbHBIMU TEPPUTO-
pusmu. B aToM ciryyae 3amava, Kak TpaBUIO, HEBBI-
TTOJTHUMA JaKe TIPY HAJTUIUK JOCTATOYHO KPYITHOM
CITyTHUKOBOW TPYIITUPOBKUA OXHOTHUITHBIX allltapa-
ToB. OTCI0[1a BbITEKAET HEOOXOIMMOCTh (hDOPMUPOBa-
HUSI TIPOCTPAHCTBEHHO-UEPAPXUIECKOI, BO3MOX-
HO — BUPTYaJIbHOI IpyNITUPOBKHU, CXeMa IpUMEHe-
HMsI KOTOPOii mpuBeneHa Ha puc. 3 [8].

IlpocTpancTBeHHass uepapxus 33 mo3BosIET,
MyTEeM TIOCIENOBATEIBHBIX ChEMOK Pa3HOTO pa3pe-
IIEHNST — OT HM3KOTO IO CBEPXBBICOKOTO C COOT-
BETCTBEHHO YMEHBIITAIOIINMCS TIPOCTPAHCTBEHHBIM
0XBaTOM, ONTUMM3UPOBAThb paclpeiesieHue HMe-
IOIIeTOCs] MKOHUYECKOTO pecypca I0 TeMaTude-
CKMM 3ajayaM. B 4acTHOCTH, CUCTEMBI BBICOKOIO
(5...0.5 M Ha MECTHOCTH) U TeM 00Jiee CBEPXBBICOKO-
ro (Jryuine 0.5 M) IpOCTPaHCTBEHHOTO pa3pelleHUsI
MPaKTUIECKX HECTIOCOOHBI MOKPHITh HAIlMOHAJb-
HYIO TEPPUTOPHIO 3a MPUEMIIEMOE BPEMSI, M UX CJIe-
IyeT TIPUMEHSTD ITPOCTPAHCTBEHHO-OTPaHUYEHHO,

Huskoe paspeeHue
reHepaJIu30BaHHbII 0030p

CpenHee pa3pellieHue
MOJIHBIN OXBaT

Bricokoe paspeuiceHue
YAaCTUYHBIN OXBaT

CBepXBbICOKOE pa3pelieHue
TOUYeYHas CbEMKa

Puc. 3. TlpocTpaHCTBEHHO-MEpapXUUeCKasi cXxeMa TUCTaH-
LIMOHHOTO 30HAUPOBAaHUS OOJIBIINX TEPPUTOPUIL

¢ y4€ToM MH(MOpMaILUK, TIPeABAPUTEIbHO MOJIyIeH-
HOM oT cucteM cpemHero (50...5 M Ha MECTHOCTH)
MPOCTPAHCTBEHHOTO pa3peIecHUS.

K BOITPOCY BOPTOBOI HATPY3KU
OTEYECTBEHHBLIX CITYTHMKOB
JUCTAHIIMOHHOI'O 30HANPOBAHUMS 3EMJIN

s mojydeHust CMyTHUKOBBIX JAHHBIX TTPY OLIEHKE
rnokasatesieit yctoitunboro pazsutus SDG u peiiie-
HUU JIPYTUX TEMAaTUYECKUX 3a7a4 HeOOXOAUMBI 6OP-
TOBBIE CEHCOPBI, 0 CBOMM TEXHUUYECKUM XapaKTe-
pUCTHKAM MaKCUMaJIbHO aleKBaTHbIE (DU3NUECKUM
YCIOBUSIM 3aiauyd. biaromapss 3HaYMTETbHBIM N10-
CTMKCHUSIM B COBPEMEHHOM IPHUOOPOCTPOCHUU
HOMEHKJIaTypa TaKUX CEHCOPOB MOCTATOYHO IINPO-
Ka; Ha CEerofHs CO3MaHbI CEHCOPHI, pabOTAOIINE B
pPa3IMYHbIX CIIEKTpaJbHbIX JMaIa3oHax U obecre-
YyBalOIIME TOJyYeHHUe CITYTHUKOBBIX M300paxke-
HUIi CaMOT0 BBICOKOTO KauecTBa.

BMmecTe ¢ TeM ecThb oripeei€e HHbIE TPOOJIEMBI C TT0-
JIydeHUEeM KauyeCTBEHHBIX CIYTHUKOBBIX TEIUIOBBIX
U300pakeHUIt MECTHOCTH, XOTSI TaKMe U300paKeHU s
SIBJISTIOTCST Ba>KHBIM HMH(MOPMAIITMOHHBIM HCTOYHU-
KOM TIpH PEIIeHNN MHOTOYMCIICHHBIX TPAKTUIECKIX
3anay. B pabore [7] npuseneHsl npumepsl 6osee 30
MNPWIOXEHUIN 11 MCIOJb30BaHUs CITyTHUKOBBIX
TEIUIOBbIX M300pakeHuit. Cpeau HUX:

® BBISIBJICHUE TOXApOB U IOXApOOIACHBIX CU-
Tyaumii [17, 24],

e TOKCK ITOJIE3HBIX MCKOMNaeMbIX [23, 25],
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Puc. 4. inxxeHepHblii 00pa3el] CyTHUKOBOIO MH@pakpac-
HOTO CIIEKTPOpaIMOMeTpa Ha MCIbITaTebHOM cTeHae KIT

CIIb «ApceHan»

e OlIEeHKAa M TMPOrHO3MPOBAHUE KJIMMATUUYECKUX
u3MeHeHwui [11, 21],

e OTCJICXKMBAHUE BYJIKAHUYECKOW aKTUBHOCTU U
olieHKa yrpo3 [14, 15],

e 1icCIeIOBaHME TEMITePaTYPHBIX PEKMMOB BOMIO-
€MOB U IPYTUX IPUPOIHBIX 00beKTOB [13, 27] U T. 1.

B sT0i1 cBA3M TIpencTaBiseTcs BechMa TEpCITeK-
TUBHBIM BKJIIOUEHHWE B COCTaB OOpPTOBOM HArpy3Ku
OTEeUeCTBEHHBIX CITyTHUKOB JI33 wuHdpakpacHoro
crieKTpopaauoMeTpa. PaboTsl mo cozmanuio nHppa-
KPacHOT0 CeKTPOpaanoMeTpa MPUHIIUITUAIBHO HO-
BOI KOHCTPYKILIMM C WCIIOJb30BAHUEM JJISI TIpUeMa
U3JTy4eHUsT MATPUYHOTO MMKPOOOJIOMETPUUECKOTO
MPpUEMHMKA YK€ HECKOJIBKO JIET BEIyTCsSl B TBOpYE-
CKOM COIPY>KEeCTBE YICHBIMH 1 CITEIIMATUCTAMU IBYX
opranuzanmii — Ka3éHHOTo TIPearpusThs CIIeIy-
aJIbHOTO MpUOOpOCTpoeHUs «ApceHal» u HayaHoro
LIEHTpa a3pOKOCMUYECKMX MccienoBaHmii 3emm MHcTH-
TyTa reojorunyeckux Hayk HaunoHanbHO# akageMun
HayK YkpauHbl [9, 20]. B KOHCTpYKLIMIO CIIEKTpopa-
JMOMeTpa 3aJI0KeH MPUHITUIT CYOTTUKCETbHOM peru-
CTpaluu 1 00pabOTKM KaJpoB, YTO MO3BOJISIET MOy~
YaTh Ha BBIXOJE TETUIOBbIC M300PaKeHUS TIOBBIIICH -
HOTO IIPOCTPAHCTBEHHOIO pa3pelieHus (superresolu-
tion) [22]. CnekTpopagoMeTp MMeeT TpU pabodmx
CTIeKTpaJIbHBIX AMaNa3oHa B WHTepBajie JUTMH BOJH
oT 8.5 10 13.5 MKM.
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Hcnoab3oBaHUE MATPUUYHOTO MUKPOOOTIOMETPU -
YECKOTo NMpUEMHUKA, He TPeOYIOIero oxjaxIeHusl,
JTaeT BO3MOXXHOCTU 3HAUUTEJIbHO YMEHBIINUTD 9HEP-
rornorpedjeHre M YIY4YIIUThb MaccorabapuTHbIE
XapaKTepuCTUKU npudopa. JaHHas pazpaboTka 3a-
LIMIIeHA ABYMSI TTaTeHTaMu YKpauHsI [16, 19].

Ha manHoe BpeMs IpoBeieHO HayIHOE 00O0CHOBA-
HUE BO3MOXHOCTU TMOBBILLIEHUST TTPOCTPAHCTBEHHO
paspelialiieit CocoOOHOCTH UH(pPAKPACHBIX CHUM-
KOB, pa3paboTaHbl aITOPUTMbI U TIPOrpaMMHOE 00ec-
rnedyeHue s CyOIMKCeJIbHOM 00paboTKu MHppa-
KPacHBIX M300pakeHW, aJrOpuTMbI OMpeAeacHUs
TEPMOAMHAMUYECKON TeMIepaTypbl M 30HaJbHBIX
K03((UILIMEHTOB TEIIOBOIO U3IYYeHMSI 36MHOM 110~
BEPXHOCTH 110 MH(MPpaKpaCHBIM N300pasKeHHSIM.

CozlaH M TPOXOAUT UCCAeAOBaHUS WHXEHEpP-
HbI oOpasel MH(GpPaKpacHOTO CIEKTPOpaaoMeTpa
(puc. 4). UccnenoBaHusl MoKa3bIBalOT, YTO IO pa-
NTUOMETPUYECKUM XapaKTepUCTUKAM U TTPOCTpPaH-
CTBEHHOMY DPa3pellieHNI0 CIIEKTPOMETP He yCTyTa-
eT JIyYIIIUM COBPEMEHHBIM CHCTeMaM MOJ00HOTO
npenHaszHayeHus (MODIS, «ChubuSat», TIRS).

XapakTepuCTHKN WHKEHEPHOTO 00pa3ia CIeKTpo-
paauometpa [18]:

o TUI (POTONPUEMHUKA — MUKPOOOJIOMETPUUECKAsT
MaTpuiia 640 x 480 ameMeHTOB pa3MepoM 17 MKM;

e (hoKycHOE paccTosiHre 00beKTHBa — 112.8 MM;

e nuadparMeHHOE ynciao — 1;

® KOJMYECTBO pPAOOUYMX CHEKTPaJbHbIX OUa-
nazoHoB — 3 (10.5...11.5 mxm, 11.5...12.5 MKM,
8.0...13.5 Mxm);

® KOJIMYECTBO OTHOBPEMEHHO 00padaThIBa€MBbIX
CyOIMKCEIbHO CMEIIEHHBIX IO IBYM OCSIM M300pa-
KeHUit — 2;

e OXMJlaeMoe MPOCTPAHCTBEHHOE pa3pelleHne
Ha MECTHOCTHU — He XyKe 73 M JIJ1s1 OpOUTHI BLICOTOM
668 = 20 kM ¥ He XyxXe 53 M 111 OpOUTHI BHICOTOM
490 £ 20 kM.

PesynsraThl  TIPOBENEHHBIX WMCCIISIOBAHUI CBUIIE-
TEJILCTBYIOT O TOM, YTO MCITOJIb30BAHME CYOITMKCETBHOM
00pabOTKKM TO3BOJISIET TMOBLICUTH MPOCTPAHCTBEHHOE
paspeleHre nHQPpaKpacHbIX CHUMKOB B 1.4—1.8 paza
10 CPAaBHEHUIO C BOBMOXKHOCTSIMU MPUEMHOI MaTpPULIbI.

Takum obGpazoM, UMeeTcsl pealibHasl IepCcreKTrBa
€O3/1aTh YKPAWHCKUI CITyTHUKOBBIN MH(MPaKpPaCHBIN
CMEKTPOPAANOMETP C TEXHUUESCKUMU XapaKTEePUCTU-
KaMU Ha ypOBHE JIyYIIIMX MUPOBBIX 00Pa31I0B.
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3AK/TIIOYEHHNE

PaccmoTtpeHbl Bompochl co3aaHusl KOHKYPEHTOCTIO-
COOHOIi Ha MEeXIyHapOIHOM PhIHKE HallMOHAJIbHOM
cuctemsl /133 mpu mHpOpMaLlMOHHOM obecIieue-
HUU T7100aTbHBIX U HAIIMOHAIBHBIX 3aa4 B paMKax
MMapaguTMbl YCTOMIMBOTO Pa3BUTHSL.

[MTpoaHnanu3upoBaHbl TEHAEHLIMNA COBPEMEHHOIO
MupoBoro /133 1 Ha OCHOBe 3TOT0 aHaM3a NpeaIo-
>K€HO TPU MPUOPUTETHBIX [JIs1 YKpauHbI HampaBJie-
HUS Pa3BUTUS oTedecTBeHHOTO J133:

1) cenbcKoe XO3MCTBO U IIPUPOIHBIC PECYPCHI,

2) 9KOJIOTHS,

3) obopoHa.

[NpuBeneHsl cBemeHNST O HOBOM KaapOBOM WH-
(pakpacHOM cIrieKTpopaiMoMeTpe, pa3pabdaTbiBa-
eMbIM B YKpauHe, KOTOPbIi MOXET CTaTh 4acCThbIO
OOPTOBOI HATpy3KHU TMEPCHEKTUBHBIX OTEYECTBEH-
HBIX CIYTHUKOB /133.
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HaykoBuii IeHTp aepOKOCMiIYHUX AOCiIKEHb 3eMJTi
[HCTUTYTY TeosIOTiYHUX HayK

HauionanpHoi akageMii HayK YKpaiHu,

KwuiB, Ykpaina

HALIIOHAJIbHA CUCTEMA
JUCTAHUIMHOIO 30HAYBAHHS 3EMIJIL:
MOLIYK PAUIOHAJIBHUX PIILEHb

VY crarTi aHasi3yl0ThCsl CBITOBI TEH/EHIIiI Cy4aCHOTO TUCTaH-
uittHoro 3oumyBaHHs 3emii ([133). OCHOBHOIO CBITOBOIO TEH-
nenuiero /133 e ycebiuHe iHdopmaliiliHe 3a0e3neueHHs peati-
3auii koHuenuii crajoro po3Butky OOH. lle peanizyerbest
LIUISIXOM ~ OpraHizauii JUCTaHLIIHOTO MOHITOPUHTY HM3KU
000B’SI3KOBUX 1 crieur(iyHrX MOKA3HUKIB CTaOr0 PO3BUTKY
TEPUTOPIiil HA HALIIOHAJILHOMY, PETiIOHAJIbHOMY Ta [JIO0AJIbHOMY
piBHsX. Ha OCHOBI MpoBeieHOTro aHai3y MPOMOHYIOTHCS Ta 00-
IPYHTOBYIOTHCSI HAIpsIMU PO3BUTKY 133, mpiopuTeTHi mjist
VYkpainu. o wineil po3BUTKY HauioHanbHOi cuctemu [133
YKpaiHu ¢y BiTHECTU 3aI0BOJICHHS iH(MOpPMaLiiHUX TTOTped
BITYM3HSIHOT TPOMUCJIOBOCTI, CLIIBCHKOTO FOCIIOIapCTBa, Oi3He-
Cy, HayKH i ep>KaBHOTO OyIiBHUIITBA, BKIIOYAIOUX 3MIlTHEHHSI
000poHO3MaTHOCTI. Bu3HayeHO OCHOBHI cepu yKpaiHChKOL
€KOHOMIKHM Ta JIisJIbHOCTI Iep>KaBU, B SIKMX 3aCTOCYBAHHSI Cy-
IMyTHUKOBOI iH(popMallii Oyne HainoOiIbII epeKTUBHUM. J10 HUX
BiJIHECEHO CiJIbCbKE rOCMOAAPCTBO i MPUPOIHi pecypcH, eKOJI0-
rito, a TaKOX HalliOHAJIbHY 000pOHY. Po3misiHyTo BUMOrM 10
CYITYTHUKOBOI iH(OopMallii, crienmdiuHi ISl KOXHOI 3 BKasa-
HUX cdep. OKpeMOo OCBITJIEHO MUTaHHS KalxiOpyBaHHSI 3Hi-
MaJIbHOI anapaTtypu, cepTudikallii po3po0IOBaHUX METO/IB i
TEXHOJIOTi/i 3 BUKOPUCTAHHSIM CTBOPIOBAHOTO BiTUM3HSIHOTO
HazeMHoro noJjiirony J133.

BuknaneHo HoBe GaueHHs (hOpMYBaHHST ITEPCIIEKTUBHOTO
YKpPaiHCBKOTO CYIyTHUKOBOTO yrpymyBaHHs [133, ske mo-
LIJIBHO 3iMCHIOBATU 3a MPOCTOPOBO-iEPAPXIYHUM TTPUHLIU-
oM. OOroBOpIOIOTLCS MUTAHHS CKJ1aay OOPTOBOro HaBaHTa-
SKeHHST TIEPCIICKTUBHUX BITYM3HSIHUX CYITyTHUKOBUX CHCTEM
[33. 3okpema, cBiTOBY mpobjieMy HecTadi iH(hpauepBOHUX
CYMYTHUKOBMX 300paxkeHb CEPEeIHLOI PO3PiI3HEHHOCTI MOXKHA
ITOM’SIKIIIUTY BKJTIOUEHHSIM 10 CKJIaay OOpTOBOI 3HIMaJIbHOL
amaparypu /133 nepcreKTUBHUX YKPATHChbKUX CYITyTHUKOBUX
cUcTeM iH(ppPaYepBOHOTO CIEKTPOPATIOMETPa i3 CYOITiKCeTb-
HOIO peecTpalieo Ta 00poOKOI0 300paskeHb IS MMiABUILECHHS
IXHBOI pO3pi3HEHHOCTi. ONKUCcaHO HasIBHUI B YKpaiHi AOpO-
0OK B 11ili Tasys3i.

Karouoei caosa: nuctanuiiiHe 30HIYBaHHS 3eMiti, Hallio-
HajbHa cucrema /133, cTparerisi po3BUTKY, MiXKHApOAHA KO-
oriepallisi B CIocTepexkeHHi 3eMJTi, HalliOHAJIbHI TPiopUTETH
33, 6opToBe HAaBaHTaKEHHS CYIyTHUKIB [133.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2019. T. 25. Ne 6 49



M. A. Ilonos, B. U. JTarvko, C. A. Cmankeguu

M. A. Popov, V. I. Lyalko, S. A. Stankevich

Scientific Centre for Aerospace Research of the Earth,
1GS NAS of Ukraine, Kyiv, Ukraine

UKRAINIAN NATIONAL SYSTEM
FOR EARTH’S REMOTE SENSING:
LOOK FOR EFFICIENT SOLUTIONS

Worldwide trends in modern remote sensing of the Earth are
analyzed in this paper. The main trend of remote sensing in
the world is the comprehensive information support for the
implementation of the UN’s sustainable development con-
cept. This is achieved by remote monitoring of a number of
mandatory and specific indicators of the territories’ sustain-
able development at national, regional, and global levels. The
priority direction of the remote sensing progress in Ukraine is
outlined and substantiated using such analysis outcomes. The
goals of the development of the national remote sensing sys-
tem of Ukraine should include meeting the information needs
of the domestic industry, agriculture, business, science, and
statecraft, including the defense potential strengthening. The
primary domains of the Ukrainian economy and state activi-
ties are identified, in which the satellite information engage-

50

ment will be most efficient. Ones include agriculture and nat-
ural resources, environmental protection, as well as national
defense. The requirements for satellite information specific to
each of these domains are considered. The issues of imaging
systems’ calibration, developed methods, and technologies
certification using the engineered domestic ground test site
for remote sensing are highlighted separately.

A new vision for the formation of a future Ukrainian remote
sensing satellite constellation is explicated, which is advisable
to carry out under the spatial-hierarchical principle. The sub-
ject of on-board payload composition for future national re-
mote sensing satellite systems is discussed. In particular, the
known worldwide problem of the lack of medium-resolution
thermal infrared satellite imagery can be mitigated by the
implementation of the enhanced spatial resolution infrared
spectroradiometer with subpixel image registration and pro-
cessing into future Ukrainian remote sensing satellite systems.
The experience in this area available in Ukraine is described.

Keywords: remote sensing of the Earth, the national remote
sensing system, development strategy, international coopera-
tion in Earth observation, national remote sensing priorities,
on-board payload of remote sensing satellites.
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URBAN ATLAS J1J14 MICT YKPAIHA HA OCHOBI
CYIIYTHUKOBUX JAHNX BUCOKOI'O PO3PI3HEHHA

Cmammio npuceésueHo po3poouyi cy4acHoi mexuonoeii Ha ocHogi Gi0kpumux danux, cymicHoi 3 cepsicom Urban Atlas npoepamu
Copernicus. Y pamxax npoexmy npoepamu H2020 ERA-PLANET SMURBS (SMart URBan Solutions for air quality, disasters and
city growth) 6yao po3pobaerno micvkuii amaac Kueea, wo cmae nepwum micmom 3a mexcamu €C, 0as 9K020 cmeopeHo makuii
npodykm. /lana mexnonoeis 6azyemucsa HA UKOPUCMAHHI 0e3KOUWMOBHUX CYNYMHUKOBUX OaHUX cnocmepediceHb 3emai ma Kaacu-
Qixauyii 3eMH020 NOKPUBY i3 GUKOPUCMAHHAM Memo0ié MAUUHHO020 HABYAHHA 8AACHOI PO3POOKU Ma 2e0CMamucmu4Ho20 aHanisy
winbHocmi 3a6y008u 3a 6eKMOPHOI Kapmor micma 3 8iokpumux oxcepen, 3okpema oanux OSM (Open Street Map). Ocobausocmsi-
MU 3aNPONOHOBAHO0 PIlUEHHS € BUKOPUCIMAHHA Aule BIOKPpUMUX 0xcepen OAHUX | wopiuHe OHOBAeHHS iHGopmauii npo 3eMHull
nokpue / 3emaexopucmysants é micmi. Hadani po3pobneny mexuonoeiro modcrHa 6yde 3acmocyéamu i 0o iHuwux micm.

Karouosi caosa: Urban Atlas, micokuii amaac, picm micokux aeaomepauiil, CynymHukKo8ulli MOHImopuHe, Kaacugikayis 3em-

H020 NOKPUBY.

CTAH ITPOBJIEMHU TA AKTYAJIBHICTD

Hdns BUpoOseHHST e(heKTUBHOI MOJITUKU YyIIpaB-
JIIHHSI POCTOM MICBKUX arjioMeparliii, eKOJOTiqHO-
ro MOHITOPMHTY, O€3MIeYHOl eKcIulyaTalil iHppa-
CTPYKTYpPH, IMiABUILEHHSI CTAaHAAPTIB SIKOCTi KUTTS
B €Bponeiicbkomy Co103i TPOTITOM OCTaHHIX JiecsI-
TWIITh 31iACHIOIOTHCSI PI3HOMAHITHI MPOEKTU 3 MO-
HITOPUHTIY MiCbKUX TEPUTOPIIA.

€BpONeENChKOI0 KOMiCi€lo Oyla0 peaai3oBaHO
npoekT €Bporieiicbkuii Micbkuit atiac (European
Urban Atlas) [1], Skuii € 4aCTUHOIO JOKaJIbHOIO

© H. M. KYCCVJIb, A. 0. LLIEJIECTOB, B. {. AMJIMMOB,
JIJI. LIIYMUIO, T. O. AWJIMMOBA, M. C. TABPEHIOK,
JI. M. KOJIOC, JI. B. IIATOPOAELIBLKA, IO. B. BIIOKOHCBKA, 2019

KOMITOHEHTA cepBiciB MOHITOpUHTY 3eMenb Coper-
nicus. BiH BUKOpUCTOBY€E CyMyTHUKOBI 300pakeHHS
JIJISI CTBOPEHHSI TOYHMX KapT 3€eMHOIO MOKPUBY 3
BHUCOKMM ITPOCTOPOBUM PO3PIi3HEHHSIM JJIs1 OibII
HixX 300 BeIMKMX MICBKMX 30H Ta IXHIX OKOJIMLIb
(monaz 100 000 xwureniB) Ha 2006 pik y gepxkaBax-
yneHax €C i s 6iabm HiXK 800 (yHKIIIOHAIBHUX
MicbKux 30H (PM3) i ixHix okonmuib (moHag 50 000
xwureniB) Ha 2012 pik. It 2012 poky Oyno cTBope-
HO 11I¢ IBa JOJaTKOBUX IIapu:

1) map BynuuHux aepes (Street Tree Layer) B 00-
panux ®M3 (B 3aJIeXKHOCTI Bill HasIBHOCTI Ta MpU-
JIaTHOCTIi CYITyTHUKOBMX 3HIMKIB);

2) BUCOTa OY/IiBEJb U1 OCHOBHUX MiCbKUX paiio-
HiB 00paHUX MiCT.
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3MiHeHi mapu 6yj0 ctBopeHo y 2012 p. mst Bcix
dM3, oxomteHux gk B 2006 p., Tak i B 2012 p.

HeoOxigHicTh BimoOpaxkeHHs IIapy BYJIWYHUX
JiepeB MOB’s13aHa 3 TUM, 1110 3eJieHa iHppacTpyKTypa
Bilirpa€e KJI0YOBY pOJib B JOCSATHEHHI LiijIeil mosi-
Ky €C y pi3HUX B3aEMOITOB’SI3aHMX €KOJIOTIYHUX
cdepax, 30KpeMa CHpHUsIE amanTaiii 40 3MiHU KJIi-
MaTy Ta MOM’SIKIIEHHIO OT0 HACJIIKIB, MOKpally€e
310POB’SI Ta SIKiCTb XXMUTTSI, @ TAKOX CIpUsiE 30epe-
KeHHI0 OiopizHOMaHiTTsI. Cepell €KOCUCTEMHUX
MOCJIYT, 1110 HAaJAlThCsI MiCbKUMM 3€JICHUMU Haca-
JDKEHHAMU, — TMOKPAIEHHS TeMIepaTypy, 3MeEH-
IIICHHST CTOKY JIOIIIOBOI1 BOAM i 3aXMCT BiJ TIOBEHEH,
30epiraHHs BYIJICIIO Ta KOHTPOJIb 3a0pyaIHEHHS, a
TaKOX €CTeTUYHI Ta pekpealiiiHi mocayru [10].

TakuM 4YMHOM, MiCbKUI aTiac NpU3HAYEHUI
JUUIS1 TIOPIBHSIHHSI MIiCT B pi3HUX YyacTUHaX €Bpornu,
Hajla€e JaHi Juisl 30ilCHEeHHS aHaJli3y TpaHCIOPTHOL
iH(pacTPpyKTypH, HABKOJUIIHLOTO CEPelOBUIIA Ta
3eMJICKOPUCTYBaHHSI. [eonmpocTopoBi JaHi MOXYTh
OyTH 3aBaHTaXKeHi pa3oM 3 KapTOolo JJIsI KOXKHOI T10-
kputoi @M 3 pa3om 3i 3BiTOM, 1110 MiCTUTL MeTagaHi
JJIs1 BiATIOBiAHOI 00jacTi iHTepecy. JlereHna atjiacy
OXOITIIOE MiChbKe 3eMJIEKOPUCTYBAHHS, BKJIIOUAIOU
MICBKY CTPYKTYpPY HM3bKOI IIiIIBHOCTI, i mependa-
yae po3pizHeHHs, ke B 100 pa3iB Bullle, HiX Yy MO-
kputtst CORINE [2]. Bisibill BUCOKE pO3Pi3HEHHS Y
MO€ENHAHHI 3 TeONPOCTOPOBOIO BEKTOPHOK iH(OP-
Malli€ro JO3BOJISIE TPOBOAUTH IIIMPOKUIA CITIEKTP 10~
JATKOBUX aHaJli3iB, TaKMUX SIK OJU3bKICTh 3€JEHUX
30H a00 3ali3HUYHMUX CTaHILii. ATiIac Ja€e TOUYHY
KapTUHY PO3POCTaHHSI MICT 3a paXyHOK IMPUMiChKUX
TEPUTOPIIL.

Homenxuarypa atnacy 2012 p. Bkimodae 27 Kia-
CiB 3 MiHIMaJbHOIO OJMHMIICIO KapTorpadyBaHHS
(Minimum Mapping Unit) 0.25 ta 1 ra [19].

€BponeichbKMii MiCbKMIA aTJIac TOJIOBHUM YMHOM
0a3yeThCcsd Ha KOMOiHaIlii Kiacudikallii 300pakeHb
i Bi3yaJIbHOI iHTepIIpeTallii CymyTHUKOBUX 300pa-
KEHb 3 BUCOKHM ITPOCTOPOBUM PO3pi3HEHHIM. K
BXiIHi TaHi BUKOPUCTOBYIOThCSI OaraTocIieKTpaabHi
300paxxeHHs SPOT-5, SPOT-6 ta «Formosat-2» 3
IIPOCTOPOBUM PO3pi3HEHHSIM Bifg 2 mo 2.5 M. Kitacu
3a0y/10BM 00’€IHYIOThCS 3 iH(OpMalli€l0 MPo CTy-
MiHb YIIUIbHEHHS TPYHTY, OTPUMAHOIO 3 IIIapy He-
MPOHUKHOCTI BUCOKOTO PO3PIi3HEHHS, ST OLTbII
JNETAJIbHOTO YSBJICHHSI TIPO IIIJIbHICTh MIiChKOT
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cTpyKTypu. Ha ocTaHHbOMY €Tarti miArOTOBKY MpPo-
JIYKT MiCBbKOTO aTjacy [IOMOBHIOEThCS i1 30aravyy-
€TbCs (DYHKIIOHAJBbHOIO iH(OpMaLi€0 (IOPOXKHS
Mepexka, MOCIYrd, KOMYHajJbHi MOCIYTd TOIIO) 3
BUKOPUCTAHHSM JOMOMIXHUX JIKEpesa JaHuX, Ta-
KMX K MiCIIeBi KapTh MicT ab0 OHJIaliHOBI KapTo-
rpadivHi cepBicu.

Ha croromHinmHiil 1eHb MiCBKUIT aTiIac OXOILIIOE
micTa 39 KkpaiH €BpoInu i CTBOPEHHS TAKOT'O CEePBi-
cy mist micta Kuesa, a B mogajablioMy — i ajisl iH-
IIMX MIiCT YKpaiHu, CIIpUSTUME He JIUIIe iHTerpaltii
Ykpainu y MixkHapomHe €BpOIeichbKe CITiBTOBApU-
CTBO, a 11 103BOJIMTH 3a0€3MEYUTH SIKICHO HOBUI pi-
BeHb iH(opMaliiiHOro 3a0e3neyeHHs 1151 MOHITO-
PUMHTY POCTY MiCBbKUX TepUTOpiii (CTpyKTypH, op-
MU TOIIIO) Ta HABKOJIMIITHBOI'O CEPEAOBUIIA (SIKOCTi
MOBITPSI) 3 YHiIKaJIbHUMU XapaKTepUCTUKaMU 3a
MaciTabHiCTIO, MOBTOPIOBAHICTIO i OIlepaTUBHIC-
TIO, 1110 Ha MPAKTULIi 3MOXYTb BUKOPHUCTOBYBATHU SIK
JIepKaBHi OpraHu YIpaBJiHHS 3 METOIO MPUNAHSITTS
OOIpYHTOBAHUX YMPaBIiHCHKUX PillleHb, TaK i IIM-
poKa rpoMajChKiCTb.

BXIJTHI JAHI

Ax BXimHI JdaHi TPOIIOHYETHCS BUKOPHCTOBYBAaTH
OE3KOIUTOBHI 1 BIIKpWMTI JaHi CyNmyTHUKIB «Senti-
nel-1/2» [12], npu3HaueHi crewLiaJbHO AJI Orepa-
TUBHUX NoTped nporpamu Copernicus, €BpoIieii-
CbKOI ITpOorpaMu CIOCTEPEKEHHS 3eMJIi, sIKa pPO3Mo-
yajacsy 2014 p. Ilporpama 3a6e3nedye ¢hopMyBaHHS
BEJIMUYE3HOI KiJTbKOCTI JaHMX, a TaKoX iHdopMallii
Mpo TiacucTeMu 3eMJli (3eMHY ITOBEpXHIO, aTMocde-
Py, OKeaHM) i MOB’sI3aHi 3 HEl Mpoliecu (3MiHa KIli-
MarTy, HaJ3BUYaiiHi cuTyallii Ta Oe31eKa).

Ha ocHoBi 01HOrO 3HiMKa HEMOXJIMBO OTpUMa-
TH JOCTOBipHY KapTy, OCKIJIbKA OTITUYHI Ta pagapHi
JlaHi MaloTh CBOI HelOAiKU. ONTUYHI 3HIMKK 4acTo
OyBalOThb 3aXMAapeHUMHU, A PANAPHI MICTITh MEBHY
3alIyMJIeHiCTh. ToMy SIK BXimHi gaHi mist Kjiacugika-
11 MPOIMOHYETHCS BUKOPHMCTOBYBATU YaCOBUM Psill
NlaHWX, OTPUMaHUX 3 BKa3aHUX JIBOX CYIyTHUKIB,
1110 3MEHIIIYE iIMOBIPHICTh TTOXUOOK:

e nipoaykT «Sentinel-1» Level-1 Ground Range
Detected (GRD) 3 mpocTopoBUM pO3pi3HEHHSIM
20 x 22 m;

e mpoaykT «Sentinel-2» Level-2 MultiSpectral
Instrument (MSI), 110 MiCTUTH YEpPBOHMIA, 3e€Jie-
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HU, cuHil 1 6avxHiin [Y-gianazoHu 3 npocTopo-
BUM po3pizHeHHsIM 10 M.

Metanani npoaykty «Sentinel-1» Level-1 Ground
Range Detected (GRD) HaBeneHo B Ta6. 1 [13], a me-
TagaHi mponaykTy «Sentinel-2» Level-2A MultiSpectral
Instrument (MSI) — y 1a6:. 2 [3].

B sKocTi 10AaTKOBUX JKepes JaHUX IIPOIMOHY-
€ThCSI BUKOPUCTOBYBATH IaHi cyImyTHUKa « Landsat-5»,
«Landsat-7», «Landsat-8» (mpocTopoBe po3pi3HEeH-
Hs1 30 m).

Hns inenTrdikailii 00’ €KTiB pOCIMHHOIO MOKPU-
BY / 3eMJIEKOPUCTYBaHHS MPOMOHYETHCSI BUKOPUC-
toByBatu «Google Earth» [4] Ta onTUYHI CynyTHU-
KOBi maHi «Sentinel-2». 111 yToYHEeHHSI TOPOXKHBOL
Mepexi, TaHuX 3eMJIEKOPUCTYBaHHSI, POCIMHHOTO
MOKPUBY, imeHTUQIKallil aKBaTOpiii BUKOPHUCTOBY-
1oTbes naHi OSM [11].

METOJOJIOI'TA

Jlns1 BupillieHHs 3aBAaHHSI MOOYIOBU MiCBKOTO aT-
JIacy MPOMNOHYEThCSI BUKOHATU TaKi eTaru morepe-
JTHBbOI 0OPOOKM JaHUX.

1. 36ip i nonepeons obpobka cynymuuxoeux ma
Hazemuux danux. J17151 moOynoBU KapTu Kiacudika-
il BUKOPUCTOBYBABCS YaCOBHMI PsII SIK pamapHUX
(«Sentinel-1»), tak i onTuyHux («Sentinel-2») cy-
MMyTHUKOBUX HaHUX. OCKITbKM 1Ii CYITyTHUKU Ma-

Tabauys 1. Metanani nponykry «Sentinel-1»

IOTh pi3HE IIPOCTOPOBE PO3Pi3HEHHS Ta Pi3HY IIPHU-
pony (pi3uKy 3i0MKM), BOHU NOTPEOYIOTh Pi3HOI
norepeaHboi 00pooku. JIist pagapHUX JaHUX BU-
KOHYIOTBCSI TaKi KPOKM MOMEPeaHbOI 0OPOOKM: KO-
PEKIIisI KOOpAWHAT MO OpOiTi, BUTAIECHHS KpalloBUX
LIYMiB, pagioMeTpU4He KajliopyBaHHS 3 MPUBEICH-
HSM CUTHaJIy IO 3HayeHb KoeillieHTa 3BOPOTHOIO
poscitoBaHHs1, (inbrpamist (Mmerogom Refined Lee 3
BikHOM 3 x 3), mpouenypa Range-Doppler Terrain
Correction 3 BAKOPHMCTaHHSIM 3aJaHOI HIU(PPOBOI MO-
neni penbedy (SRTM 90 m) i 30epeskeHHs pe3y/ibra-
TiBy hopmati GeoTIFFE [Iy1ist onTuyHMX 1aHUX BUKO-
HYIOTBCS TaKi KPOKHU TTONEePEeTHbOI 0OPOOKU: aTMOC-
¢epHa Kopekllisl, MacKyBaHHsI XMmap, 30epesKeHHSI
pe3yabratiB y popmati GeoTIFE OopobOka Ta aHai3
CYMYTHUKOBUX AaHUX IPOBOMASTLCS Y CEPENOBUILI
Sentinel Application Platform (SNAP) [18].

IIle onHUM, HEe MEHIII BaXKJIMBUM KPOKOM JIJ1s1 TTO-
Oy/I0BM KapTu 3eMHOTO MOKPUBY, € (hOpMYBaHHSI Ha-
BUaJIbHOI Ta TecToBoi BUOipku. HaBuanbHa Bubipka
BUKOPUCTOBYBajacs JJisl HABUaHHSI Hellpomepexe-
BOi MOJieJIi Ta MOOYIOBU KapTU 36MHOTO MOKPUBY, a
TeCTOBa — JJIsl BU3HAUEHHSI JOCTOBIPHOCTI OTpUMa-
Horo pe3yiabraTty. OmHUM i3 LISIXiB CTBOPEHHS J10-
CTOBipHOI BUOIpKM € MMPOBEICHHS Ha3eMHUX JTOCITi-
JIKeHb. Y BUMAAKY, SKIIO Ha3eMHI AOCTiIKEHHS
HEMOXJIMBIi, TO BUOipKa (popMy€eThCs LIISIXOM (Do-
TOIHTepIIpeTalii (HalpuKJjaz, 10 PeTPOCIEKTUBHUX

Pospiznenns Kpok mikcesnst Exsisancntia
Pexum Tun Knac . P P . KinpkicTb KiJTbKICTh
. . NAJBHICTh x a3UMYT, JATIbHICTh x a3UMYT,
3IOMKU MPOIYKTY PO3pi3HEHHS y " CIIOCTEPEXKEeHb He3aJIeKHUX
CIOCTEPEXKEeHb
1A% GRD HR 20 x 22 10 x 10 S5x1 4.4

[Mpumeuanue: IW — Interferometric Wide-swath mode, GRD — Ground Range Detected, HR — High Resolution

Tabauys 2. Metanani npoaykTy «Sentinel-2»

Tun Kﬂac l'lpf)CTopOBc Kanam Iupuna Mopwar npozyKTy
MPOAYKTY PO3pi3HEHHS PO3pi3HEHHS, M 300paKeHHS!, KM
MSI HR 10 x 10 B02 (490 um) 290 JPEG2000
B03 (560 1m)
B04 (665 1m)
BO08 (842 1m)

[Mpumeuyanue: MSI — MultiSpectral Instrument, HR — High Resolution.
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JaHUX 3a IomepeaHi poku). 3i0paHi HaBYaAJIbHI Ta
TECTOBI JaHi 30epiraloTbCs y BUIJISIAL ITOJIITOHIB y
BEKTOpHOMY (hopmari.

2. Kaacugpixauis i nobyooea kapmu 3emHo20 noKpu-
6y. HactynmHum ertanom € moOynoBa KapTh 3€eMHO-
ro TMOKPUBY ILLISIXOM Kilacugikalii cymyTHUKOBUX
JaHUX i3 BUKOPMCTAHHSIM 3i0paHMX HaBYaJIbHUX
nanux. Ha Bxin kitacucikaTopa mogaoThCsl CYMyT-
HUKOBI JIaHi ITicJsl MOoIepeaHboi 00poOKM Ta (op-
MYBaHHS HaBuajibHOI BuOipku. st kimacuikaiii
MPOMNOHYETHCSI 3aCTOCOBYBAaTU aHCaMOJIb HEUPOH-
HUX MepeX MPsIMOTO MOIIUPEHHS, SIKUi1 100pe cede
3apEKOMEHIYBaB Yy IOCIIIKEHHSX IIpU IT00YIOBi
KapT 3eMHOro nokpusy [5—9, 14, 15, 17]. Ilix yac
HaBYaHHSI HEHPOHHOI MepeXi 3 BUKOPUCTAHHSIM
bGaraTrolapoBOro InepcenTpoHa (PyHKIisT MOMUIIOK
KpOC-EHTPOITii 3BOJUTHCS 1O MiHIMyMY:

N K
E(w)=-Inp(T|w)==>>t,Iny, —>min

n=1 k=1
e W — BeKTOp BaroBux KoediuieHris, T — MHO-
JKMHA, SIKa CKJIAJA€eThCs 3 BEKTOPA CHEKTPAIbHUX
KaHaJliB [JIsI KOXHOTO ITIiKCedsl Ta BilMOBiIHOIO
ilomy xiacy K y HaBuanbHiil BuGipui, N — kiab-
KicThb mostironis y Bubipui, K — uwncio kiacis,
1, — LiTbOBi BUXOM, y,, — Buxomt MLP, p(-) —
YMOBHa MMOBIpHICTb.

Ha Buxomni koxHOTO Kitacudikatopa OTpUMYyEMO
anocTepiopHy HMOBIpHICTh MPUHAJEXKHOCTI BXia-
Horo o0pasy 0 MeBHOTro Kjacy. Buxoau okpeMux
KJacugikaTopiB 00’ €THYIOTHCS TOJaBaHHIM, ITiCTIsT
YOro OOUYMCIIIOETHCS CepelHs MMOBIpHICTh IIpUHA-
JIEXKHOCTI BXiZHOTO 00pa3y KOHKPETHOMY KJIacy.
Bximnnii o0pa3 BimHOCSTH A0 KjIacy 3 MaKCUMaJlb-
HOI0 aroCTePiopHOI0 MOBIPHICTIO:

1 L
k e e _ !
kr=argmaxpl, o= 2.0

ne K* — knac, 10 SIKOro HaJeXUTh BXiIHUI 00pa3
aHcaMOm110 Ki1acu@ikaTopis, pf — anocTepiopHa
MMOBIpHICTh HaJIEXKHOCTI Kjacy IsI aHcaMOJIio,
piI — anocTepiopHa WMOBIPHICTh HAJIEXKHOCTI KJa-
cy uig KoxHoro kiuacudikatopa MLP, L — kinb-
KicThb KiacudikaTopiB y aHcam6ii, K — KinbkicTb
KJ1aciB.

3anpornoHoBaHa METOOJIOTisl 3abe3neuye Beau-
KoMaciuTabHy Kiaacu@ikallilo 3eMHOI0 MOKPHUBY:
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LITY4YHi 00’€KTHU, BUCOKI 3eJIeHi HacaIKeHHSs, HU3b-
Ki 3eJIeHi HacaI>KeHHsI, BOAHI 00’ €KTU.

ITicnsg Toro sk Kapty Kinacugikaiii Bxke 1mo0y-
JIOBAaHO, ii ITepeBipsIOTh HA TECTOBUX JaHUX LIS~
XOM T0oOymnoBU Marpulli HeBianosimHocTi. [lpu
LIbOMY KOXEH 3 KJIaCiB Ma€ TPU TOYHOCTi: TOY-
HICTb KOPUCTyBaya, TOYHICTh BUPOOHUKA Ta TOY-
HicTb piBHS F1.

3. Cmeopennsa 6eKmopHo2o wapy 3 Keapmaiamu
Mmicma. J171s1 CTBOPEHHsI BEKTOPHOTO 11apy i3 KBap-
TaJlaMM MiCTa 3a OCHOBY OyJIM B3SITi BiIKpUTi maHi
3 OSM na micta Kuesa, sKi Oynu yomocKoOHaJIeHi,
JIeTai3oBaHi Ta BimpemaroBaHi 3a goromoroio I'IC-
CHUCTEM Ta 0AATKOBUX BIIKPUTUX JKEPEJT, TAKUX SIK
Google Earth Ta iH.

4. Cmeopenns 6ekmopHoi Kapmu 3 8i0comkom 3a-
0y006 i éidcomkom ozeaenenna micma. HactynHuii
eran o0poOKU JaHMX Iependadyae Mpoueaypy BU-
3HAYEHHS BiJICOTKA 3a0y/lI0BU Ta 03€JIEHEHHS KOX-
HOTO 3 KBapTajiiB Micta. [Jis 1IbOro BUKOPHUCTOBY-
€ThCS KapTa 3¢MHOTO ITOKPUBY Ta BEKTOPHUI IIIap
i3 KBapTajlaMM MicTa, 110 OyJI OTpMMaHi Ha TOoIIe-
peaHix eTanmax oOpooOKu.

11 BUBHAYEHHSI BiICOTKA 3alTOBHEHHSI KOXKHO-
ro KBapTajay MeBHUM KJIACOM 3€MHOTO MTOKPUBY BU-
KOPHUCTOBYEMO (POPMYJTY

Ap;|p,=nAp, €0}
,n=1,CN: Rf:Z"’ Al L= 100,
H'Zi,j{pif Py er}

e QN — KinbKicTb KBapTaiiB, CN — KiJIbKiCTb KJIaciB
3eMHOTO TIOKPUBY Ha KapTi, OTpMMaHa B pe3y/bTaTi
HaBYaHHS HEWpPOHHOI Mepexi (y HallloMy BUITaIKy
YOTUPU KJIACH: IITY4YHi 00’ €KTH, BOIHI 00’ €KTU, BU-
COKIi Ta HU3bKI 3€JI€Hi HACaIKEHHSI ), Pnk — BIICOTOK
3arlOBHEHHSI KJIACOM 7 KBapTay k , Py — MiKcesb, 110
JIEXUTh Ha TEPETHHI i-I0 PANKA Ta j-TO CTOBITYMKA,
p,; — 3HAYCHHsI KJIacy y MiKceJi, 10 JIeKUTh Ha Ie-
PETHHI i-TO psifiKa Taj-ro CTOBMYMKA, Qk — MHOXMU-
Ha BCiX IiKcesiB y k-My KBapTati.

3 BUKOPUCTAHHSIM JaHOI (pOpMyJIM IS TAKOTO
KJ1acy 3€eMHOIO MOKPHUBY, SIK IITy4YHI 00’€KTH, 00-
YUCJIIOETHCS BiICOTOK 3a0y0B MO KOXXHOMY 3 KBap-
TaiiB Micta Kuesa. [ToegHaBImM Kitacu BUCOKHUX Ta
HU3bKUX 3€JICHUX HACaXKeHb B OIUH KJIac Ta BUKO-
PUCTaBIIH 1110 caMy (GOpMYJTy, OTPUMAEMO BiICOTOK
03€JIEHEHHSI IS KOXKHOTO 3 00paHUX KBapTaliB.
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KBapranu micra

IItyuHi 06’ ekt

Bucoxi 3eeHi HacamKeHHs
Hu3sbki 3e1eHi HacaKeHHS
Bonni 06’extn

Puc. 1. Kapra xnacudikarii nist M. KrieBa Ha 0CHOBI cymyT-
HUKOBUX JaHuX «Sentinel-1», «Sentinel-2», 2018 p.

Micro Knis
1990
2002
2018

Puc. 2. Pict arnomepartii m. Kuesa 3 1990 o 2018 pp.

Bincorok 3a0ynoBu
11100: HenepepsHa 3a0ymosa (> 80 %)

3esieHi HacaLKeHHs
14100: IMapkoBa 30Ha
31000: Bucoki 3es1eHi HacaIKeHHSs
32000: Husbki 3eneHi HacaoKeHHs

11200: 3a6ymoBa Brucokoi miabHocTi (50—80 %)
11220: 3abymoBa cepeanboi mibHOCTI (30—50 %)
11230: 3abynoBa Hu3bKOI 1iTbHOCTI (10—30 %)
11240: 3abynoBa nyxxe HU3bKOI miibHOCTI (< 10 %)

Puc. 3. Bincotox 3a0ynoBu Micbkux KBaprtaiiB M. Kuesa, 2018 p.

3anpornoHoBaHy METOIOJIOTiI0 OYJI0 3aCTOCOBAHO
JIJIsI CTBOPEHHSI BEKTOPHMX KapT MICBKOTO aTjacy
st repuTopii micta Kuena.

AITPOBAILIISI METOJOJIOTTT

B pamkax mixknapogHoro npoekty SMURBS Kuis
€ OIHUM 3 ITJIOTHUX MICT, IUTSI IKUX BEIEThCS PO3-

poOKa BiIMOBIAHWUX iIHCTPYMEHTIB Ta iHTEJIEKTyalb-
HUX pillleHb IJIS peaji3allii OCHOBHOI KOHLEILil
«Po3yMHOro micra» 1IjIssXxoM BUKOPUCTAHHS TaHUX
NUCTAaHLIAHOIO MOHITOPUHTY 3€MHOI ITOBEpPXHi Ta
BUPIILIEHHSI TaKUX BaXKJIMBUX 3aBHAaHb, SIK MOHIiTO-
PMHI 3a0pyJIHEHHSI MOBiTpsl (OLIiHIOBAaHHS SIKOCTi
MOBITPsI), POCTY MICHKHUX arjoMepaliil i MOHITO-
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Micro Pisne

Ksapranu micra

I tyuni 06’ ekt

3eneHi BUCOKi HacakeHHs
3esieHi HU3bKI Haca/KeHHsI
Bonni 06’ektn

Bincotok 3a0yn0B
0-17
17-33
33-50
50—67
67-83
83-100

Puc. 4. Kapra 3eMHoro nokpusy s M. PiBHe (311iBa), BiiIcOTOK 3a0ynoBu KBapTaiiB M. PiBHe (cripaBa); 2018 p.

Micro JTio6nin

Ksapramu micta

L tyyHi 06’exTn

Bucoxi 3esieni Haca1xKeHHs!
Husbki 3en1eHi HacaKeHHs

Boani 06’ektn

Bincorok
3a0y10B

0—10
10-20
20-30
30—-40
40-50
50—60
60—70
70—-80
80—-90
90—100

Puc. 5. Kapra 3emMHoro mmokpuBy st M. JI1o6tiH (371iBa), BincoTok 3a0ynoBu KBapratiB M. JIto6miH (cripasa); 2018 p.

PMHTY HaJ3BMYaHUX CUTYalliii MPUPOIHOTO i Tex-
HOT€HHOI'O XapakTepy. ABTopaMM OyJiv TIPOBEJICHI
po0OOTH 3 JOCHIIXKEHHSI 3pOCTaHHSI arjaoMepaiii
Ha OCHOBi CYMyTHMKOBHUX JaHux «Sentinel-2» Ta
«Sentinel-1».

3 BUKOPUCTAHHSIM YACOBOTO PsIly CYTyTHUKOBUX
JaHUX i 3aIIPOIIOHOBAHOI METOIOJIOTII IJIsI TEPUTOPIl
micta KueBa Oyno cTBopeHO KapTu Kjiacuikailii 3
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10-M mpocTtopoBUM po3pizHeHHSIM (puc. 1) 3 2015
mo 2018 pp. ToyHicTh LIMX KapT CTAHOBUTH OJIU3b-
K0 95 %. Hnsg 2018 p. TOYHICTh IITYYHUX 00’€KTIB
cTtaHOBUTL 97.3 %, BUCOKMX 3€JI€HUX HAacaJKeHb —
98.3 %, HU3BKUX 3eJIeHUX HacagkeHb — 95.4 %,
BOJIHUX 00°€KTiB — 99.5 %. BunukHeHHs IMOXuO0K
MOB’s13aHe i3 MPOCTOPOBUM PO3PI3HEHHSIM CYITyT-
HUKIB, OCKUIBKM 0arato 00’€KTiB y MiCTaX MOXYTh
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Puc. 6. Bincotok 3a0ynosu kBaptajiiB M. JIto67iH, 2012 p., Urban Atlas [1]

MaTW MEHII pOo3Mipy BiTHOCHO MiKCeJsI, 3BiIKM i
BUHUKAE MEeBHA MOXMOKA.

Ha ocHOBi peTpoCIeKTHBHUX CYMYTHUKOBUX Ja-
Hux «Landsat-5», «Landsat-6», «Landsat-7» crtBO-
peHi kKapt 3eMHoro TokpuBy i 1990 i 2002 pp., 3a
JIOTIOMOTOI0  SIKMX Oy/10 MOoOydOBaHO KapTy pOCTY
arnomepatiii M. Kuesa 3 1990 no 2018 pp. (puc. 2).
3a J0MOoMOrow BEKTOPHOTO IlIapy KBapTajliB MicTa,
oTpuMaHoro Ha ocHoBi OSM i BigpenaroBaHoro st
OinbLIOl AeTaji3allil, y TIOENHAHHI 3 KapTO KJIacH-
¢ikalrii 0yyio cTBOpeHo iH(popMalliliHi TPOAYKTH, 1110
MICTSITh JaHi PO BiICOTOK 03€JICHEHHS Ta 3a0y10BU
JUTSI KOXKHOTO 3 MiChbKUX KBapTajiB (puc. 3) [16].

CTBOpeHi KapTM € CYMIiCHUMU 3 CepBicOM
Copernicus Urban Atlas, 1110 MicTUTh iH(popMaliiio
qumre 3a 2006 i 2012 pp. TlepeBaroio 3amporioHo-
BaHOI TEXHOJIOTii MOHITOPUHTY POCTY MiCTa € BUKO-
pUCTaHHSI 0E3KOIITOBHUX CYMYTHUKOBUX NaHUX 3
YacTor IepiognyHicTIo 3iioMKu. e 1o3Boisie mpo-
TATOM KOXXHOTO POKY CTBOPIOBAaTH HOBi MPOAYKTH i
3[iACHIOBAaT MOHITOPMHI OCHOBHUX 3MiH 3 ypaxy-
BaHHSIM €KOJIOTIYHUX acCIeKTiB.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2019. T. 25. No 6

[lle onHUM i3 MiJIOTHUX MiCT, Ha SIKUX Oyjia BU-
npoOyBaHa JaHa TexXHoJorisa crajo M. PiBHe. Ha
puc. 4 300paxkeHa KapTa 36MHOTI'O ITOKPMBY Ta KapTa
3 BiICOTKaMHU 3a0yq0BM y KBapTaiax M. PiBHe.

3 METOI0 TIOPiBHSIHHSI poO3po0JIeHYy METOI0JIO-
rilo Takox OyJ10 ampoOOBaHO MPU CTBOPEHHI KapTu
3eMHoro nmokpuny M. JI1o6miH (ITonbia). Ak i mis
M. KuiB, Oy;10 CTBOpEHO MPOAYKT 3 BiICOTKOM 3a0y-
JIOBU KOXHOTO 3 KBapTasiB (puc. 5). BekTopHi naHi 3
MexXaMu KBapTaJsiiB 0yau oTpuMaHi 3 cepsicy Urban
Atlas [1]. k110 MOPiBHATU OTpUMAaHUM pe3ysbTaT
3 ipoayktoMm Urban Atlas, crae oueBUIHUM, 110 B
2018 p. WIJIBHICT 3a0yN0BY B LICHTPAJIbHIN YaCTUHI
30iabIIMIacs mopiBHsAHO 3 2012 p. (puc. 6).

BHCHOBKIM

3anpornoHoBaHa TEXHOJIOTiSI CTBOPEHHS MPOAYKTIB
JIJIST MOHITOPMHTY POCTY MiCbKMX arjioMepaliii Mae
3HauHi repeBaru B MOPiBHSIHHI 3 HASBHUMMU. 30Kpe-
Ma, BOHA 0a3yeThCsl HA BUKOPUCTAHHI 0€3KOILITOB-
HUX JAHUX 3 BIIKPUTUX JIKEPE i JO3BOJISIE KOXKHOTO
POKY OHOBJIIOBATH T€0MPOCTOPOBI MPOLYKTH.
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BnoposamxenHs1 po3pobieHoi TexHosorii Urban
Atlas njist micT YKpaiHu, 110 € CyMiCHOIO 3 CepBicOM
Copernicus Ta BUIpoOyBaHAa Ha ITUJIOTHOMY MICTi
KwuiB Ta iHmwmx mictax (M. PiBHe, M. JI1o0siH), 10-
3BOJIMTH JIep>KaBHUM aAMiHiCTpallisiM pi3HUX PiB-
HiB BMKOPHCTOBYBaTH KapTU 3eMJIEKOPUCTYBaHHSI
MICBKMX PaliOHIB ST aHATi3y CTaHy MicTa B LIJIOMY
Ta OT0 OKpEeMUX YacTUH. BinkpuioThCsl HOBi MOX-
JIMBOCTI TIJTaHYBaHHS TOJAJIBIIOTNO PO3BUTKY MicTa
3 TOYKHM 30py POCTY arjoMepallii, po3MillleHHs 3e-
JIEHUX 30H, OLIiHKHW Ta TJIaHyBaHHS CTYMEHS KOM-
(bopTHOCTI MPOXMBAHHS y Pi3HUX paiiOHAX TOLIO.

Po3pobisiennii nmpoaykT Oyjo BIPOBAaIKEHO B
rpomajchbKiit opranizaitii Kyiv Smart City B Mexax
yroau Iipo cmiBrnpaio Mix demaprameHTtom IKT
KwuiBcbKOi MiCBbKOI IepxkaBHOI agMiHicTpauii, [H-
CTUTYTOM KOCMIiYHUX JAociHimkeHb HallioHaibHOL
akanemii HayK YKpaiHu Ta Jlep:kaBHOTO KOCMi4YHO-
ro areHTCTBa YKpaiHu Ta rpoMajiCbKOIO OpraHizaili-
€10 «Cmapr Ciri Xa6». Ha HacTynHux eramax po0it
TUIAaHYETHCSI PO3POOUTH Ta BIIPOBAAUTU JAHUI TTPO-
JYKT TaKOX JIJIs1 iHIIUX MIiCT YKpaiHu.
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URBAN ATLAS IJIA TOPOJOB YKPAMHbI
HA OCHOBE CITYTHUKOBbBIX JAHHBIX
BBICOKOTI'O PASPELLIEHUA

CraTbsl TOCBsIIIEHa pa3pabOTKe COBPEMEHHOM TEXHOJIO-
TMA Ha OCHOBAaHUW OTKPBITHIX MAHHBIX, COBMECTUMOM C
cepBucoM Urban Atlas nporpammbl Copernicus. B pamkax
BBITIOJTHEHMS ITpoekTa mporpamMbl H2020 ERA-PLANET
SMURBS (SMart URBan Solutions for air quality, disasters
and city growth) Ob11 pazpaboTaH roponackoii atnac Kuena,
KOTODBI cTas mepBbIM ropojioM 3a npeaenamu EC, mist Ko-
TOPOTO CO3/1aH TaKol MpoAyKT. JlaHHast TexHosaorus 6a3u-
pyeTcs Ha UCTTOJIb30BaHUY OECTUTATHBIX CITYTHUKOBBIX TaH-
HBIX HaOMoAeHUs 3eMIN U KiacCu(pUKAIMU 36MHOTO TT0-
KpOBa C MCIOJIb30BaHUEM METOA0B MAIIMHHOTO OOyYeHUS
COOCTBEHHOI pa3pabOTKU U TeO0CTaTUCTUYECKOTO aHaIu3a
TUIOTHOCTU 3aCTPOMKHU MO BEKTOPHOI KapTe ropoja U3 oT-
KPBITBIX MCTOYHUKOB, B yacTHOCTU JaHHbIX OSM (Open
Street Map). OcOGEHHOCTSIMU TTPEUIAraeéMOT0 PEIICHUS SB-
JIIeTCST MCTIOJIb30BAHKE TOJIBKO OTKPBITBIX MICTOYHUKOB JIaH-
HBIX U eXerogHoe 0OHOBICHUE MH(MOPMAIIUK O 3eMHOM T10-
KpOBe / 3eMJIETOJIb30BaHUU B ropojie. B nanbHeiiiem paspa-
OGoTaHHAsT TEXHOJIOTMSI MOXET OBITh INpPUMEHeHa M JUIS
IPYTUX TOPOIOB.

60

Karoueewvie caosa: Urban Atlas, ropojckoii atiac, pocT ro-
POIICKUX arjoMepaluii, CyTHUKOBbII MOHUTOPUHI, KJac-
cruKaus 36eMHOTO TTOKPOBA.
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URBAN ATLAS FOR UKRAINIAN CITIES ON THE
BASIS OF HIGH-RESOLUTION SATELLITE DATA

The issues addressed in the article relate to the development of
modern technology based on open source data compatible with
the Copernicus Urban Atlas service. The city atlas of Kyiv was
developed within the framework of the project H2020 ERA-
PLANET SMURBS (SMART URBan Solutions for air qual-
ity, disasters, and city growth). Kyiv became the first city outside
the EU for which such a product was created. This technology
is based on free satellite data of Earth observations and land
cover classification using in-house machine learning methods
and geostatistical analysis of building density from open-source
vector city maps, including OSM (Open Street Map) data. The
distinctive features of the proposed solution are the use of open-
source data only and the annual updating of city land cover /
land use information. In the future, the developed technology
can be applied to other cities.

Keywords: Urban Atlas, city atlas, growth of urban agglomera-
tions, satellite monitoring, land cover classification.
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ITEPCIIEKTHBbBI UCITIOJIb30OBAHUA KOMBUHUPOBAHHOI'O
METOJA OYUCTKH OKOJO3EMHOI'O ITPOCTPAHCTBA
OT KPYITHOTABAPUTHOI'O KOCMHUYECKOI'O MYCOPA

Paboma nocesuena npobneme KOCMUHECK020 Mycopa, KOMOPbLi NPeOCmassiem Cepoe3Hyio yeposy 0esimenbHOCMU 4e108eKd 6 0KO-
N03EMHOM KOCMUYECKOM npocmpancmee. Boinoanen kpamiuii 0030p uzeecmubix mexHu4ecKux cpedcme u mexnono2uil 045 yoane-
HUSL KOCMUYECK020 MYCOPA ¢ HUBKUX 0K0A03eMHbIX opoum. Ha cecodusawnuii 0enb 0cHOBHbIMU Nymamu 60pb0bl C MEeXHOLEHHbIM 30~
CcopeHueM OK0N03eMH020 NPOCMPAHCMEA ABAACMCS UCHOAb308AHUE AKMUBHBIX U NACCUBHBIX MEMO008 Y800a KOCMUUECKO20 MYCopd.
Axmuenvie memoodbt no3goasom obecneuums Y600 006eKmoe Mycopa 6 2apaHmupoeantvle CPOKU, 0OHAKO MPeOyrom 3HA4UMENbHbIX
snepeemuueckux sampam. Ilaccusnvie memooul a6510mMcs 604€e SIKOHOMUHHBIMU, HO npoyecc 604ee NPOOOANCUMENeH U MOICEM He
Y006.1em80psmov mpebo8aHusIM MejucOYHapOOHOU KOHEEHYUU NO YMEHbUEHUIO KOCMUMecKo20 Mycopa. B pabome paccmompen Hogublil
KOMOUHUPOBAHHYII NOOX00 K Y800y KPYNHOLAOAPUMHOR0 KOCMUYECK020 MYCOpa 8 NAOMHbe CA0U amMocgepbl 3emau, e0e OH npe-
Kpamum c6o0é cyuecmeoganue. [lanHolii Memoo npednosaeaem co8MecmHoe UCHOAb308aHUe AKMUBHO20 CPeOCBa — PeaKmugHol
0su2amenvHoll yCMaHo8KU — U NACCUBHO20 CPeOCMBa — A3pOOUHAMUMECK020 napycHo2o yempoticmea. [Ipedcmasnena Konuenuyus
UCNONB308AHUS KOMOUHUPOBAHHO20 MEMOOd 0451 OUUCMKU OKOA03EMHO20 NPOCMPAHCMEA, onpedesera 00aacms 3hekmueHo2o e2o
ucnoavzosanus. Jlannas obaacme cocmasasem evicomot om 700 do 2500 km 6 3aeucumocmu om 6arAUCMU4ecK020 Koaghguuuenma.
B kauecmee kpumepus 3¢ppekmusHocmu npeonoNceHo paccmampusams OMHOCUMENbHOE OMKAOHEHUE MACChl KOMUOHEHMO8 Mo-
nauea, Heobxodumwix oas obecneuenus yeooa. Iloxazana yenrecoobpaznocms u nepcneKmueHOCMs NPUMeHeHUsE KOMOUHUPOBAHHO-
20 memoda ysooda. Pezyaemamui pabomol npedcmagasiom npaxmuueckuii uHmepec 045 MeXHUKO-3KOHOMUHECK020 000CHOBAHUS U
Pa3pabomKu Meponpusmuil NO UCNOAb306AHUI0 KOMOUHUPOBAHHO20 MemMo0d OHUCMKU HUZKUX OKOA03EMHbIX OpOUmM Om 1eMeHmMOo8
KPYNH02a0apumHo20 KOCMU1ECK020 Mycopa.

Karouesvie caosa: 3A42pPA3HEeHUe 0K0/103eMH02c0 hpocmpaHcmed, Kocmuyeckuil mycop, KOM6HHHPOB(1HH6[IZ Memood oHUCMmKU.

BBEJIEHUE ComnracHo TIpUBEIECHHBIM TaHHBIM 85 % Macchl KM
COCTaBJISTIOT KPYITHBIEC YaCTH OPOUTATBHBIX CTYITEHEH
paker-Hocuteseir (PH), ¢ momonibio KOTOPBIX MC-
KYCCTBEHHbIE CITyTHUKM 3eMJTU BBIBOIUJIMCH Ha Op-
OuTY, a TaKKe caMM KOCMUYECKME arlapathl, Mpe-
KpaTtuBLIre cBoe GyHKimoHuposanue. Eme 12 % —
5TO 3JIEMEHTbl WM KOHCTPYKLIMU, OTIEIMBILIHMECS B
mnpoliecce 3amycka KOCMUUYECKHX alllapaToB U UX
sKcIutyatauuu. Bee ocranbHOe (IpUOIM3UTEIBHO
3 %) — MajieHbKHe (hparMeHTHI 1 OCKOJIKI, KOTOPBIE
BO3HUKIIM B pe3yjIbTaTe CTOJNKHOBCHWIA, pa3pylle-

Haxopsiuiicd Ha 0KOJIO3eMHOI opOUTE KOCMHUYE-
ckuit mycop (KM) yxe mnpeacrtaBiseT yrpo3y Kak
JIJISI OKpY>Kalollleit Cpeibl, TaK 1 IJIsI XKU3HEAesSITeb-
HOCTHU 4eJIOBeKa BO BpeMsl OpOUTAIbHBIX MOJETOB.
AHaInu3 COBPEMEHHOIO 3KOJIOTUYECKOIO COCTOSI-
HUS OKOJIO3€MHOTO KOCMUYECKOTO IPOCTPAHCTBA U
OCHOBHBIX (DaKTOPOB €TI0 3arpsI3HEHUSI BHIIIOTHEHBI
B pa6ore [3].

© H. M. IPOHb, A. B.TOJIYBEK, A. 0. APEYC, JI. I. IYGOBMUK, 2019
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Puc. 1. Pactipenenenne KOCMUYECKOTO Mycopa IO CTpaHaM
(opraHu3anusIM)-BiIaaeablam

Huit 1 B3ppIBOB PH 1 kocMuueckux ammapaTtoB. Bo
MHOTUX CJIydyasiX KpyIHOra0apuTHble OOBEKTHI, B
YacTHOCTH oTpabotaHHbIe cTynieHu PH MoryT conep-
2KaTh OCTaTKM TOKCUYHOIO PaKeTHOIO TOILIMBA U SIB-
JISIIOTCSI B3pbIBOONACHBIMU. Bce 3Tu 00BbEeKTHI TIpe-
CTaBJISIIOT COOOI OMACHOCTh HE TOJIBKO IS OKOJIO-
36MHOI'0 KOCMUYECKOIO IIPOCTPAHCTBA, HO 1 CO3/a-
IOT YIpo3y 3arps3HEHUST MOBEPXHOCTU 3eMJIUA IIpU
nageHuy OOBEKTOB ITOCTIE BBITTOJHEHMUSI MUCCUM |7,
22]. Bro obyciaaBiuBaeT OCTPYH) HEOOXOAUMOCTD
pelleHus] BeayIIMMU KOCMUYECKMMU JepKaBamu
npobJieMbl KocMUYecKoro mycopa [18, 23].

B T0 ke Bpems apdexTuBHas 6oppda ¢ KM mpen-
CTaBJISIET COOOI CIOKHYIO TEXHUYECKYIO IIPO0IeMY,
TpeOyIoLIyI0 Pa3pabdOTKU CIOXHBIX MHXKEHEPHBIX
pemeHuii. B HacTosmelr paboTe BHIITOJIHEHHI aHa-
JIN3 U3BECTHBIX TEXHUYECKUX CPEACTB U TEXHOJIO-
ruii s ynaneHust KM ¢ HU3KUX OKOJIO3eMHbBIX OpP-
6uT, 1 000CHOBaHNWE KOMOMHHPOBAHHOIO METOIa
s ynasnenust KM.

AHAJIN3 COCTOAHUA BOITPOCA

JemnmapramMeHT mpobJjieM KOCMUYECKOro Mmycopa EB-
pOIeCKOro KOCMMYECKOTO areHTCTBa MOCTOSTHHO
KoHTpoaupyeT 6osee 20000 oobekToB. Ha puc. 1
MoKa3aHO pacrpeejeHre KOJIMYecTBa KpyrmHora-
OapUTHBIX KOCMMUYECKNX 00BEKTOB 00pa30BaBIINX-
cs1 Ha opbuTe 3eMJIM BCAENCTBUE aKTUBHOCTU pa3-
JIMYHBIX cTpaH [3].
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ABNsISICh KOCMUYECKUM IOCyIapCcTBOM, YKpanHa
Tak>Ke pa3padaTbiBaeT TEXHUYECKME CPEACTBA U Me-
TOABI 1J1st 00pbr0BI ¢ KM.

B cBsi3u ¢ aktyanbHOCTBIO MpobsieMbl KM B 10-
cJieIHUE TO/Ibl aKTUBHO TTPOBOISTCS UCCIETOBaHUS
U pa3pabaTbiBalOTCSl TEXHOJOTUU T10 CHUKEHMIO 3a-
COPEHHOCTH OKOJIO3€MHOI0 KOCMUYECKOTO Ipo-
CTpaHCTBa U 00ecTieueHs1 0e30MaCHOCTH KOCMUYECKON
nesaTeabHOCTU. BaxkHoi 3agadeit SIBIIsIeTCsl TPOrHO3U -
poBaHue opouTanbHoro aprkeHnst KM [16]. B paGo-
Tax [20, 21] BeINOJIHEH OOIIMPHBIA 0030p U aHAIU3
COBPEMEHHBIX METOJOB OUYMCTKU KOCMUYECKOTO
MPOCTPAHCTBA OT TEXHOTEHHOTO 3arpsI3HEHUS U CBSI-
3aHHBIX ¢ HUM TIpobJieM. O000111ast JTaHHbIE 3TUX UC-
cJIeloBaHui, CleayeT BBIACJAUTH JBa HampaBlICHUS
60pb0ObI ¢ KM Ha 0KOJ103eMHBIX OpOMTaX:

e [IpEJOTBpAlLlIEHUE 3aCOPEHUSI OKOJO3EMHOTO
KOCMMYECKOTo IpocTpaHcTBa HOBBIM KM

e yrnajieHUe C OKOJ03eMHBIX OpOUT (hparMeHTOB
yXe CYILIEeCTBYIOIINX 00beKTOB KM.

i1 HU3KMX OKOJI03eMHBIX OpOUT HanboJjiee uc-
MOJIb3YEMbIM METO/IOM OUMCTKMU SIBJISIETCSI YBOJ 00B-
extoB KM B 1m10THEIE cjion aTMOocdephl 3eMIIH, Tae
OHU MPEKPATIT CBOE CYIIECTBOBAHUE. YBOJ C OPOUT
BBICOTOI1 Oosiee 2 ThIC. KM OCYILIECTBISIETCSI MTyTeM
repeBojia Ha OpOUTHI 3aXOPOHEHUS WUJTH, TIO BO3ZMOX-
HOCTU, — Ha HE3aMKHYTbI€ OKOJIO3EMHbIE OPOUTHI.

BoiaenuM cienyioniyue METOIbI U CPEICTBA YBOIA.

1. AKTUBHBII YBOJ, BBIITOJHEHHBIN C MCIIOJIb30-
BaHMEM DPEaKTUBHON JBUTaTeJIbHOW YCTAaHOBKU
(PI1Y). IMo3BossieT peann3oBaTh rapaHTUPOBAHHbBIN
YBOJI B TeUE€HHE 3aJJaHHOTO0 BpeMEHHOTO MHTEpBaJia,
Kak B IJIOTHBIE cJion aTMocdepbl 3eMr, TaK U Ha
0oJiee BBICOKME OPOUTHI, BKJIIOYAsl JAJbHUIA KOC-
Moc. Ero HemocTaTKoM SIBJISIIOTCS OOJIbIIIME SHEPIe-
TUYECKUE 3aTPaThl, CBI3aHHBIE C HEOOXOIUMOCTBIO
HaJU4Msi KOMOOHEHTOB ToriuBa K PIIY Ha Gopry.
Ho, HecMoTpsi Ha CBOM HENOCTAaTKMU, AKTUBHBIN
YBOJ SIBJISIETCS ONHWUM M3 Haubojee pacrnpocTpa-
HEHHBIX METOJIOB OUMCTKH 1LI€JIEBBIX OPOUT.

PaccmarpuBaloTcsi BapuaHTbhl peajM3alluv  Ha
Oa3e:

e opOMTANIbHBIX cTyrneHelr PH ¢ mapuieBoii, Ha
0aze aBUTaTeIe Majoi TSTU WM 3JEKTPOPEaKTUB-
HOI ABUTaTeIbHOU ycTaHOBKOM [13];

® JIBUTraTEJbHON YCTAHOBKM, pacIiojlaraeMoi Ha
KocMuueckoM ammapare [11];
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® MYyCOpPOCOOpPIIMKOB, BBIBOAMMBIX Ha OpOUTY
[17,10].

2. Mcrnonb3oBaHue mapycHbIX YCTPOMCTB, obec-
MEeYMBaAOIIMX YBOJ 32 CUET BO3AEUCTBUSI CUJT a3PO-
JTMHAMUYECKOTO COMPOTUBIEHUs aTMochepbl 3eM-
JIN U/WJIW TaBJICHUST COJTHEUHOTO cBeTa. A3poanHa-
MMYECKOE MapyCHOE YCTPOMCTBO SIBJISIETCS OJHUM
13 HauboJiee MPOCThIX B peayiM3allii U MOXET BbI-
MOJIHATBCS B BUJIE 111apa, LIMJIMHAPA, TOpa, MUpaMU-
Ibl U 1ip. [9]. Takke HIMPOKO pacnpocTpaHeHbl COJI-
HEYHbIE apyCHBIE ycTpolicTBa [14].

JlocTOMHCTBaMU 3TUX CPENICTB SIBJISIETCS UX ITPOC-
TOTa U CPaBHUTEJIbHO HeBbICOKasi croumMocThb. He-
JIOCTaTKHU 3aKJIIOYAIOTCS B CJIOKHOCTU MTPUMEHEHUsI
JIJTATEILHOCTU Tipoliecca yBoga KM, koTtopast Mo-
KET JOCTUTraTh AECATKOB JIET, U OTPAaHUYEHHOCTU
00JIaCTU UCIIOJb30BaHUS.

3. Hcnoyib30oBaHKE 2JIEKTPOIMHAMUYECKOMN TPO-
coBoii cucteMsl [17]. B aToM ciydae aieKTpoauHa-
MUYECKHUI TPOC MPUCTHIKOBBIBAETCS K (pparMeHTy
KM. B pe3synbrare B3auMoIelicTBYSI TOKa, MPOTeKa-
OI1IETO 10 TPOCY, C MATHUTHBIM ToJieM 3eMJiu ¢par-
MEHT TepsieT CKOPOCTb U CXOAUT ¢ opouThl. Hempo-
CTaTKOM CHUCTEMBI SIBJISIETCSI CJIOXHOCTb COXpaHe-
HUS KOH(MUTYpallMU CUCTEMBI B TTOJIETE.

4. Ncrionp30BaHME MAaTHUTOIMHAMUYECKO CUC-
Tembl [8]. [laHHBII METOJ OCHOBAaH Ha B3aUMOJIEi-
CTBUM YCTAHOBJIEHHOTO Ha OOBEKTE MarHuTa C aT-
MochepHO# JIa3MOM /i CO3JaHUsI CHUJIbI TOPMO-
JKEeHUsI, obecrneuyuBapllell MOCTENeHHOe CropaHue
B IUIOTHBIX CJIOSIX aTMOC(ephl 3eMJIU.

5. JIucTaHLIMOHHOE TOPMOXKEHUEe 00beKTa. B Ha-
cTosiliee BpeMsl pacCMaTpUBAIOTCS CAEAYIOIIME Ba-
PUAHTBI peaJIu3alMn: CO3IaHNE UCKYCCTBEHHOM aT-
Moc(depbl Ha IyTU ABMXEHUS 1I€JIEBOIO OOBbEeKTa
MyTEM pacbUIEHUS] XUMUYECKUX PEAreHTOB C Aajlb-
HEWIIUM MX CKUTaHMEM, BO3IAEHCTBME Ha LieJeBO
00BEKT MOHHBIM U3JTydeHueM u ap. [5, 15, 19]. o-
CTOMHCTBOM JJAaHHOTO METO/1a SIBJISIETCS OTCYTCTBUE
MEXaHMYEeCKOro KOHTaKTa MEXIy CPelICTBOM yBOJa
n KM, KoTopbIii MOT ObI IPUBECTHU K Pa3pylIeHUIO
nocjeaHero. HemoctaTky — CJIOKHOCTh M BBICOKAsI
CTOMMOCTb peayiu3alliM, CBSI3aHHbIE C IHEPreTUYe-
CKMMU 3aTpaTaMW Ha XpaHEHWE XMMMUYECKHUX pea-
TeHTOB Ha OOPTY, a TAKXKe ABUTaTEIbHOU YCTAaHOBKHU
1 KOMITOHEHTOB TOITIMBA K HEW IUISI TIOCTOSTHHOTO
MaHEeBpUPOBaHUS Ha OpOUTE.

M3 npoBeaeHHOro aHajau3a CleayeT, 4TO B Ha-
CTosIlIee BpeMsl pacCMaTpUBalOTCSI caMble Pa3HOO-
Opa3Hble METONIbl YBOJA C Pa3IMYHON KOHDUrypa-
11el, Ho HauOOoJIblIee PaCIPOCTPAHEHUE U3 HUX
MOJYYMJIM aKTUBHBIA YBOJ C HCIOJb30BaHUEM
PAY u naccuBHBIN yBOJ, BBIIIOJHEHHBIM Ha 0a3e
rnmapycHoro yctpoiicrsa. OcTtajabHble METOBI SIBJISI-
I0TCs 0oJiee 3aTpaTHBIMU WU MeHee 3(hEPeKTUB-
HBIMU B CBO€il peanu3auuu. B cBeTe ckazaHHOro
MOXET oKazaThCsl 11eJIecO00pa3HbIM MCIIOJb30Ba-
HUE pa3INnYHBIX KOMOMHUPOBAHHBIX METOIOB YBO-
Ia [4], B YaCTHOCTM MeTojaa, OCHOBAHHOIO Ha OJI-
HOBpEMEHHOM ucrionb3oBaHuu PAY u asponuna-
MMYECKOro napycHoro ycrpoiictsa [2]. [TomooHas
KOMOMHAIIMSI TTO3BOJSIET YAaCTUYHO KOMIIEHCUPO-
BaTb HEJOCTATKM KaXXI0TO U3 METOAOB U peaan3o-
BaTh yBoA 00bekTa KM Ha 3eMi1io ¢ MUHMMAaJIbHbBI-
MU 3aTpaTaMU KOMIIOHEHTOB TOILUIMBA B 3aJaHHBIC
cpoku. To ecTb, ¢ OTHOI CTOPOHBI, OHA MO3BOJISIET
CHM3UTb 3aTpaThl KOMIIOHEHTOB TOILJIMBA, HEO0OX0-
JUMBIX Ha YBOJX 3a CYET JJIUTEJIBHOTO BO3ACHCTBUS
CWJIBbI A@9POAMHAMUYECKOTO COMPOTUBIICHMS aTMOche-
pel 3eMmuin Ha yBoauMbIil 00beKT KM. C apyroit —
pacIlIdpuTh AUAIla30H MCIIOJb30BaHUS IMACCUBHBIX
IMapyCHBIX CPEICTB yBOAA 3a CUET TEX OPOUT, BpeMsI
CYIIECTBOBAHMSI HA KOTOPBIX IPEBBIIIATIO IIPUHSI-
ThI€ OrPaHUYCHUSI.

HMcxonst 3 0oTMEUEeHHOTO BBIILIE, MOXHO CIeIaTh
BBIBOJI, YTO OCOOBINI MHTEpeC MpPeACTaBIIsSIET pa3pa-
00TKa MeTo/1a KOMOMHUPOBAHHOTO YBOJA, KOTOPHIi
MO3BOJIMJ Obl COBMECTHO MCITOJIb30BaThb MpPEUMY-
11IeCTBa aKTUBHBIX U IMACCUBHBIX METOIOB. 3agadyeit
HACTOSIIEro UCCIIeNOBaHMs SIBJISIETCSI OlLleHKa 00-
JIACTU MIPUMEHEHUSI KOMOMHUPOBAHHOIO METO/a,
a TakKe ero CpaBHEHUE C aKTUBHBIM METOAOM — Ha
6a3ze P/1Y u maccuBHBIM METOJOM — Ha 0a3e a’po-
JMHAMWYECKOTO MapyCHOTrO YyCTpOiCTBA.

KOMBUHWNPOBAHHBIN METO/]
OYHUCTKH OKOJO3EMHOI'O ITPOCTPAHCTBA
OT KOCMHMYECKOI'O MYCOPA

HaubonbiivM nmoTeHIMa bHBIM UCTOUHUKOM JAajTb-
HEMIIEero yBEJIMYEHMST KoJMdecTBa o0bekToB KM
€CTb KpPYITHOTabapuUTHbhIE KOCMUYECKHE OOBEKThI
(kocMmnueckue armapathl 1 ctynienu PH), pa3pyiie-
HHE KOTOPBIX B CHJIY pa3HOOOPA3HBIX IIPUYMH CITO-
COOHO MTPUBECTH K 00pa30BaHUIO THICSY IJIOXO UIEH-
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Puc. 2. CxeMa KOMOMHUPOBAHHOTO YBOJIA KpyITHOTabapuT-
HBIX KOCMMUYECKHX OOBEKTOB C HMCITOJIb30BaHUEM MYCOPO-
cOopmka: a — 3eMist, 6 — MyCOpOCOOPILUK C BKIIOYEHHOM
PEaKTUBHOM JBUraTeJbHON YyCTAaHOBKOI, 8 — MycOopocOop-
IIUK C BBIKJTIOYEHHOW PeakKTUBHOM JIBUTAaTEJIbHOM YCTaHOB-
KOIi, ¢ — opOMTa 11eJIeBOro 00beKTa KOCMUYECKOTO Mycopa,
MOJUIEKAIIETO YBOMY, 0 — 1IEJeBOl 0OBEKT KOCMUYECKOTO
Mycopa, e — MyCOpPOCOOPIIHKK C 11eJIEBBIM 0ObEKTOM KOCMMU -
YeCcKOro Mycopa U BbIKJIIOYEHHOM PeakKTUBHOM JBUTaTEb-
HOI YCTaHOBKOI, o¢c — MyCOPOCOOPILKK C 1eJIEBbIM 00bEK-
TOM KOCMMYECKOTO MycOpa W BKJIIOUEHHOU pEaKTUBHOI
JIBUTATEJIbHOM YyCTAHOBKOM, 3 — OpOUTa YBOAA, U — BEPXHSIS
TpaHMIIA TUIOTHBIX CJIOEB aTMOC(ephl 3eMIIN, K — MyCOpOCcOOop-
KK C 1IeJIEBBIM 00BEKTOM KOCMUYECKOT0 Mycopa 1 pa3Bep-
HYTBIM a3pOIMHAMUYECKUM MapyCOM

TUPULIMPYEMBIX 00JIOMKOB, pazMepoM MeHee 10 cM,
JBIKYILMXCST CO cKopocTsMu MeHee 11.2 km/c. Bto
MOXET MpUBECTU K Havaly cuHjapoma Kecciepa —
npoliecca JaBUHOOOPA3HOTO YBEJWUYEHUST KOJUye-
cTBa 00beKTOB KM 3a CUET MX CTOJTKHOBEHU I MEXTY
co6oii. OueBUIHO, YTO UMEHHO KpYITHOrabapuTHbIE
00bekThl KM sBiISIIOTCS 11eJIeBBIMU O0BEKTaMU aK-
TUBHOTO 1 KOMOMHMPOBAHHOTIO METOJIOB YBOJA, TO-
CKOJIBKY TpEOYIOT 3HAUYMTEJbHBIX IHEPreTUYECKUX
3aTpaTr Ha U3BMEHEHUE CBOE OPOUTHI.

PaccmoTpum cxemMy KOMOMHMPOBAHHOIO yBoAa
KpynHorabaputHoro oobekta KM ¢ 1eneBoii opou-
ThI, BBITIOJHSIEMOTO Ha 0a3e BbIBOAMMOTO B OKOJIO-
3eMHOE KOCMMUYECKOe MPOCTPAHCTBO MYycOpocOOp-
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muKa (YBOIL MOXET TakXKe OCYIIECTBISIThCS C UC-
nonb3oBaHueM PJIIY KocMuueckoro ammapara Win
CTYIIEHU pakKeTbl-HocuTess1). OHa COCTOUT U3 Clie-
NMYIOIIMX XapaKTePHbBIX YYaCTKOB (pHUC. 2):

I — BbIBeeHME MycOpOCOOPIIIMKA Ha OKOJI03eM-
HYIO OpOUTY;

Il — maccuBHBIN MOJIET MycOpOCOOpIIIUKA C TIe-
peopueHTalMeli B HallpaBJIeHUM Ha 1ieJeBOi 00b-
ekt KM;

III — yyacTok npecieaoBaHus 1ieJIeBOro 00beKTa
KM;

IV — yyacTok 3axBaTa M CTBIKOBKU C 1I€JI€BBIM
oobekToM KM;

V — y4acTok IepeopueHTaluu, BKiodeHue PIY
1151 hopMUPOBaHUST OPOUTHI YBOJIA;

VI — packpbiTUe a’poAnHaAMMUeCcKOro Iapyca,
MACCHUBHBIM yUyacTOK MOJETA 10 MPU3EMICHUS WU
MpeKpalleHUs CyleCTBOBAHUSI.

PeakTuBHas qBUraTeibHas ycTaHOBKa o0ecrneumn-
BaeT (h)OpMUPOBAHUE IJUTMNTUYECKON OPOUTHI YBO-
Jla ¢ TIepUreeM B BEPXHUX CJI0SIX aTMOochephl 3eMJIN
U, TI0 BO3MOXHOCTM, KOPPEKIIMIO TPAEKTOPUU Ha
yyacTKe BX0oJia B IJIOTHbIE CJIOM aTMOcdephbl, a as-
poAMHAMUUYECKUII Mapyc — MOCTeNeHHOe CHUXe-
HUE CKOPOCTHU 3a CUET BO3JCHCTBUSI HA MYCOPOC-
O6oprK ¢ 00bekToM KM criibl aapoanHaMU4eCcKO-
IO COMPOTUBICHUSI aTMOc(epbl. DTO MPUBOAUT K
CHVXEHUIO 3aTpaT KOMIIOHEHTOB TOIJIMBA (3ayac-
TYI0 BbICOKOTOKCHUYHBIX) 1 UTOTOBOMY CHUKEHUIO
Macchl BbIBOJMMOU KOHCTPYKIIMU B CPaBHEHUU C
YUCTO aKTUBHBIM METOIOM.

CrenyeT OTMETUTb, YTO 00J1aCTh MUCTIOIb30BAHUS
KOMOMHUPOBAaHHOTO MeTO/a YBOJa C OIHOI CTOPO-
HbI OyIeT OmNpeaensiTbcsl BepXHeil IrpaHulieil mac-
CMBHOTO YBOJIa C UCITOJIb30BAHMEM a3poJAruHaAMUYe-
CKOTIO MMapyCHOTO YCTPOMCTBA, a ¢ Ipyroil — rpaHu-
1Ieil aKTUBHOTO YBOJA ¢ UcIoib3oBaHueM PJ1Y.

OrnpeneanM BepXHIOI rpaHUIly NaCCUBHOTO yBO-
na. O6nacTh MPUMEHEHMST TaHHOIO MeToAa OyaeT B
MepBYI0 ouepeb ONpPeNesaTbCsl KaK MapameTpamu
HavyaJIbHOW OPOUTHI, XapaKTepUCTUKaMU aTMocde-
PbI C YUETOM CYTOUHBIX, CE30HHBIX U 1 1-71eTHUX KO-
JIe0aHMii, a TAaKKe a3pOAMHAMUYSCKMMM 1 rabapuT-
HO-MAacCCOBBIMU XapaKTepPUCTUKAMU YBOJAUMOTIO CO-
BMeCTHO ¢ Mycopocbopminkom KM. Ha mpaktuke
rabapuTHO-MAacCOBbBIE Y A3POIMHAMUYECKHE XapaK-
TEPUCTUKHU MPUBOLAT K OLHOW BEJIMYMHE, XapaKTe-
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Puc. 3. HuxHsst rpaHuiia 006J1acTi KOMOMHUPOBAHHOTO Me-
TOJa yBOJA JJIsI pa3HbIX 3HAYEHWIH OAJUTMCTUYECKOTO KO3~
(uLMeHTa 6 ¥ HAKJIOHEHUST OPOUTHI {

pU3YOIIEH CTeNeHb BO3AESUCTBUSI CUJIbI a3pOaHAa-
MMUYECKOT0 COMPOTUBICHUS aTMochepbl 3eMJId Ha
00BEKT yBOAA U Ha3bIBa€MOM OA/UIMCTUYECKUM KO-
abbUureHTOM
o= CxSu. ,
2m

rae ¢ — Oaumctuyeckuii koappuuuenr; C, —
yCpeAHEHHBIN KOA(M@UIIMEHT CUJIbI a3pOJUHAMMU-
YeCcKOro CONPOTUBIIEHUs] aTMOocdhepsl; S, — IUIo-
1aab MUIENS; m — Macca.

Paccmorpum rpaHuily o0GjacTteil  11acCHBHOTO
yBOJIa C UCITOJIb30BaHNEM a3pOIMHAMMYECKOTO T1a-
PYCHOTO YCTPOMCTBA 1 KOMOMHUPOBAHHOTO YBOIA B
TeueHue 25 net mycopocbopuukom KM ¢ kpyro-
BBIX OKOJIO3EMHBIX OPOUT BEICOTOM 10 £ = 850 KM 1
HakiaoHeHueM [ = 0°, 45°, 98.1°. 3amrpuxoBaHHas
00J1aCTh Ha pUC. 3 COOTBETCTBYET YBOMY C UCITOIb30-
BaHUEM adpPOIMHAMUYECKOTO TapyCHOTO YCTPOii-
CTBa. 3HaYeHUs OAJIUCTUUYECKOTo KoadduiimeHTa
o1 0.001 10 0.1 M%/KT COOTBETCTBYIOT TUIIOBBIM 3Ha-
YeHUSIM [JIs1 KPYITHOrabapUTHBIX 00bekToB KM.
HanHasi objacTh OblIa TMojydyeHa MyTEM pelieHus
nuddepeHINaNIbHbIX  YPaBHEHU JBMXKEHUS B
OCKYJIMPYIOIIMX 3JEMEeHTaX OpOUTHI MYCOpOCOOp-
muka ¢ KM kak MaTepuajlbHOI TOUKM MOJ ACii-
CTBUEM CWJIbI MPUTskeHus 3emau [12] (yuuTbiBa-
JIMCh 4 x 4 TapMOHUK I'PaBUTALIMOHHOTO MTOTEHIIMA~
Jla) U CHJIBI adpOAMHAMUYECKOTO COIPOTUBICHUS
arMmocdepbl 3emau (FTOCT 25645.115-84).
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Puc. 4. TutioBast 3aBUCUMOCTb UMITYJThca CKOPOCTH YBOZIA OT
BBICOTBI HAUYAJIbHOU OpOUTBI, (pa3bl COMHEUHON aKTUBHOCTHU
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Puc. 5. 3aBUCUMOCTb OTHOCUTEIBHOTO OTKJIOHEHMSI WM-
IyJIbCA CKOPOCTU 3V OT BBICOTHI /1, HaYaJIbHOM OPOUTHL U
Oa/TUCTUYECKOTO KO3 dUIIMeHTa 6 (UMcia y KPUBBIX)

W3 puc. 3 cienyet, 4TO UCIIOJb30BaHUE KOMOU-
HUPOBAHHOTO MeETOAA IIO3BOJISIET CYIIECTBEHHO
pacmupuTh 001acTh yBoaa 00bekToB KM ¢ mpume-
HEHMEM adpOJAMHAMUYECKOIO IMapyCHOTO YCTPOWi-
CTBa 3a CUET TeX OpOMUT, TJe ero NpuMeHeHne Head-
(bekTUBHO (He3alITpUXOBaHHasl 00J1aCTh) U CBsI3a-
HO CO CpOKaMU KU3HMU OoJjiee 25 JIeT.

st ompenesaeHUsT BepxHell TpaHUIBI o0yacTu
KOMOMHMPOBAHHOTO YBOJA BOCIIOJIB3yeMCS IIpUpa-
IIEHUEeM MMIYIbCa CKOPOCTH, HEOOXOAUMBIM [IJIST
(opMupoBaHKUST OPOUTHI YBOAA YUCTO AKTUBHBIM
MeTonoM ¢ ucnoiab3oBanueM PIY. Paccuntaem ot-
HOCHUTEJIbHOE OTKJIOHEHHWE UMIYJIbca CKOPOCTH,
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Heobxoaumoro i1 GopMUPOBaHUSI OPOUTHI yBOIA
KOMOMHMPOBAHHBIM METOJIOM OT YMUCTO aKTUBHOTO:

oV =

MJOO%
AV ’

A
rne 8V — OTHOCUTEIbHOE OTKJIOHEHUE MMITYJIbCa
ckopoctu; AV, — UMITYJIbC CKOPOCTH, HEOOXOIM -
MBI 1151 (hOpMUPOBaHUSI OPOUTHI YBOIA KOMOMHM-
POBaHHBIM MeTonoM; AV, — MOTPeOHBII UMITYJIbC
CKOPOCTH, HEOOXOMUMBIN Ist (DOPMUPOBAHUST OP-
OUTHI yBO/Aa aKTUBHBIM METO/IOM.

WMmysibe CKOPOCTH ISl aKTUBHOTO METOJIa yBoJa
onpenesieH ¢ UCIMOJb30BaHUEM T'OMAaHOBCKON KOM-
TUTaHApHOHM NBYXMMITYJILCHOM CXeMbl Iepesiéra s
BBICOTHI IepUrest OpOUTHI yBOJA, paBHOM Hy/t0. [Tpu-
MEHUTEIbHO K KOMOMHMPOBAHHOMY METOIYy OBbLIO
TPOBEIECHO MCCIIeIOBaHNE, TIO pe3yJbraraM KOTOPOTo
onpe/eSieHbl BEIMUMHBI UMITYJIbca CKOPOCTH, HEOO0-
XOIUMBbIE 17151 (pOpMUPOBaHNsI OPOUTHI YBOJA C BpeMe-
HeM Xu3Hu 25 JieT. Pe3ynsraThl uccienoBaHus MOI-
POOHO M3JI0XKEeHbI B padoTe [2]. Tunosast 3aBUCUMOCTD
HMITYJIbCa CKOPOCTH OT BBICOTHI /1,; HAYaJIbHOI opOu-
Tbl, (pa3bl V. COJHEYHON aKTUBHOCTU U OaJLIUCTAYE-
cKOro Ko3(uIiMeHTa MycopocOopIiKa ¢ 00beKTOM
KM npusenena Ha puc. 4.

IMocTponM 3aBUCUMOCTh OTHOCHUTEIBHOTO OTKIIO-
HEHUSI UMITyJIbCa CKOPOCTH OT BBICOTHI HauyalbHOM
OpOUTHI M Oa/UTMCTUYECKOT0 KoadduineHTa (puc. 5)

Kak MOXHO BMIIeTh, OTHOCUTEJIbHOE OTKJIOHE-
HUE B 00JIaCTU OKOJO3EMHBIX OPOUT BBICOTOM 10
1500 xM, e pacriojlaraeTcsl OOJILIIMHCTBO KPYII-
HorabapuTHbIx 00bekTOoB KM, nM3MeHseTcs B mpe-
nenax ot 20 10 95 %. C yBeu4eHreM BbICOThI LieJIe-
BOI OpOUTHI JaHHAsS BEJTMIMHA MOHOTOHHO yObIBa-
eT. [IpoakcTpanosnpoBaB AaHHbBIE PUC. 5, MOXKHO
cesnaTh BbIBOA O TOM, YTO B paliOHE BBICOT OpOUT
2000...2500 kM BeIMYMHA UMITYJIbCA CKOPOCTU KOM-
OMHUPOBAHHOTrO MeToAa OyAeT con3MepruMa ¢ TaKo-
BOI JUIs1 YMCTO aKTUBHOro Mmetoaa. Ilpu atom rmo-
cJIeIHUIA Oosiee MPOCTOM B MCITIOJHEHUU U MMEET
MEHBIITYIO CTOMMOCTD 32 CUET OTCYTCTBUSI ITAPYCHO-
ro ycrpoiictBa. To ecTh, MOTydeHHbIE 3HAYCHUSI BBI-
COT OPOUT IPENCTABIAIOT COOO0I BEPXHIOIO TPAHUILY
KOMOMHMPOBAHHOTO METOIA YBO/JIA.

Kpome Toro, Ha BeJUYMHY HEOOXOIMMOTO WUM-
MyJibca CKOPOCTH OKa3bIBaeT BIUSHUE J0JTOMNEPUO-
JUUYECKOe BO3MYILIEHUE BepxHell aTMochephl, Bbl-
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3BaHHOE KOJIEOAHUSIMU COJTHEYHOW aKTUBHOCTU B
npenenax 11-merHero uukia. B padorax [1, 2] moka-
3aHO, YTO ITyTEM COOTBETCTBYIOLLIEro BhIOOpa Bpe-
MEHHU yBOJIa B IIpeaesax 11-1eTHero LHukia cojaHed-
HOI aKTUBHOCTH MOKHO JTOOUTHCS SKOHOMMH Mac-
CBI KOMITOHEHTA TOILINBA 110 5 %.

[TpoGaema ucrnoab30BaHUST KOMOMHUPOBAHHOTO
MEeTOJIa CBsI3aHa TakKKe ¢ HEOOXOAUMOCTbIO UCTTIONb-
30BaHUsl ABUTraTeeli MHOTOKPAaTHOTO BKJIIOUCHUS,
penieHus 3a1a4 BCTPEUU 1 CTHIKOBKY CPEICTBA YBO-
na ¢ ynansiembIM o0bekToM KM, a Takke aBTodax-
Heix PH, B koTophix marepuan 0akoB (€eMKOCTEIt)
HCTIONB3YyeTCs B KaueCTBe KOMIIOHEHTOB TOILIMBA.
Hexoroprle TexHMYeCKMe pellieHNs B 9TOM HaIpaB-
JIEHUU TIpeNICTaBIeHEI B [0, 24, 25].

BbIBO/JbI

ITepcnieKTUBHBIM METOIOM OOpHOBI ¢ KpymHOTada-
puTHBIMU 00beKTaMu KM sBisieTcst yBOI, MCTIONb-
gytoluii couetanue PIY u aspoamHamMuueckoro
napycHoro ycrpoiicrBa. PIY obGecneuuBaer op-
MUpPOBaHUE JUTUMIITUYECKO OpOUTHI YBO/A C MEepU-
reeM B BEpXHUX CJIOSIX aTMocdephbl 3eMJIn, a a3po-
NUHAMUYECKUI Mapyc — MOCTEMEeHHOE CHUXEHUE
CKOPOCTH 3a CYET BO3ACHMCTBUS Ha OOBEKT yBOAA
CIJIbI 2@9POAMHAMUYECKOTO COMPOTUBIIEHUS aTMOCche-
pbl. ITogoOHast KoMOMHAaIKMSI aKTUBHOIO U MTaCCUB-
HOTO METOJOB YBOJA IMO3BOJIUT YaCTUYHO KOMITCH-
CHPOBATh UX HETOCTATKN M PeaM30BaTh yBOI 00b-
ekta KM B BepxHue ciion atMochepbl 3eMIn ¢ MU-
HUMaJIbHBIMM 3HEPreTUYeCKUMHU 3aTpaTaMM B 3a-
naHHble cpoku. Tak, KoOMOMHMUpPOBaHHBIN yBoa KM
apdektuBeH ¢ obmactu BbicoT 700..900 kM 1O
2000...2500 kM B 3aBUCMMOCTH OT 3HaYEHMUsI DA~
CTHUYECKOro KoadduuueHrTa.

BBunmy Ttoro, uro addeKTUBHOCTh MHOMOOHBIX
CPENCTB YyBOIAa BO MHOTOM 3aBHCHUT OT COCTOSTHUS
BepxHeil aTMochephl, KoTopas SIBIseTcsT QyHKIIN-
eif, U3MEHSIIOIEHCS IIMKITNIHO C TTeproaIoM B 11 et
COJIHEYHOU aKTUBHOCTH, TO OIpeeieHe BpeMeH!
HayvaJla yBoJia B 3aBUCUMOCTHU OT (ha3bl COJTHEUHOM
aKTUBHOCTHU MOXET J1IaTh 3KOHOMUIO MacChl KOMITO-
HEHTOB TOIUIMBA TpPU (PUKCUPOBAHHOM BpEeMEHU
yBoza 10 5 %.

Paboma evinoanena 6 pamxax npoekma <«3ako-
HOMIpHOCMI (YHKUIOHY8AHHS KOMOIHOBAHUX 3ac00i6
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JIHIMPOBCHKUIT HALIIOHAJIBHUM YHIBEPCUTET
iMeHi Onecs ToHuapa, Kuis, Ykpaina

MNEPCIHEKTUBU BUKOPUCTAHHA
KOMBIHOBAHOI'O METOAY OYMILEHHA
HABKOJIO3EMHOI'O ITPOCTOPY BIJ{
BEJIMKOTABAPUTHOI'O KOCMIYHOI'O CMITTA

PoGoty npucBsiueHO mpobJjieMi KOCMIYHOTO CMITTSI, sIKE €
CEepi03HOI0 3arpo3010 IS JisIbHOCTI JIIOAMHU Y HAaBKO-
JIO3EMHOMY KOCMIiYHOMY MpOCTOpi. BUKOHaHO KOpOTKUI
OIJISIT BiOMUX TEXHIYHUX 3aCO0iB i TEXHOJOTIN s BUaA-
JIEHHST KOCMIYHOTO CMITT$ 3 HU3bKHX HAaBKOJI03€MHMX OPOIT.
Ha cbhoroaHiliHiii 1€Hb OCHOBHMMHU ILISIXaMU OOpOTHOM 3
TEXHOTEHHUM 3a0pYyIHEHHSIM HAaBKOJO3EMHOIO MPOCTOPY €
BUKOPUCTAHHSI aKTMBHUX i MAaCUBHUX METOMIB BiBEIECHHS
KOCMIYHOTO CMITT$ 3 HABKOJIO3eMHUX OPOIT. AKTUBHI METO-
ITA TO3BOJISTIOTh 3a0€3ITeYNTH BilBEACHHS B rapaHTOBaHi Tep-
MiHH, ajie TTOTPeOYyIOTh 3HAYHNX CHEPTeTUIHUX BUTpart. [1a-
CHUBHI METOIU Oi/IbIll EKOHOMIUHi, MPOTEe TOCUTH TPUBAIUIA
MPOLIEC BiIBEIECHHS MOXe He 3aI0BOJIbHSITY BUMOTH MiXHa-
PONHOI KOHBEHIIii 31 3MEHIIIEHHSI KOCMiYHOTO 3a0pYIHEHHS.
Y po06oTi po3rassHyTO HOBUIT KOMOIHOBaHUII METOJ BilBe-
JIEHHS BEJIMKOrabapUTHOTO CMITTS Y LUUTBHI 11apu aTMochepu
3eMJti, e BOHO MPUITMHUTD CBOE iCHyBaHHS. [laHuit MeTox
nepeadavyae CriJibHe BUKOPUCTAHHS aKTUBHOIO 3aco0y —
peakTUBHOI PYXOBOi YCTAHOBKM i ITACUBHOTO 3aCO0y — aepo-
JNMHaAMIYHOro napycHoro mnpuctpoto. [lpencraBieHo KOH-
LIeTILiI0 BUKOPUCTAaHHSI KOMOIHOBAaHOTO METOY i 3p00JIeHO
TEOPETUYHY OLIIHKY e(DEKTUBHOCTI 1OT0 BUKOPUCTAHHS ISt
OYMIIICHHSI HABKOJIO3€MHOTO TIPOCTOPY, BUSHAYEHO 00J1aCTh
iioro eeKTHUBHOIO 3acTOCyBaHHs. Taka 001acThb CKJIaJa€ Bil
700 no 2500 KM B 3aJIeXKHOCTI BiJl 6aJliCTUYHOrO KoedillieH-
Ty. 3a KpUTepiit e(heKTUBHOCTI 3aIpOIMOHOBAHO PO3IJISIAaTh
BiIHOCHE BiIXMJIEHHSI MacCU KOMITOHEHTIB TajiuBa, HeOOXiI-
HUX U151 3a0e3nedeHHs BinseneHHs. [lokazaHo MOLUIbHICTD
Ta MEPCIEKTUBHICTh 3aCTOCYBaHHSI KOMOIHOBAaHOTO METOMY
BinBeaeHHs. Pe3ynbraTi poOOTH MalOTh MPaKTUYHE 3HAYCH -
HST JUISI TEXHIKO-€KOHOMIYHOIO OOIpYHTYBaHHSI i pO3pO0OKU
3aXO0/1iB 3 BUKOPUCTaHHSI KOMOIHOBAaHOTO METOAY OUMILIEHHSI
HU3bKHUX HAaBKOJO3eMHMX OPOIT Bifl €JIEMEHTIB BeJrMKorada-
PUTHOTO KOCMIYHOTO CMITTSI.

Karouosi caosa: 3a0pyTHEHHS HaBKOJO3EMHOTO IPOCTODY,
KOCMiUHE CMITTsI, KOMOiHOBaHU I METO OUMILIEHHSI KOCMiU-
HOTO IIPOCTOPY.

M. M. Dron, O. V. Golubek, A. Yu. Dreus, L. G. Dubovik

Oles Honchar Dnipro National University,
Dnipro, Ukraine

PROSPECTS FOR THE USE OF THE COMBINED
METHOD FOR DEORBITING OF LARGE-SCALE
SPACE DEBRIS FROM NEAR-EARTH SPACE

The article discusses the problem of orbital debris from the
point of view of a great threat to near-Earth human space ac-
tivities. An overview of the existing approaches and technol-
ogies of orbital debris removal from low-Earth orbits is given.
Currently, the main ways to combat man-made space pollu-
tion are the active and passive methods of deorbiting debris
from near-Earth orbits. Active methods allow providing the
deorbiting processes during the guaranteed time, but ones are
energy-consuming. Passive methods are more economical but
time-consuming and may not comply with the requirements
of the international convention of the space pollution miti-
gation. We consider a new combined method for the large-
scale orbital debris removal from low-Earth orbits. According
to one, the space debris elements will be disposed of in dense
layers of the atmosphere for further burning. This method in-
volves the joint use of active means — a jet propulsion system
and passive means — an aerodynamic sail. The concept of
using the combined method is presented with the assessment
of its efficiency. The effective zone of the method’s applica-
tion is determined. This area includes the altitudes from 700
to 2500 km, depending on the ballistic coefficient. It is pro-
posed to take as a criterion of efficiency the relative deviation
of fuel components’ mass necessary to provide deorbiting.
The efficiency and prospects of the new combine method are
demonstrated. Outcomes of the work can form the basis for
the feasibility study and the development of proposals for the
application of the combined method for cleaning low-Earth
orbits from the elements of large-scale space debris.

Keywords: mitigation of near-Earth pollution, orbital debris,
deorbiting, combined method.
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NIKOLAI KIBALCHICH
IN THE HISTORY OF WORLD ROCKET-SPACE TECHNICS:
DISCUSSION QUESTIONS OF DOMESTIC AND WORLD HISTORIOGRAPHY

The article deals with the history of rocket and space technology and controversial issues regarding the role of Nikolai I. Kibalchich in
the formation of the rocket-dynamic principle of motion.

In 1881, Nikolai I. Kibalchich, while in prison for participating in the assassination attempt on the Russian Tsar Alexander 11,
developed the project of an “aeronautic device” (“flying machine”). As the basis of this device, he put a rocket dynamics principle. His
project has been considering one of the first, if not the first, project of rocket technology, which opened up the opportunity of flying in
airless space. However, as our study indicates, this point of view is not shared by everyone who is involved in the history of space
exploration and rocket technology research.

We discuss opinions given in various bibliography sources on the N. I. Kibalchich’ role for uprising of the engineer thought in rocket
technology. The appreciations of this role are given by researchers from Ukraine, Russia, and the former Soviet Union as well as from
the European countries and USA. A critical analysis of various points of view has revealed several factors that have had and have up
to now a negative sign on the evaluation of his “flying machine” project: revolutionary activity, participation in the killing of the Tsar,
interpretation of its technical design as inapplicable to rocket and space technology, etc. Our study is aimed to minimize such judgments
and to testify that “flying machine” proposed by N.I. Kibalchich using the rocket-dynamic principle of motion conceptually outstripped
the engineering idea of the time when the inventor lived.

Keywords: rocket and space technology, history of rocket techniques, outstanding personalities: Nikolai Kibalchich.

INTRODUCTION The statement by the outstanding physicist and

physicist-historian S. I. Vavilov has become an apho-

The origins of rocket science, the establishment of
its basic theoretical principles of the period of initial
professionalization of this scientific-technical and
engineering field of knowledge are one of the signifi-
cant problems in the history of science and technol-
ogy. It is indisputable that researchers of this problem
need to appeal to those individuals who laid the
foundations of the space science and technology.

© V. S. SAVCHUK, N. M. KUSHLAKOVA, 1. B. VAVILOVA, 2019

rism, according to which “the history of science can-
not be limited to the development of ideas — equally, it
should relate to human beings, with their characteris-
tics, talents, depending on the social conditions of the
country and the era.In the development of culture, indi-
viduals have had and continue to retain an incompara-
bly greater importance than in the general socio-eco-
nomic and political history of mankind. Therefore, it is
clear that the life and work of advanced people are a
very important factor in the development of science, and
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their biography is a necessary part of the history of sci-
ence...” [38, p. 4].

Undoubtedly, these words also refer to the pioneer
of the rocket and space industry, an extremely inter-
esting and gifted person, who is Nikolai Ivanovich
Kibalchich (October 19 [31], 1853, the city of Ko-
rop, Chernigiv Governorate (present Ukraine) —
April 3[15], 1881, St. Petersburg (present Russia)). It
is no coincidence that his name has entered the me-
morial anthology of outstanding Ukrainian person-
alities [19], the world rocketry industry’s outstanding
personalities [15], and “Pioneers of Space Explora-
tion Book Collection” (see, for example, [6]).The
complexity of studying his technical work lies primar-
ily in the fact that almost all researchers in his analysis
are forced to rely on the only work of N. I. Kibalchich
on this issue, namely, on the one that he wrote in the
short time between arrest and execution on the at-
tempted assassination of Tsar Alexander II. Niko-
lai I. Kibalchich died at the age of 27 and practically
did not leave behind himself the printed works with
descriptions of his inventions and technical ideas. By
this reason, the analysis of his contribution to the de-
velopment of rocket and space technology is difficult.
In this context, an important role is played by the
memoirs of N. I. Kibalchich of his contemporaries,
those who spoke with him, as well as other personal
sources used in this study [9, 21, 22].

The political activity of N. 1. Kibalchich also ob-
scures the significance of his priority work. For do-
mestic researchers, his revolutionary activity (espe-
cially for researchers of the Soviet period) was a
factor that contributed to a positive perception of the
figure of N. I. Kibalchich in the eyes of the Soviet
community, supported by a powerful ideology. But
for the world community, his political activity often
prevailed over scientific and technical and became an
occasion for discussion. For example, Thomas An-
drew, a political observer and science fiction writer,
whose interests are focused on the problems of space
exploration by Russia, China, and India, wrote in his
study, “The revolutionary bomb-maker and anarchist —
some would now say terrorist — Nikolai Kibalchich
(1853—1881), acted within debates both revolutionary
and cosmic” [1].

The aim of our work is to conduct a critical analy-
sis of sources (both domestic and foreign) that con-

Nikolai I. Kibalchich (19 October 1853 — April 3, 1881) — one
of the outstanding rocketry pioneers in the world

siders the contribution of N. I. Kibalchich to the fun-
damentals of rocket and space technology in a wide
range of opinions about it, including in a different
way than in domestic publications on space explora-
tion history. The subject of the research is the views
on the role of N. I. Kibalchich in the rocket-space
technology history presented in various sources.

N. I. KIBALCHICH AND HIS PLACE

IN THE HISTORY OF ROCKET AND SPACE
TECHNOLOGY IN THE ASSESSMENT

OF UKRAINIAN AND RUSSIAN RESEARCHERS

One of the first inventions of N. I. Kibalchich was
the design of a “propelling projectile” he created for
use for terrorist purposes. The design of the “propel-
ling projectile” was described by the inventor in his
testimony, from which follows a significant search
and design work by N. 1. Kibalchich: “I had to use a
lot of time and labor to prepare them before I collected
the necessary technical information and invented this
projectile device. It should be noted that among my
party, I was the first to take nitroglycerin. In order to get
acquainted with the subject, I re-read everything
that I could find in literature in Russian, French, and
German. But in order, firstly, to produce dynamite using
our own means and, secondly, to arrange a propelling
projectile with dynamite that was quite satisfactory,
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Sketch of the “flying machine” proposed by N. I. Kibalchich
based on the rocket-dynamic principle of motion [26]

1 had to come up with a lot of new devices that were not
used anywhere. I offered several types of propelling pro-
Jjectile, differing from each other in the device for receiv-
ing fire, which reports an explosion of dynamite, and
only recently I came up with this form of projectile” |9].
According to the description of the “propelling pro-
jectile” design made by N. I. Kibalchich, both the
“propelling projectile” itself and some of its struc-
tural elements (for example, “Kibalchich fuse”) were
reconstructed in our time [11]. Experts highly appre-
ciated the design activity of N. I. Kibalchich in the
development of the bomb. In this case, we are dealing
with a specific design, which, apparently, could be
claimed as an invention.

We also draw attention to the fact that N. 1. Kibal-
chich invented a number of “new devices that were not
used anywhere”, that is, he worked at the inventive level
in the course of work on the “propelling projectile”.

As for the technical project developed by N. 1. Kibal-
chich a few days before the execution, the manuscript
and its key points are now well known and published in
various sources since 1918 [34].

The Figure shows a page from the manuscript of
N. L. Kibalchich with his sketch of the “aeronautical
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device”. Let us briefly recall some of the main provi-
sions of this manuscript. Nikolai I. Kibalchich pro-
posed to use slowly burning compressed gunpowder,
the burning rate of which can be regulated, as fuel for
creating a “driving force” (traction force). According
to N. 1. Kibalchich, the change in the burning rate or
the mass of the supplied fuel should lead to the pos-
sibility of controlling the traction force of the “de-
vice”. He also noted that other explosives could be
used to create a “driving force” (traction force). In
order to establish and replace fuel, according to the
inventor, “special automatic mechanisms should be
invented” [23, 34].

We especially note the idea of installing a mobile
cylinder with a fuel (rocket engine) on the proposed
device so that “if could be tilted in a vertical plane, and
now could have a cone-shaped rotation. Both main-
taining the apparatus in the air and moving in the hori-
zontal direction are achieved simultaneously by tilting
the cylinder” |23, 34].

Nikolai I. Kibalchich also considered the place-
ment of fuel, providing the movement of the “aero-
nautical device”. Furthermore, he proposed a layout
of cylinders (engines) that control the movement of
the structure in horizontal and vertical planes. He
did not bypass the problem of stability of the “aero-
nautical device” arising from its movement. At the
same time, he expressed the idea that “for stability,
some kind of motion controllers in the form of wings,
etc., can be devised” [23, 34].

These and other ideas set forth by N. I. Kibalchich
in his project subsequently received a real construc-
tive solution under the new technical and techno-
logical capabilities. A modern reading of these ideas
is given, for example, in [13]. As it is known, the
rocket-dynamic principle used by N. I. Kibalchich
is the basis of modern rocket and space technology.

Nevertheless, an analysis of the contribution of
N. I. Kibalchich to the development of rocketry due
to the lack of a detailed constructive description in
his project leads to a discrepancy between the inter-
pretations of the meaning of his manuscript and the
description of the “flying machine”. Cosmism’s re-
searchers are especially “guilty” of this as they do
not often focus on the “aeronautical apparatus” de-
signed by N. I. Kibalchich in the context of the de-
velopment of modern rocket technology.
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As for the personality of N. I. Kibalchich, the
Russian historiography of his life and work traces
the approach associated with attempts to establish in
the minds of both scientists and ordinary readers the
idea that N. I. Kibalchich was an outstanding “Rus-
sian” engineer (see, for example, [14, 18]). In order
not to look unfounded, we give an example from the
article by Il. Poltavskii, published back in 1929. It be-
gins with the words: “The most typical and brightest
figure of the Russian inventor-revolutionary in the tsar-
ist days is represented by N. I. Kibalchich, one of those
whom the Narodnaya Volya Executive Committee to-
gether with Zhelyabov and Perovskaya sent to the case
on March 1, 1881” [25].

Apparently, it would be more correct to write liter-
ally “of Russia” by belonging to that State (Russian
Empire — Auth.) of which he was a citizen. From an
ethnic point of view, he was not the Russian. To be
more precise, as proved by the researchers of his life,
the ancestors of N. I. Kibalchich were immigrants
from Serbia. They moved to Ukraine and were as-
similated into its environment. This seemingly not
very significant moment receives a value when you
see how often Russian authors identify the iconic
personalities of Ukrainians in the history of the Rus-
sian Empire or the USSR as the Russian ones.

The tendency to represent N. 1. Kibalchich as a
“Russian scientist” continues today. What is the situ-
ation, and what kind of genealogy does N. I. Kibal-
chich have? Now, it is already well known about its
Balkan (Serbian) track. Enough evidence for this
version is presented, for example, in the book by
Ivashchenko and Kravets [10]. This idea is confirmed
both in the studies of Serbian scientists and in the
search work of Ukrainian researchers. So, Professor
Radmila Tonkovich (Serbia) in her report [32] in
2011 noted that the ancestor of the Ukrainian branch
of Kibalchichi (priest Gregor Kibalchich) at the be-
ginning of the 18" century was headed by one of the
Serbian detachments (couple) of gayduks ? who
fought for the overthrow of the Turkish yoke.Fleeing
from the Turks, he with his wife and young son
“found refuge in the Reuben hermitage of the
Chernigov Governorate” [7, p. 166]. Now, the Reu-
ben (Sosnitsky) monastery no longer exists. We also
note that, apparently, the choice of residence was not
accidental, since the founder of the Reuben hermit-

age (a monastery near the city of Sosnitsa in the
Chernigov Governorate) is considered to be the Ser-
bian bishop of Reuben [7, p. 166]. So, the Kibal-
chichs appeared in Ukraine in the 18th century. Since
Gregor Kibalchich was ordained an Orthodox priest,
he later became a priest at the Starodub Cathedral of
the Chernigov Diocese.This happened in 1709, when
(according to the book [10]) he was appointed to this
post by the Chernigov bishop John (Maximovich).
The latter is known for the fact that in 1700, he
founded a collegium in Chernigov (a Slavic-Latin
school), which was supposed to be the preparatory
stage of training for further mastery of the sciences at
Kyiv-Mohyla Academy. Subsequently, almost all
representatives of several generations of the Kibal-
chich’s family were priests in different cities and set-
tlements of Ukraine. An interesting testimony of
R. Tonkovich about those cities in the Chernigov
Governorate in which representatives of the Gregor
Kibalchich clan lived and worked mainly as priests.
It is interesting the testimony of R. Tonkovich about
those cities in the Chernigov Governorate in which
representatives of the Gregor Kibalchich family lived
and worked mainly as priests.A. Geida also notes that
“by the middle of the 19th century, most of the represen-
tatives of the Kibalchich family belonged to the clergy
and held the posts of priests in the Starodub, Pogarsky,
Mglinsky, Krolevets uyezds of the Chernigov Governor-
ate” [7, p. 78]. That is, this genus was mainly associ-
ated with Ukraine. Not single evidence, comple-
menting each other, is important and, undoubtedly,
confirms the assimilation of this family in Ukraine
and the inextricable relationship of the family of
Nikolai Kibalchich (and himself) with Ukraine. Al-
ready after finishing a secondary school, Nikolai
Kibalchich went to Russia, where he studied medi-
cine and later engineering at the Saint Petersburg
Engineering College as well as started his experi-
ments into pulsed (jet) rocket propulsion [4].

The second point in a number of Russian publica-
tions that we want to recall is a negative attitude to
the personality of N. I. Kibalchich by the Russian
monarchists. On the Internet, on the website of the
Society for the Development of Russian Historical
Education “Double-headed eagle” in a paragraph by
A. Goncharov, “The Persons of Revolutionary Ter-
ror: Nikolai Kibalchich”, it is noted, “The brutal
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murder of the Emperor put an end to the life of Kibal-
chich. Arrested by the authorities and legally convicted,
like other “Pervomartovtsy” killers, Nikolai Kibalchich
was hanged in 188 1. Shortly before his death, Kibalchich
invented the original flying spacecraft...” And further
the author, focusing on the fact that the streets of many
cities of Russia bear the name of N. I. Kibalchich,
claims, “It is clearly not the inventor that is glorified, but
the revolutionary terrorist, the killer of the head of the
Russian Empire” [8]. A similar, but somewhat milder
interpretation, is presented in the book of essays [2],
which refers to the fact that “a promising inventor took
the side of the terrorists and shared responsibility with
them for the evil that brought terror to Russia” [2]. With-
out touching on the moral and ethical issues of the act
of terrorism by members of Narodnaya Volya, let us
pay attention to the fact that it is the murder of the
Emperor that causes condemnation.

In this context we would like to cite reminiscences
of his contemporaries, who characterize Nikolai
Kibalchich and his state before death. First of all, it’s
opinion of his lawyer V.N Gerard to whom Kibal-
chich handed over his last notes on the project:
«“When his men came to see Kibalchich as his appoint-
ed counsel for the defense,” said V. N. Gerard in his
statement to the special committee of the senate, “/
was surprised above all by the fact that his mind was
occupied with completely different things with no bear-
ing on the present trial. He seems to be immersed in re-
search on some aeronautic missile; he thirsted for a pos-
sibility to write down his mathematical calculations
involved in the discovery.”» [3, 7]. One more descrip-
tion we find in the book by Diedov issued in 1906:
“To his liking, to his abilities, he was more a cabinet
scientist than a revolutionary practitioner. Books, labo-
ratory studies are his areas of interest. He was a man
quite independent and more intelligent than many, but
Jor his endless kindness, gentleness and impracticality.
he could not lead people behind him at all, he was re-
spected by everyone, everyone considered his opinion
when it came to the purely scientific field ... with his
ability to merge his whole soul with a favorite idea, he
was certainly able to look calmly in the eyes of death,
even more calmly than most other people. And on the
eve of his death, he is known to be concerned only with
the fate of his aeronautical project, as Archimedes is the
fate of his circles” [22].
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But in our opinion, the more discussable are the
negatives that come to light when considering the
work of N. I. Kibalchich and relate primarily to his
scientific-technical activities, in particular, the
“aeronautical device” project.

What was the significance of the invention by
N. I. Kibalchich? Did it have an impact on the
development of rocket and space technology?
Would this device fly if the project was imple-
mented? Can this project be considered the first
rocket technology project aimed at using for
flights in outer space? These and many other
questions arise not only with the modern reader.
They were relevant even at the time when the
project by N. 1. Kibalchich was first published in
the Byloye historic magazine in 1918 [34].

In order to evaluate the project, we turn to the two
publications. Their peculiarity lies in the fact that,
firstly, they were examined by specialists in rocket
and space technology, and, secondly, they are spaced
in time for almost half a century.

The first of these is N. I. Rynin, “a Soviet scientist
in the field of aviation and descriptive geometry. The
author of a number of works on jet technology, inter-
planetary communications, and the development of
the stratosphere” [26].

The conclusion of N. I. Rynin, presented by him
to the draft invention by N. I. Kibalchich in 1918, was
critical from the point of view of the technical capa-
bilities of the proposed apparatus in its practical im-
plementation at that time [27]. He confirmed his
opinion in 1929 in the book Interplanetary Communi-
cations, on the pages of which he noted that “when ap-
proaching the Kibalchich’s project with a strict test of the
possibility of raising the apparatus and controlling it in
flight, of course, the project does not stand up to criticism.
The speed of the powder gases and their energy are not
enough to lift the device that the author foresees” |28].

At the same time, back in 1918, N. I. Rynin ex-
pressed a fundamentally very important opinion
about the conceptual foundations of the invention
of N. L. Kibalchich, “For N. 1. Kibalchich, priority
should be set in the idea of using jet engines for aeronau-
tics, in principle, though not yet practically realized, but
right in the basis and giving attractive prospects in the
future, especially if you dream about interplanetary com-
munications...” [27].
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Almost half a century has passed. The rocket and
space industry has developed rapidly around the world.
Design thought has reached new heights. How do ex-
perts evaluate the invention of N. I. Kibalchich and his
conceptual provisions now? V. N. Sokol’skii, an expert
in aviation technology, Head of the History of Aviation
and Cosmonautics Department at the Institute of the
History of Natural Sciences and Technology of the
Russian Academy of Sciences, a scientist under whose
guidance a historical and technical school in the field of
aviation and rocket and space technology was formed
in the USSR, evaluated the invention of N. I. Kibal-
chich in 1963: “When assessing the Kibalchich’s project
Jfrom a modern point of view, of course, one can find many
shortcomings and even fundamentally wrong decisions in
it. Moreover, a detailed analysis of the project proves that,
as Kibalchich described it, a flying machine could not be
created at all. But one cannot help but admire the courage
of a man who developed his project, which was amazing
for that time, on death row a few days before execution,
and do not give credit to the talent of the scientist-inventor,
who provided for such technical issues as ensuring flight
stability, the use of multi-chamber devices, and the pro-
gram mode of combustion, gunpowder inhibiting, etc.
Therefore, we can rightfully consider N. I. Kibalchich one
of the pioneers of rocket technology” 30, p. 127].

Most of the academic scientists have the same
opinion. One of the evidences of such a position is the
publication of project by Kibalchich altogether with
papers by Tsiolkovsky, Zander, Kondratyuk in collec-
tions of selected works of the “pioneers of missile
technology”, issued in 1964 by the Academy of Sci-
ences of the USSR [23]. The analysis of bibliographic
sources, gathered among publications of the Ukraini-
an authors, says that they have a balances approach
and separate the activity of Nikolai Kibalchich as “the
scientist-inventor” and “the revolutionary-narodovole-
ts”. Previously, the authors of this paper already ad-
dressed the personality of N. 1. Kibalchich in our pub-
lications [29, 39] and emphasized objectively
(altogether with another authors, see, for example, [5,
10, 13, 19, 24, 36] and papers in scientific encyclope-
dias such as “Encyclopedia of Modern Ukraine”, “En-
cyclopedia of History of Ukraine”, encyclopedias of
cosmonautics) his contribution in the basic principles of
further development of rocketry industry. The last but
not the latter is to note briefly a cultural aspect: in 1960

the Memorial Museum of N. I. Kibalchich was estab-
lished at the renovated Kibalchichi’s family house ! in Ko-
rop, Chernigiv region; expositions dedicated to life and
“flying machine” of N. 1. Kibalchich are in the Zhytomyr
Museum of Cosmonautics named after S. P Korolev 2.

THE ROLE OF N. 1. KIBALCHICH

IN THE HISTORY OF ROCKET

AND SPACE TECHNOLOGY IN THE ASSESSMENT
OF FOREIGN (OUTSIDE THE FORMER USSR)
HISTORIOGRAPHY

The image of N. I. Kibalchich and the awareness of
his contribution to the development of rocket and
space technology outside our country are formed in
the mass consciousness in different ways. One of the
directions is the use of museum expositions devoted
to the history of the development of world rocket and
space technology. In this context, we point out the
exposition of the International Space Hall of Fame at
the “New Mexico Museum of Space History”, which
displays a stand about N. I. Kibalchich, starting with
the heading “Conceived the first design of a manned
rocket airplane” 3. And further, it is reported that
“Nikolai Ivanovich Kibalchich was a Russian revolu-
tionary who developed the world's first design of a
manned rocket-propelled craft. The design incorpo-
rated a gimbaled rocket engine, flight control, pro-
grammed burning of propellant and other unique
features”. The presence of N. 1. Kibalchich in such
exhibitions is undoubtedly evidence of the recogni-
tion of his merits in the history of the development of
rocket and space technology.

The engineering design of N. I. Kibalchich is in-
terpreted in foreign literature (excluding Russian,
discussed in the previous subsection) is quite diverse.
The first publications relating to N. 1. Kibalchich ap-
peared in Europe in the 1880s [21]. But until the de-
scription of N. I. Kibalchich’s invention (1918) was
made public, it was impossible to evaluate it.

! The Memorial Museum of N. I. Kibalchich in Korop. Available:
http://museum.cult.gov.ua/memorialnyj-muzej-mykoly-kybal
chycha-viddil-koropskoho-rehionalnoho-istoryko-arheolohich-
noho-muzeyu/

2 The Museum of Cosmonautics named after S. P. Korolev
in Zhytomyr. Available: http://cosmosmuseum.info

3 The New Mexico Museum of Space History. Available: http://
www.nmspacemuseum.org/content.php?id=16
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All works in which we are talking about N. I. Kibal-
chich can be classified as works devoted to the history
of the Russian Empire as a whole, the history of the
revolutionary movement in it, and works that deliber-
ately consider the development of rocket and space
technology in the world, and in this regard, in the Rus-
sian Empire and the former USSR.

The works of the first direction are not so interest-
ing for this study since the scientific-technical side of
N. I. Kibalchich’s activity is fragmented in them (in
connection with the technical support of terrorist
acts of members of Narodna Volya). Therefore, ques-
tions of evaluating N. I. Kibalchich’s rocket project
are practically not considered, although there are
references to it.

In this context, the publication of Werrett Simon,
in which he, analyzing the evolution of weapons used
by terrorists in the 19th century, draws attention to
their ingenuity, turning into scientific innovation, is
important. In particular, he concludes that “7error-
ists may have been revolutionary in their attitude to
politics, but conformed to the scientific culture of their
time. Nevertheless, while terrorists acted and saw them-
selves as consumers of innovative science, they could
also contribute to innovations. The line between the
skills of improvising radicals and those of legitimate sci-
entists and inventors was not always clearly drawn”
[40, p. 23]. In our opinion, this conclusion is very
important for understanding N. 1. Kibalchich’s ac-
tivities, during which the boundary between the use
of his innovative projects for terrorist purposes and
for the development of science and technology dis-
appeared. Kibalchich’s dynamite, manufactured
outside the factory, a “propelling projectile” (bomb)
with an original acid fuse, the idea of using different
methods of burning gunpowder to create a rocket en-
gine — all these and other innovative ideas arose in
the process of his “technical and terrorist” activities.

Therefore, much more important for understand-
ing the contribution of N. I. Kibalchich in the de-
velopment of rocket technology is the work of foreign
researchers, devoted either directly to his life and ac-
tivities with an emphasis on its technical side or the
history of the development of rocket and space tech-
nology. Practically, all foreign researchers of the his-
tory of rocket and space technology in relation to
N. I. Kibalchich are divided (as a careful analysis of

sources showed) into two large groups: researchers
who positively assess the role of N. I. Kibalchich in
the history of rocket and space technology and those
who evaluate this role rather skeptical.

Foreign researchers in the field of the history of
rocket and space technology are also trying to answer
those important questions that were identified by us
in the previous subsection and, first of all, the ques-
tion whether N. I.Kibalchich was the first.

Thus, Radmila Tonkovich, a Professor from Ser-
bia, calls N. I. Kibalchich “an ideological pioneer and
theorist of space exploration” [35] and believes that he
is “the forefather of rocket technology and astronau-
tics” [Ibid.]. Considering the invention of the Per-
vomartovets-inventor, R. Tonkovich puts forward an
important thesis: “The fact that his scheme was not
known for a long time (the archives of the Department of
Internal Affairs were published only in 1918 by the By-
loye magazine) does not change the most fundamental
— in the intellectual space in which human civilization
lives, something was added” [1bid.].

Encyclopedia of Science by David Darling provides
a brief essay on N. I. Kibalchich, in which, in par-
ticular, there are such lines: “ Nikolai Kibalchich was a
Russian medical student, journalist, and revolutionary
who may have been the first person in history to propose
using rocket power as a means of transport in space.
Kibalchich wrote a remarkable paper illustrating the
principle of space propulsion. In it, he describes a means
of propelling a platform by igniting gunpowder cartridg-
es in a rocket chamber. Changing the direction of the
rocket'’s axis, he realized, would alter the vehicle's flight
path” [12]. And further, the author describes the “fly-
ing platform” of N. 1. Kibalchich: “The device that
Kibalchich described consisted of a platform with a hole
in the center, above which was mounted a breech-load-
ed rocket motor. The motor was fed, machine-gun fash-
ion, with charges of compressed powder, the thrust being
varied either by altering the size of the cartridges or the
speed at which they were fed into the chamber. Take-off
was vertical, with the chamber firing through the hole.
As soon as sufficient altitude was reached the chamber
would be rotated through 90 degrees for horizontal
flight. The propulsion arrangement of this unusual craft
Jforeshadowed some of the vertical take-off aircraft
which began to be developed in the second half of the
twentieth century” [12].
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The complex, controversial image of a revolution-
ary terrorist and, at the same time, an inventor is pre-
sented in the book of Lee Croft, a Professor at the
University of Arizona, which was first published in
English in 2006 [4].

In the annotation of the book Lee Croft describes
the personality of N. I. Kibalchich as follows, “Kibal-
chich conceived and drew the design of the first rocket-
powered human-carrying flying device, thus qualifying
himself in History as a "terrorist rocket pioneer. On the
other hand, there is Kibalchich’s conception and design
of a rocket-powered device, cited as seminal to the sub-
sequent development of rocket by numerous later prom-
inent figures in the world effort to advancehumanity into
the outer reaches of our atmosphere and intospace itself.
Rocket scientists like K. Tsiolkovsky and Werner von
Braun acknowledged the antecedence of Kibalchich's
rudimentary 1881 conception” |4, p. 7]. Paying tribute
to N. 1. Kibalchich, Lee Croft, however, is quite crit-
ical of some statements by Soviet historians of space
exploration. So, in his opinion, “Soviet scholars con-
cocted a direct influence of Kibalchich upon their cold-
war-era space leader Sergei Korolev” [4]. This ques-
tion is not as simple as it seems at first glance and
requires careful study.

A brief description of the innovative idea of N. I. Ki-
balchich is also given in a book by John Parsons dedi-
cated to the American rocket scientists [33]. Gainor
Chris in his famous book “To a distant day: the Rocket
Pioneers” gives a balanced description of the tragedy
of a young rocket scientist, whose political activity led
to early death: “Although Europe was relatively free of
war between the fall of Napoleon in 1815 and the start of
World War I in 1914, the new political movements chal-
lenged those in power, notably during a series of foiled
revolutions in 1848. In the late nineteenth century many
revolutionary currents had responded to the changes tak-
ing place in Russia, and on March 1, 1881, members of
a group called Narodnaya Volya (The People's Will) as-
sassinated Tsar Alexander I1 by throwing a bomb into his
carriage in St. Petersburg. The bombers hoped to end
autocracy in Russia and replace it with democracy and
socialism, but in the short term they succeeded only in
replacing Alexander with a more reactionary and repres-
sive czar, Alexander I11. The maker of the bomb, a twen-
ty- seven-year-old scientist named Nikolai Kibalchich,
was arrested and thrown into a tiny cell in the Fortress of

Peter and Paul. Knowing that he would be put to death,
he set to work on designing an aircraft using reactive de-
vices to move it. Before he was hanged on April 3, Kibal-
chich wrote a memorandum on his craft, which used a
solid rocket to propel a platform through the air. «I be-
lieve in the feasibility of my idea, and this faith supports
me in my terrible situation», he wrote in his cell. «If
learned specialists find my idea realistic I shall be happy
to be able to render service to my country and mankind.
1 shall meet death calmly then, knowing that my idea will
not perish with me». He begged authorities to share his
memorandum with other scientists, but after his execu-
tion the memorandum was hidden in the government ar-
chives for decades until the revolution he had hoped for
enabled his work to be published” [6]. And emphasiz-
es”: Although his device would not have worked as
hoped, it did point the way to the use of rockets as a
means of moving humans through the atmosphere and
beyond (bold italic — Auth.). And Kibalchich became
the first of many rocket enthusiasts to be entangled in
Russia’s knotty revolutionary politics. Few would be as
willing” [6].

Ron Miller, a specialist in research on the history of
rocket science, “explores the history of rocketry, from
the first development of rockets as toys over one thousand
years ago to their modern uses in war and space explora-
tion”, is known for his books in this area. Without de-
nying the merits of N. I. Kibalchich in the history of
the development of rocket and space technology, he
poses a very important question about its priority, cites
a number of inventors whose activities in those years,
in his opinion, can claim priority in the history of the
development of rocket technology. In particular, he
writes, “Was Nikolai Kibalchich the first to suggest the
idea of rocket-propelled space flight in 18812 Most Rus-
sians would say “yes”, but whatever the answer, the story
is tragic enough for a Russian novel and Kibalchich's
ideas certainly were ahead of their time” [7]. In our
opinion, a special study should be devoted to such is-
sues, which is beyond the scope of this paper.

At the same time, there is a direction in foreign
literature that is based on the idea that the project of
N. L. Kibalchich in the history of rocket and space
technology does not deserve attention, and its sig-
nificance is hyperbolized.

A number of modern foreign historians and sociol-
ogists who deal with the history of rocket-space tech-
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nology in various contexts (in particular, in the context
of the emergence and development of Russian cos-
mism?) do not give a positive assessment (at least, in
those works that we had to get to know) to the inven-
tion of N. I. Kibalchich. So, in a monograph edited by
S. J. Dick and R. D. Launius (NASA, 2007), which
addresses the social impact of space travel, regarding
N. I. Kibalchich’s invention, it is stated that “Kibal-
chich was a member of the People’s Will terrorist organi-
zation which assassinated Tsar Aleksandrll. Before his
execution in 1881, Kibalchich devised a plan for a rock-
et-propelled vehicle that later Soviet historians absurdly
(bold italics — Auth.) claimed was an early design for
a spaceship” [32, p. 533].

The most distinctly critical view of the role of
N. I. Kibalchich in the history of rocketry was man-
ifested in the well-known study From Cosmic Enthu-
siasm to Nostalgia for the Future. A Tale of Soviet
Space Culture. It reports on his invention as follows:
“Kibalchich, a certified engineer, deserves some
prominence in Russian history but not for any contri-
bution to astronautics” [31, p. 291]. Considering the
assessment of the invention provided by N. I. Ry-
nin, the author of the section on N. 1. Kibalcich be-
lieves that it was filed “in an uncharacteristic lapse of
hyperbole” [31, p. 292].

And further, the author describes the project of
N.I. Kibalchich as follows: “In his exposition, Kibal-
chich did not mention the cosmos or even the upper atmo-
sphere; because his calculations omitted the effects of air,
post facto interpreters assumed that he might have been
thinking of a rocket working in vacuum. Although Kibal-
chich’s exposition had nothing to do with space, Rynin’s
original statement stuck. Eventually, the former revolu-
tionary achieved an iconic status in the canon of Soviet
space history that hardly distinguished between Kibal-
chich’s political and (alleged) scientific work. His dra-
matic, tragic and ultimately heroic story was retold doz-
ens of times in speeches, articles, and books through the
1960s until it achieved a momentum that was divorced
from the original events of the case. Kibalchich’s story
had obvious metaphoric value in the context of space,
since his tale gave the new cosmic movement a hero who
had given his life for both liberations from oppression and
liberation from gravity” |31, p. 292].

The main message of A. Siddiqgi’s reasoning boils
down to the fact that N. 1. Kibalchich was needed by

the Soviet system to create a “usable past” for the
space program. In this context, according to A. Sid-
diqi, he was even preferable to K. E. Tsiolkovsky:
“...Kibalchich was a much better candidate for a revolu-
tionary figure in the field of space exploration; with a rela-
tively minor contribution to aeronautics, he was elevated to
remarkable prominence from the 1960s. His story, ofien
likened by Soviet commentators to that of Icarus, remains
extant in the post- Soviet era; historians in both the East
and West continue to trump up this lost figure as a contem-
porary of Tsiolkovskii, FridrikhTsander and other major
Soviet theoreticians” |31, p. 291].

The author of the publication concludes that “in
untangling the myths associated with Kibalchich, one
might argue that his effective contribution to the science
of spaceflight is unimportant because he served a pur-
pose that transcended questions of ‘scientific value’
(bold italics — Auth.).The conclusions that both Rus-
sian and Western historians have come to regarding
Kibalchich’s role in the history — such as Michael
Holquist’s claim that he represents the nihilist impulse
in Soviet space history — are not necessarily untrue, but
obscure a deeper and perhaps more important process
of myth-making [33]. The Kibalchich myth is instruc-
tive precisely because it shows how the Soviet space
community was willing to subvert its own tenets of scien-
tific truth to bolster its case” [31, p. 293].

But then the question arises, why, even before
the start of the Soviet space program and its ideol-
ogization, the famous Austrian inventor, pioneer
of rocket technology, one of the founders of the
German society of interplanetary communica-
tions, Max Valeir in his book Flying into the World
Space as a Technical Opportunity (which withstood
several reprints in the 1920s) considered the inven-
tion of N. I. Kibalchich as a priority. He charac-
terized the personality of N. I. Kibalchich as fol-
lows, “A convinced revolutionary in politics who gave
his life in the struggle against the autocracy, N. 1. Kibal-
chich turned out to be the largest revolutionary in sci-
ence and technology” [37].

Nevertheless, with regard to myth-making in rela-
tion to N. I. Kibalchich, certain elements of it did
indeed existed, especially in the 1960s, and they had
a corresponding political background.

It should also be taken into account that the state-
ment about N. I. Kibalchich’s dreams of outer space
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and flights to planets, as well as a certain mythologiza-
tion of his project, replicated without justification and
necessary comments by many Ukrainian and Russian
journalists and writers, gave some historians some skep-
ticism about the attitude to the ideas of N. I. Kibal-
chich and his technical design of a “flying machine”.

In foreign literature, this situation is reflected, in
particular, in this way: “ Embellishments to the story be-
gan to appear almost immediately, perhaps the most en-
during being that Kibalchich had feverishly and hur-
riedly drawn up the plans the night before his execution
when in fact, he had done so eleven days before — a small
detail perhaps, but one which made the story even more
compelling. In many imagined representations of Kibal-
chich’s flying machine, artists exaggerated his original
representations to depict spaceships flying over the moon,
which its original author would have hardly recognized.
In the 1960s, these images proliferated as Kibalchich’s
story was brought to the forefront of Soviet space history,
uncomplicated by appeals to evidence” |31, p. 292].
A. Siddiqi is right about the fantasies of artists, but
this is not an argument that reduces the importance
of N. I. Kibalchich’s original technical ideas.

Commending the thorough research carried out
in this work, we note that, unfortunately, it does not
have a comparative consideration of the technical
ideas embodied in the project of N. I. Kibalchich in
the context of the further development of rocket and
space technology. Its author, specializing in the so-
cial and cultural history of technology and modern
history of Russia, paid more attention to the social
component of research on the Soviet space rocket
project. Such an approach when considering the
contribution of N. I. Kibalchich is also characteris-
tic of some other foreign researchers.

However, if we discard ideological layers, the basic
conclusion of the author of the study cited above re-
garding the contribution of N. I. Kibalchich to sci-
ence seems incorrect. The social, revolutionary com-
ponent of the inventor’s life again outweighed the
scientific and technical component of his activity.
And this is the birth of a new myth, the manifestation
of a different type of myth-making in relation to
N. I. Kibalchich, which are promoted by some for-
eign scientists.

It is not at all a fact that N. I. Kibalchich did not
dream about space flights. There are grounds for such

a statement. And among them, in particular, a letter
from N. 1. Kibalchich, from which it follows that the
idea of flying to the stars using rocket technology was
inherent in him. In the paper by N. I. Nevedom-
skii, there is the evidence, taken from the letter of
N. I. Kibalchich. The letter was written by him to his
friend a few days before the fatal arrest. In this letter,
the inventor said, “...If I survive, I'll take care of the
rocket (bold italics — Auth.) aeronautical apparatus
that I spoke with Morozov... My motto is: “The road to
the stars begins in Russial” [20, p. 1007]. We draw at-
tention to the fact that even before his arrest, he was
absorbed in this idea. And therefore, those research-
ers who claim that N. I. Kibalchich in prison only
framed in the form of a project those ideas that he
hatched for a long time are many times right.

And there is one more important moment. Indeed, we
do not find the words “planet”, “space”, “airless space”
in a small (six pages) work of N. 1. Kibalchich. But what
do experts in the field of rocket and space technology
say? The fact that although N. I. Kibalchich called his
apparatus “aeronautical”, the possibilities of using it for
flights in airless space also came from the rocket-dy-
namic principle of motion that he proposed. And in
the fundamental moments of his invention contained
the main features of modern rocket aircraft for flights
in space. In particular, it is the rocket-dynamic prin-
ciple of motion in outer space.

In this context, let us return to the letter of N. I. Ki-
balchich cited above and draw the reader’s attention
to the phrase used by the author of the project:
“aeronautical apparatus”.This term indicates a
clear understanding of the rocket-dynamic prin-
ciple implemented in the project.

There is another debatable question in assessing
the role of N. I. Kibalchich in the history of rocket
and space technology. This is evidenced, in particu-
lar, by a rather important thesis, which was put for-
ward in [31]. According to it, “Kibalchich’s idea to
use a powder rocket attached to a platform to propel it
was not new. Other Russian scientists had advanced
similar plans far more sophisticated around the same
time that Kibalchich had” |31, p. 292].

In a note to the expressed thought, the author cites
the name of S. S. Nezhdanovsky, referring to the fa-
mous work of V. N. Sokol’skii [30]. However, V. N. So-
kol’skii in this publication, considering the ideas of
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S. S. Nezhdanovsky, does not encroach on the prior-
ity of N. I. Kibalchich. A detailed consideration in
the comparative context of the projects of S. S. Ne-
zhdanovsky and N. 1. Kibalchich would make it pos-
sible to more accurately formulate a critical remark
by A. Siddiqi regarding the priority of N. I. Kibal-
chich. Possible priority works are also discussed in
the study of John Miller already mentioned, which
cites a number of names of inventors who, in his
opinion, could apply for such priority projects [17].

We note also that in 1891 similar ideas were devel-
oped independently by the German engineer Her-
mann Ganswindt. It is interesting that invention
projects by H. Ganswindt (the dirigible, the helicop-
ter, the internal combustion engine, and the two-
stage vehicle driven by a series of dynamite explo-
sions) were also ahead of his time [15].

More lately, in 1946, Stanislaw Ulam, the fa-
mous American scientist of Polish origin, devel-
oped these ideas at the more advanced technologi-
cal level: he proposed to harness small nuclear
explosions for propulsion of rockets. He was more
fortunate: his idea was implemented in the Project
Orion on “a study of a spacecraft intended to be
directly propelled by a series of explosions of atom-
ic bombs behind the craft” 4 and till now it is a main
conceptual basis for a spacecraft design to be used
for a rapid destination and following destruction of
a celestial body that poses a threat to the Earth.

CONCLUSION

The personality of N. I. Kibalchich is undoubtedly
significant in the context of the development of not
only rocket and space technology, but also the intel-
lectual history of mankind as a whole 5. The auto-
matic transfer of the assessment of the formation
process of Soviet space culture and its ideological
components to the assessment of the real contribu-
tion of N. I. Kibalchich to the development of the
scientific-technical thought of mankind cannot be

4 https://en.wikipedia.org/wiki/Project_Orion_(nuclear_propulsion)

3 A large impact crater in the equatorial region of the far side of the
Moon is named after N. 1. Kibal’chich (lat. Kibal’chich). The
name was approved by the International Astronomical Union in
1970. Selenographic coordinates of the center of the crater are
2°43' N 147°11" W, diameter 91.7 km, depth 2.8 km [16].

considered as a criterion of the significance of the
latter. The ideological components when consider-
ing the invention of N. I. Kibalchich should be sep-
arated from his real contribution to the develop-
ment of world space rocket industry and technical
thought. Undoubtedly, there is a need for further
studying the life and work of N. I. Kibalchich in the
contexts considered in the paper, since there are
discrepancies in their assessment, in particular in
the works of domestic and a number of foreign his-
torians of science and technology.

At the same time, an important component of fur-
ther study is also the search and critical analysis of
works (including contemporaries of N. I. Kibal-
chich), which could be considered priorities in the
history of rocket and space technology. It is obvi-
ously the paper by N. 1. Kibalchich [26], published
in 1918 (37 years after his execution), was familiar
to those whom we undoubtedly call the pioneers
of rocket techno-logy, — K. E. Tsiolkovsky, E A. Tsan-
der, V. von Braun, S. P. Korolev. Further solving the
discussion questions identified in the paper should be
based on an analytical and synthetic study of a signifi-
cant array of historiographic sources, a new reading of
the work of N. I. Kibalchich, a study of sources on the
history of the development of rocket and space tech-
nology, a comparative analysis of N. I. Kibalchich’s
ideas and those ideas which are implemented in mod-
ern rocket and space technology.

We hope that we were convincing as our research
testifies in favor of the fact that the design of the “fly-
ing machine” proposed by N. I. Kibalchich using the
rocket-dynamic principle of motion conceptually
outstripped the engineering idea of the time when
the inventor lived.
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B. C. Casuyk !, H. M. Kywinaxosa?, 1. B. Basunosa’

! ninpoBchbkuii HaLlioHANLHUI yHiBEpCUTET
iMeni Onecsa Tonuapa, JIHinpo, YkpaiHa

2 3axinHONOHGACHKMIL iHCTUTYT MixperioHanbHol
akaJeMil ynpaBJliHHs nepcoHasioM, IlaBiaorpan, Ykpaina

3 TonoBHa acTpoHoMiyHa o6cepaTtopist HalioHanbHoi
akazemii HaykK Ykpainu, KuiB. Ykpaina

MUWKOJIA KUBAJIbYMY B ICTOPIT

CBITOBOT PAKETHO-KOCMIYHOI TEXHIKH:
JIUCKYCIVHI MUTAHHSA BITYM3HAHOI

I CBITOBOI ICTOPIOTPA®II

CraTTsl MpUCBSIYEHA iCTOPIi PaKETHO-KOCMIYHOI TEXHIKU Ta
JNUCKYCIHHUM MUTaHHSM 1110710 poJii Mukonu I. Kubanpunua
B (hopMyBaHHI TPUHLIMITIB CTBOPEHHSI KOCMIUYHMX JIiTATbHUX
anapariB. Haponososeip Mukona I. Kubanbuny, nepedysa-
IOUM Tepes CTPaToo B TIOPEMHOMY YB'SI3HEHHI 3a y4acTh y
3aMaxy Ha Lapst Onexkcanapa II, po3poOUB MPOEKT «IMOBITPO-
MJIaBHOTO TIpuiaay». B oCHOBY 1IbOTO MPOEKTY BiH MOKJIaB
paKeTOIMHAMIYHMIT TIPHHIMIL. MOTO TPOEKT BBaKAETHCS
OJIHUM 3 MEepIIUX, SKIIO0 He MEePLIUM MPOEKTOM PAKETHOI
TeXHIKH, 110 BiIKPUBAE MOXKJIUBICTb MOJbOTIB Y KOCMiYHOMY
npoctopi. OgHaK, K IMOKa3ajlo Halle MOCTiIKEeHHs, Taka
TOYKA 30pY MOAUISIETHCS HE BCiMa, XTO BUBYAE iCTOPIiIO OCBO-
€HHSI KOCMOCY i paKeTHO-KOCMiUHO1 TeXHiKHU. ¥ CcTaTTi po3-
IJISIHYTI MiIXOAM i MOMISIAM, TIPEACTaBIeHI B Pi3HUX IXepe-
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nax, Ha posib M. . Kubanbumnya B icTopii paKeTHO-KOCMiUHOT
TexHikM. HaBeaeHo OLiHKY L€l posi JocaigHukamMu Ykpai-
Hu, Pocii, konumnHboro PansiHcbkoro Corosy. IpoaHanizo-
BaHO Torjsgau Ha BuHaxin Mwukonu I. Kubanbunua i itoro
pOJIb Y PO3BUTKY iHXKEHEPHOI IYMKHU B POOOTaX €BPOIICii-
ChKMX i aMEpUKaHChKMX BUeHUX. Bu3HaueHO OCHOBHI TpeH-
JIM albTEPHATUBHUX AYMOK 11010 TipoekTy Mukonu 1. Ku-
Oanpbunya. KputuyHuit aHami3 pisHUX TOYOK 30pYy BUSIBUB
psIl YMHHUKIB, SIKi CIIPaBISIOTh HEraTUBHUI BIUIMB Ha T0-
TJISIIU BUEHUX, IO PO3TIISIIAIOTH 1ieil BHecoK. Cepel Takux
¢akTopiB BiZ3HAYAEMO PEBOJIOLINHY MisSIbHICTE MUKOIN
1. Kubanpunya, iioro yyacTb y BOMBCTBI LIaps, i€0I0Ti3allii0
Oro iMeHI B KOHTEKCTi CTBOPEHHST «KOPUCHOTO MUHYJIOIO»
JUIS paisTHCbKOT KOCMiUHOI MporpamMu, iHTeprpeTaliio 1oro
TEXHITHOTO TIPOEKTY SIK HE3aCTOCOBHOTO IO PaKETHO-KOC-
MiyHOI TexHikH i T. 1. [IpoBeneHuii aHami3 i 1oro oGroBopeH-
HS JAIOTh TJICTaBU JJIsT BiIMOBM Bill BAKOPUCTAHHS TaKMUX
CYKEeHb UISI OLIIHKM iHXXeHepHoro BHecKy Muxkomnu 1. Ku-
0ajbyrya y po3BUTOK PAKETHOI TEXHIKMU.

Karwuosi caosa: pakeTHO-KOCMiuHa TeXHiKa, paKeToOymIy-
BaHHs, iCTOPisSi KOCMOHABTUKU, BUIATHI ocoOUCcTOCTi: Mu-
kona Knbanpuny.

B. C. Casuyx !, H. H. Kywinaxosa? , H. 5. Basunosa >

1 IHenpoBCKMit HALIMOHAIBHBII YHUBEPCUTET
umenu Onecs ToHuapa, [IHumnpo, YkpauHa

2 3anagHoNO0H6ACCKMIT MHCTUTYT MeXpernoHaibHO
aKaJieMUH yIIpaBJIeHUs IIEPCOHATIOM,
[MaBnorpan, YkpanHa

3 [l1aBHAs1 aCTPOHOMMYECKASI 00CEPBATOPUS
HauuvoHanbHO# akageMuu HayK YKpauHbl,
Kues. Ykpauna

HUKOJAN KUBAJIbYUY B UICTOPUU

MUWPOBOU PAKETHO-KOCMHWYECKOMW TEXHUKMU:
JIMCKYCCUOHHBIE BOTTPOCHI OTEYECTBEHHOM
U MUPOBOUM MCTOPUOTPAOU N

CraTbsl TIOCBSIILIEHA UCTOPUM PAKETHO-KOCMUYECKON TEXHU-
KU U IUCKYCCUOHHBIM BOIIPOCaM OTHOCUTENbHO poiu Huko-
nasg Y. Kubanbunua B popMrUpoBaHUM MPUHLIMIIOB CO3MAHUS
KOCMUYECKUX JieTaTeJbHbIX annaparoB. Haponososnen Huko-
naii . Kubanbuny, Haxonsich nepes; Ka3Hbi0 B TIOPEMHOM
3aKJIIOYEHUM 32 yYacTUe B MOKYIIEHUY Ha 1apsi AJIeKCaHI -
pa 11, pazpaboTay mpoOeKT «BO3AYXOIJIaBaTEIbHOTO IPpHUOOpa».
B ocHOBY 3TOr0 NMpoOeKTa OH MOJOXUI paKeTOAMHAMUYECKUI
npuHIUI. Ero mpoekT cuuTaercss OTHUM U3 MEPBbIX, €CIU He
MEPBbIM MMPOEKTOM PAKETHOU TEXHUKU, OTKPBIBAIOIIIMM BO3-
MOXHOCTD TIOJIETOB B KOCMIYECKOM TTpocTpaHcTBe. OmHaKo,
KaK MoKa3aJio Hallle UCCIIeOBaHNE, TaKast TOUKa 3peHUST pa3-
JieJIsieTCs He BCeMU, KTO U3YJaeT UCTOPUIO OCBOEGHHUSI KOCMOCa
U PAaKETHO-KOCMUYECKOU TeXHUKHU. B cTaThe paccMOTpeHbI
MOAXO/Abl W B3IJISIIbI, IPEACTABJICHHbIE B PA3JIMUHbBIX UCTOY-
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HUKax, oTHocuteabHO poinu H. M. Kubanbunua B ucropuu
PaKEeTHO-KOCMUYECKOM TeXHUKU. [1puBeneHbl OLIEHKU 3TOM
ponu uccieaoBaTesissMu YKpauHbl, Poccuu, owiBiiero Coser-
ckoro Coto3za. [IpoaHann3npoBaHbl B3Ikl HA U300peTeHUE
Hukonas M. Kubaspunya 1 €ero poJib B pa3BUTUU UHXEHEp-
HOU MBICIM B paboTax €BpOINECHCKUX U aMEPUKAHCKUX yde-
HbIX. OnpenesieHbl OCHOBHE TPEH/IbI aJIbTePHATUBHBIX B3IJISI-
noB o ipoekte Hukomnasa M. Kubanbunya. Kpurtnueckuii aHa-
JIU3 PA3IUYHBIX TOYEK 3PEHUs] BBISIBUI Psill (HakToOpoB,
0Ka3aBIIMX ¥ OKa3bIBAIOIINX HETaTUBHOE BIIMSTHUE Ha B3IJISI-
Dbl YYEHBIX, pacCMaTpPMBAIOLIMX 3TOT BKJIaa. CpelnM TaKux
(akTOpoB OTMEUYaeM PEBOTIOLMOHHYIO IesITeIbHOCTE HIKO-
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nag M. Kubanpunya, ero yyactue B yOUiicTBe LIapsi, MACOIO-
TM3aLIMIO €r0 UMEHU B KOHTEKCTE CO3/IaHUSI «TIOJIE3HOTO MPO-
LIIOTO» U1 COBETCKOM KOCMHUYECKOIW MPOrpaMMbl, MHTEP-
TPETAINIO €T0 TEXHUYECKOTO MPOEKTa KaK HEITPUMEHNMOTO K
paKeTHO-KOCMUYECKOW TeXHUKe U T. . [IpoBeneHHbIl aHa-
JIU3 U ero 0OCYXJICHUE JAI0T OCHOBAHUS [UIS OTKa3a OT UC-
MOJIb30BAHUSI TAKUX CYXICHUIA JIIsl OLEHKU WHXEHEPHOTO
Bkiana Hukonas Y. Kubaneunya.

Karouesvie caosa: pakeTHO-KOCMUYECKasl TEXHHUKA, paKeTO-

CTPOEHUE, UCTOPUSI KOCMOHABTUKH, BbIAAIOIIMECS TUYHOC-
™. Hukonait Kubanpumy.
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Hami aBropn

BIJIOKOHCBKA IOunist BanenruniBHa — inxkeHep 1-1 Kkarero-
pii IHCTUTYTY KOCMiYHMX JociimkeHb HalioHanbHOT akagemii
HaykK YKpaiHu Ta Jlep;kaBHOro KOCMIYHOTO areHTCTBa YKpaiHu.

Hanpsim Hayku — noOynoBa KapT 3¢eMHOTO TOKPUBY, aHA-
J1i3 Ta 00poOKa reoNnpoCTOPOBUX JAaHMX, Kiacudikariliss cy-
MMyTHUKOBUX JaHUX, TMCTaHIIiiHEe 30HAyBaHHS 3eMJIi, reo-
iH(opMalLiiiHi cUCTEMU.

BABMJIOBA Ipuna bopuciBHa — 3aBimyBau Bimminy Iosa-
rajJlakTU4HOI acTpoHoMil Ta acrpoiHdopmaruku [oaoBHOI
acTpoHOMiYHOI oOcepBaTopii HauioHanbHOI akamemii Hayk
Ykpainu, KaHmugat (izsuKo-MareMaTUYHUX HayK, JOLICHT.
Jlaypeat [lepxxaBHoi npemil YKpaiHu B rajty3i HayKu i TEXHiKH.

HanpsM Hayky — 1o3arajlakTMuHa aCTPOHOMisT, KOCMid-
Hi JOCHiIXKEHHSI, iCTOPisl HayKu, acTpoiHdopMaTuKa.

T'OJIYBEK Ounekcanap BikropoBuu — 1ouLeHT Kadeapu
CHCTEM aBTOMAaTHU30BaHOIO KepyBaHHs JIHIMPOBCHKOIo Ha-
ioHajsbHOTO YHiBepcuteTy iMmeHi Onecst [oHuapa, kKaHIUIAT
TEeXHIYHUX HayK, TOIICHT.

Harnpsm Hayku — GanicTvKa MoJibOTYy KOCMIYHMX amapa-
TiB, ONTUMi3allisl TPOLIECIB MOIBOTY KOCMIYHMX arapartiBb.

I'PUIIAK Bikrop 3axapoBuu — 3aBimyBau Kadeapu mpu-
KJIaJHOI MaTEMaTUKU i MeXaHiK1 3amopi3bKoro HalioHalb-
HOTO YHiBepCUTETY, JOKTOP TEXHIYHUX Hayk, Mpodecop,
akageMmik AH BO Ykpainu, akagemik MixkHapoaHoi akaze-
Mii HayK BUIIOI KO, 3aCTy>KeHUIA isTd HAyKW i TEXHIKN
Ykpainu .

Harnpsim Hayku — CTiliKiCTh Ta KOJMBaHHSI 000JIOHKOBUX
KOHCTPYKIIilf aepOKOCMiUHOI TEXHiK1, aCUMITOTUYHI METOAN
pO3B’sI3aHHSI 3a/1a4 MeXaHiK1 HEOIHOPITHOTO CepeAOBUILIA.

T'PUILIAK Jdmutpo JMUTpOBHMY — TMPOBIAHUI HAyKOBUIA
cniBpoOiTHUK LIeHTpaibHOTO HAYKOBO-A0CiIHOTO iIHCTUTY-
Ty 030pO€HHS Ta BilicbKOBOI TexHikM 30poiiHux Cui YKpai-
HU, KaHauaaT GisuKo-MaTeMaTUYHUX HayK.

Hanpsim Hayku — npoeKTyBaHHsI, KOHCTPYIOBaHHSI aepo-
KOCMIYHUX JIeTaJIbHUX arapariB, MaTeMaTUYHE MOACIOBaH-
HSI TEXHIYHUX CUCTEM.

JEITAPEB Onekcaunp BikTopoBuu — [eHepaibHMiT KOH-
ctpykTop [epxaBHoro minmpuemcTtBa «KOHCTpyKTOpCHKE
o1opo «IliBgenHe» iMm. M. K. SIurens», akagemik HauioHanb-
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HOI akazneMii HayK YKpaiHu, KaHIuAaT eKOHOMIYHUX Hayk,
JIOKTOP TEXHIYHUX HayK, akaaeMiK MiXHapoaHOol akaaeMii
ACTPOHABTUKM, 3aCHyXEHUU MallMHOOYIIBHUK YKpaiHu,
MOYEeCHUN POOITHUK KOCMIiUHOI rajly3i YKpaiHu, jaypear
JepxaBHOI MpeMii YKpaiHu B rajty3i HayKu i TEXHIKH.

HarnpsMm Hayku — pakeTHO-KOCMiuHa TeXHiKa, MexaHika
KOCMIYHOTO TOJIbOTY.

JET'TAPEHKO IlaBno Imidosmuy — TonoBa [depkaBHOrO
KOCMiUHOTO areHTcTBa YKpainu, [TouecHuUit nmpaiiBHUK KOC-
MiuHOI rajy3i YKpaiHu, 4ieH-KopecroHAeHT MixHapoaHoi
akajieMii acTpOHABTUKU, 3acily>K€HUU MalIMHOOYAiBHUK
Ykpainu.

Hanpsim Hayku — TIpoeKTyBaHHSI, KOHCTPYIOBaHHS pa-
KETHO-KOCMIUHOI TeXHiKM, AUHAMiKa, Ta MILIHiCTh 000JIOH-
KoBUX KOHCTpyKIiit PKT.

JMUTPEHKO €pren CepriiioBud — HayalbHUK TPyMu
JlepxxaBHoro mnianpueMctBa « KoHcrpykropcebke 010po «ITiB-
neHHe» iM. M. K. AHress».

Hanpsm Hayku — po3podka ManorabapuTHUX paKETHUX
JIBUTYHIB Ha TBEPIOMY MaJMBi.

JPEYC Aunnpiit FOmiiioBima — mipocecop kadenpu aeporinpo-
MeXaHiKu Ta eHeproMmacornepeHocy I HiMpoBCbLKOTO Hallio-
HaJIbHOTO YHiBepcuTeTy iMeHi Onecsa [oHuapa, JOKTOp Tex-
HiYHUX HayK, TOLICHT.

Hanpsim Hayku — aeponurHaMika i TerI000MiH KOCMiu-
HUX araparis.

JPOHb Mukoaa MuxaiitoBuy — rpodecop Kabeapu mpo-
€KTYBaHHSI KOHCTPYKIIiii JiTaJbHUX anapatiB JIHiMpoBChKO-
ro HallioHaJIbHOTO YHiBepcuteTy imeHi Osiecst ToHuapa, 10K-
TOp TEXHIYHUX HayK, Mpodecop, 3aciykKeHUi TMpaiiBHIK
OCBITH 1 HayKu YKpaiHu.

HanpsiMm Hayku — pakeTHO-KOCMiuHa TeXHiKa, eHepre-
TUYHI YCTAHOBKM KOCMIUHUX amapatiB, MpobsiemMa KocMid-
HOTO CMIiTTSI.

JAYBOBUK Jloavmuna IpuropiBHa — crapiiuii HayKOBMI
criBpoOiTHUK HaykoBo-[0CTiMHOrO iHCTUTYTY €HEPreTUKU
JIHITPOBCHKOTO HAIliOHAJILHOTO YHiBepcuteTy iMeHi Onecst
ToHuapa.

HanpsiMm Hayku — eHepreTMYHi yCTaHOBKM KOCMIYHMX
amnapariB, po61eMa KOCMiYHOTO CMITTSI.
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Hawi asmopu

JI’AYEHKO Harania MukonaiBHa — no1ieHT kKadenpu GpyH-
JIaMEHTaJIbHOI MaTeMaTUKM 3aropi3bKoro HalioHaJbHOro
YHiBepcUTeTy, KaHAUIAT Pi3uKo-MaTeMaTUUHUX HAYK.

Hanpsim Hayku — cTiliKicTh 000JIOHKOBMX KOHCTPYKIIiif,
KOHTAaKTHi 3aj1a4i Teopii Mpy>KHOCTi.

KOJIOC JIroamuia MukogaiBHa — CTapIinii HAyKOBHIA CTTiB-
pob6iTHUK [HCTUTYTY KOCMiYHUMX AochiakeHb HallioHanbHOT
aKajaeMii HayK YKpaiHu Ta Jlep>kaBHOro KOCMiuHOTO areHT-
cTBa YKpaiHu, KaHAUAAT TEXHIYHUX HayK.

HanpsiMm HaykKu — CUCTeMHMIA aHaJli3, Teopisi ONTUMAalb-
HUX pillleHb, AUCTAHIIii{Hi aepOKOCMIiUHi JOCTiIKEHHSI.

KYCCYVYJIb Haranis MukoaaiBHa — 3aCTyITHMK JIMPEKTOpa
IHCcTUTYTY KOCMiuHUX HociimkeHb HauioHanbHOI akaxemii
HayK Ykpainu Ta Jlep>kaBHOro KOCMi4YHOTO areHTCTBa YKpa-
iHU, 3aBimyBau Bimminy iHGoOpMaIiitHUX TEXHOJIOTIN Ta CHUC-
TEM, JOKTOp TeXHIYHUX HayK, Ipodecop.

Hanpsim Haykum — iHTeJleKTyalbHi MeToau Ta iHgopma-
LiiTHI 0OpOOKM aHUX BEJIMKOro 00’eMy, 30KpeMa IeoIpoc-
TOPOBUX JIAHUX, PO3B’sI3aHHS 3a/la4y CIOCTEPEXEHHS 3eMIli,
MalllMHHE HaBYaHHS Ta iHTeJIeKTyalbHi OOYUCIIEHHSI, T€OiH-
dopmMaliiiiHi cucteMu, po3mnoiieHi oouncieHHs, Sensor Web

KYIIJIAKOBA Hanis MuxkoaaiBaa — 3aBimyBau Bimairy
HayKoBOi pobotu 3aximHomoHOacbkoro iHCTUTYTY «[IpAT
«BH3 MAYII», nokTop icTopuyHMX HayK, JOLICHT.

Hanpsim HayKu — icTOpist HAyKU, OCBITH i TEXHIKMU.

JIABPEHIOK Muxkona CepriiiloBud — MOJIOIIINI HAyKOBUI
CHiBpOOITHUK [HCTUTYTY KOCMiYHMX nochimkeHb Hairio-
HaJIbHOI aKajeMii HayK YkpaiHu Ta Jlep>kaBHOTO KOCMi4YHOTO
areHTCTBa YKpaiHu, acrnipaHT HallioHaJibHOTro TeXHiYHOTO
yHiBepcuTeTy YKpaiHu «KuiBCbKMI MOMITeXHIYHUIA iHCTU-
TyT imMeHi Iropst CikopchbKoro».

Hanpsim HayKu — AucTaHuiiiHe 30HAyBaHHST 3eMJTi, Heli-
poMepexeBuit Minxia g0 KapTorpadyBaHHS 3¢MHOI TOBEPXHi
3 BUKOPUCTAHHSIM CYMYTHUKOBUX 300paKe€Hb, TeMaTUYHA
00poOKa CyMyTHUKOBUX 300paKeHb.

JIAJIBKO Banum IBaHoBuY — mouecHuil qupekTop Hayko-
BOTO LICHTPY aepOKOCMIUHUX JOCTimKeHb 3eMii [HCTUTYTY
reojiorivHMX Hayk HamioHanbHOI akamemii HayK YKpaiHu,
akageMik HAH YkpaiHu, JoKTOp reojioro-MiHepaJoriyHux
HayK, rnpodecop , 3aCay>KeHUI Iisiy HayKU i TEXHIKM YKpai-
Hu, naypear depxkaBHoi npemii YPCP y ranysi Hayku i TexHi-
KU, Jlaypeat JlepxxaBHOI IpeMii YKpaiHu y rajly3i HayKu i Tex-
Hiku, naypeart npemii imM. B. 1. Bepnancbkoro HAH Ykpainu.

Hanpssm Hayku — po3poOKa TeopeTHKO-METOIUYHUX
OCHOB (POPMYBaHHSI MOLIYKOBUX CUTHAJIB y TIPUIIOBEPXHE-
BUX LIapax i Ha 3eMHill TOBEpXHi Ha OCHOBI TeOPii eHeproma-
COOOMiHY B TeOCUCTEMAX, TEOPETUKO-METOAUYHE OOTPYHTY-
BaHHS i MPAKTUIHE 3aCTOCYBAHHSI HOBUX METOJIIB B a6pPOKOC-
MiYHOMY 3€MJIE3HABCTBI.

MATIH Exyapn KocTSHTHHOBHY — TIPOBiIHUIT KOHCTPYK-
Top HdepxaBHoro mianpueMctBa «KoHCTpyKTopchke G10po
«[liBnenne» im. M. K. Auresns».

Hanpsm Hayku — po3poOKa pakeTHUX IBUTYHIB Ha TBEp-
JIOMY MaJIuBi.

MHMXANJIOB Mukona CepriiioBud — HauyaJbHUK TIpYMU
HepxxaBHoro nianpueMcta « KoHcTpykTopcbhke 610po «I1iB-
neHHe» iMm. M. K. SIHress».

Hanpsim Hayku — po3poOKa MajaorabapuTHUX paKeTHUX
JIBUTYHiB Ha TBepAOMY IMaJIUBI.

OIJIIX Banepiii BikropoBud — mpoBinHMIT HAyKOBUIA CITiBpPO-
oiTHUK [epxaBHoro mianpueMcrna « KoHCTpYKTOpPChKe 010pO
«[liBgenne» im. M. K. SAHrens», KaHauaaT TeXHIYHUX HayK.

Hanpsm Hayku — po3poOka maaorabapuTHUX paKeTHUX
JIBUTYHIB Ha TBEPAOMY TaJIMBI.

MIITOPOAEILIBKA Jlronvmuna BojomumupiBHa — cTapiimii
HayKOBMI CITiBPOOITHUK [HCTUTYTY KOCMiYHMX JOCTiIKEHb
HauionanbHoi akaiemii HayK YkpaiHu Ta lep>kaBHOro Koc-
MIYHOTO areHTCTBa YKpaiHu, KaHAWAAT TeXHIYHUX HayK.

Hanpsm Hayku — cucteMHuUil aHauli3, IMCTaHILIiliHI aepo-
KOCMIiUHi TOCTiIXKEeHHSI.

IIOIIOB Muxaiino OnekciiioBma — aupekrop HaykoBoro
LIEHTPY aepOKOCMIUHUX AOCiIKeHb 3eMli [HCTUTYTY reoso-
rivHux Hayk HaiioHanbHOI akamemii Hayk YKpaiHu, 4JieH-
kopecnionaeHT HAH YkpaiHu, JOKTOp TeXHIYHMX Hayk,
npodecop, 3acayXeHUU Misy HayKu i TeXHiKW YKpaiHu,
Jaypear JlepxxaBHoI rpemii YKpaiHu B rajly3i HayKH i TEXHIKU.

Hampsim Hayku — (yHmamMeHTaabHi OCHOBM i (i3wuHi
npuHuunu J133, MeToaU i aITOPUTMU iIHTEPAKTUBHOI iHTEP-
npeTalii aepOKOCMIiYHUX 300pakeHb.

CABYYK Bapdomaomiii Crenmanony — mpodecop Kadeapu
TEOPEeTUYHOI (hi3uKu (aKyabreTy (Pi3uKu, eJeKTPOHIKM Ta
KOMIT'IOTepHUX cuCcTeM JIHIMPOBCHKOTO HalliOHAJIbHOTO
yHiBepcutety imeHi Onecst [onuapa, mpodecop, TOKTOp ic-
TOPUYHUX HayK, KaHAuWAAT Oi0JOTiYHMX HayK. AKaaeMikK
Akajniemii HayK BMIIIOi OCBITH YKpaiHu, 3acay>KeHUit TpalliB-
HUK OCBiTH YKpaiuu, ailicHuit wieH HaykoBoro roBapucrtsa
imeni T. T. llleBuenka.
Hanpsim HayKu — icTopist HAyKu, OCBIiTH i TEXHIKU.

CTAHKEBUY Cepriii ApceniiiloBu4 — roJOBHUI HayKOBUIA
cmiBpoOITHUK HayKoBOro 1LIEHTpY aepoOKOCMIUYHMX JOCIi-
mkeHb 3emui IHcTUTYTY reosoriyHmx Hayk HarmioHambHOT
akaneMii HayK YKpaiHu, JOKTOp TeXHIYHMX Hayk, mpodecop,
naypeat JlepskaBHOI IpeMii YKpaiHu y rajay3i HayKuy i TEeXHiKHU.

Hanpsim Hayku — MeToIM Ta 3afayi JMCTaHLIiHHOTO 30H-
JyBaHHS 3eMJli, KOHCTPYKIIis Ta OLliHIOBaHHSI ONITUKO-EJIEKT-
POHHUX 3HIMAJILHUX CUCTEM, TeMaTUIHA 00pPOOKa aepoOKOC-
MIYHUX 300pakeHb.
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Hawi asmopu

TOJIOYbAHII I'ennaniii ExyapnoBmy — HauaabHUK CEKTOPY
HepxaBHoro nignpueMctBa « KoHncrpykropcbke 610po «I1iB-
neHHe» iM. M. K. SIHress».

HarnpsiM Hayku — po3poOKa MajaorabapuTHUX paKeTHUX
JIBUTYHiB Ha TBEPIOMY TaJIUBi.

®UIITIITIOB Banepiii BiraniiioBuy — iHxxeHep JlepkaBHO-
ro nignpuemctsa «KoHcTpykropcbke 6t0po «IliBmeHHe»
iMm. M. K. fHrens».

Harnpsm Hayku — po3poOKa MajorabapuTHUX PaKeTHUX
JIBUTYHiB Ha TBEPAOMY TaJIuBi.

HIEJECTOB Annpiii FOpiiioBua — mipodecop kadenpu iH-
dopwmartiiiHoi 6e3neku HallioHaIbHOro TeXHIYHOTO YHiBep-
cuteTy YKpainu «KuiBCbKUI MOTITEXHIUHMM iHCTUTYT iMEHi
Iropst CikopcbKOro», MpOBiAHUIA HAyKOBUI CIiBPOOITHUK
IHcTUTYTY KOCMiuHUX nochimkeHb HauioHanbHOl akagemii
HayK YKpaiHu ta JlepxkaBHOTO KOCMIYHOTO areHTCTBa YKpa-
THM, IOKTOP TEXHIYHUX HayK, ITpodecop.

Hanpsim Hayku — iHTeJIeKTyalbHi OOYMCAECHHS, METOIU
00pOOKM CYNMYyTHUKOBMX AaHUX, iH(hOpMalliliHi TeXHOJIOTI,
Grid-o0uucieHHs, po3po0OKa PO3MOIiIICHUX CUCTEM.

IIEIITYH Anaromiii JIMATPOBHY — TOJIOBHUIT HAYKOBUIA CITiB-

poGiTHUK JlepxkaBHoro mianpueMcTBa «KoHCTpyKTOpChKE

oropo «IliBneHHe» iMm. M. K. SIHresnst», JOKTOp TEXHIYHUX HAyK.
Hanpsim Hayku — MexaHika KOCMiYHOTO MOJIbOTY.

HIYMIJIO Jleonin JleonimoBuu — iHxxeHep 1-1 kareropii
IHcTuTyTy KOCMiuHMX nociigkeHb HallioHanbHOI akane-
Mil HayK YKpaiHu Ta Jlep)KaBHOr0O KOCMiYHOTO areHTCTBa
VYkpainu.

Hampsim Hayku — 1moGymoBa KapT 3¢MHOTO TTIOKPUBY, aHa-
JIi3 Ta 006poOKa reornpoCTOPOBUX JAaHMX, KiIacudikallis cy-
NYTHUKOBUX JAHUX, IUCTaHLiliHE 30HIyBaHHS 3eMJIi, 3IUT-
TSl JaHUX, reoiHhopMalliiiHi CUCTeMU.

AMJIMMOB Boraan SikanoBuy — cTapuinii HayKOBHMil
CcriBpoOITHUK I[HCTUTYTY KOCMiuHMX mocimimkeHb Harrio-
HaJbHOI akajeMii HayK YKpaiHu Ta Jlep:kaBHOro KOCMiYHOTO
areHTCTBa YKpaiHU, KaHAWAAT TEXHIYHUX HayK.

Hanpsim Hayku — noOynoBa KapT 3¢eMHOTO TOKPUBY, aHa-
JIi3 Ta 00poOKa reornpoCTOPOBUX JaHUX, Kiacudikallis cy-
IyTHUKOBUX NaHUX, TUCTaHIIilTHEe 30HIyBaHHS 3eMTi, 3TUT-
TS JaHUX, TeoiHhOopMalliiiHi CUCTeMMU.

ANJINMOBA Iinna OuekciiBaa — acripaHTKa (haKyJIsTeTy
KOMIT'IOTEpHUX HayK Ta KibepHeTuku KuiBcbkoro Haitio-
HaJIbHOTO yHiBepcuTeTy iMeHi Tapaca llleBueHka.

Hanpsm Hayku — cUCTEMHUI aHai3, 10CHiIXKEHHS Orle-
paliif, aHaii3 MaHUX, Pi3HOTUITHICTb, MPUIHSTTS pillleHb,
iH(opMalliiiHi TeXHOI0Tii, aHaJi3 Ta 00pOOKa IreornpoCcTOpPo-
BUX JaHUX, TUCTaHIiiHEe 30HIyBaHHS 3eMJIi.
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